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Abstract

The pursuit of Offshore Wind Energy (OWE), integral
to the German government’s ambitious renewable
energy goals raises concerns about the environmental
impact of noise emissions on marine life. This paper
delves into the theoretical background of Offshore
Wind Turbine (OWT) noise, exploring its various
phases from the survey to decommission. It examines
the types and causes of noise emissions, their effects
on marine wildlife and potential mitigation measures.
Highlighting the regulatory framework in Germany,
the paper emphasises the need for nuanced approaches
to balance renewable energy objectives with marine
ecosystem preservation.
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1 Introduction

The German government has taken significant steps in
promoting OWE as a crucial component of the global
energy transition. Enacted through the OWE Act,
the government aims to achieve a minimum installed
capacity of 30 gigawatts by 2030, almost twice as much
as the current capacity and 70 gigawatts by 2045 [1].
The pursuit of OWE presents a viable path for sus-
tainable power, but it raises environmental concerns,
particularly regarding noise from Offshore Wind Farm
(OWF) activities. Such begs the question: What im-
pact do noise emissions from Offshore Wind Turbines
have on marine wildlife? This paper explores the the-
oretical background of OWT noise and its impact on
marine wildlife. It examines various phases from sur-
vey to decommission and delve into types and causes
of noise emissions, their effects on wildlife and po-
tential mitigation measures. Achieving a harmonious
coexistence between renewable energy objectives and
marine ecosystem preservation demands a nuanced
understanding and proactive solutions.
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2 Theoretical Background

2.1 Significance of the Topic

OWF activities, along with other sources of underwa-
ter noise, can harm marine wildlife by affecting their
physiology and behaviour. The impact depends on
factors like intensity, frequency, distance and duration
of the noise, as well as the animals’ hearing ability, dis-
tribution and habitat use [2]. Marine species heavily
rely on sound as their primary sense for communica-
tion, navigation and survival [3]. Human-generated
noise often overlaps with natural ocean sounds, posing
a challenge for marine wildlife (cf. Fig. 1) [3].

Fig. 1: An overview of biological, natural physical and
anthropogenic noises in marine environments
and the hearing ranges of marine animals [4],
adapted from [3]
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2.2 Acoustic Background

Sound travels at 1,500 m/s in the sea, five times
faster than in the air [5]. Acoustic signals consist
of sound pressure and particle movement [5]. Sound
pressure, measured in Pascals (Pa) or micro Pascals
(µPa), is a scalar quantity [5]. A distinction must
be made between different parameters. The Sound
Pressure Level (SPL) (in dB re 1 µPa) measures the
sound pressure at a specific point and time [6]. The
Sound Exposure Level (SEL) (in dB re 1 µPa² · s)
represents the cumulative exposure to sound over a
specified period [6]. Additionally, the Peak Sound
Pressure Level (LPeak) (in dB re 1 µPa) indicates the
maximum sound pressure reached during an event,
irrespective of its duration [6].

2.3 Environmental Regulations of Noise
Emissions from Offshore Wind
Turbines

The noise protection standard for impact sound in
Federal Maritime and Hydrographic Agency (BSH)
approval documents, determined since 2008, is speci-
fied as a dual criterion. Within a 750 m radius from
the pile-driving location, the following thresholds must
not be surpassed [2, 7]:

• Sound Exposure Level (SEL)1 of 160 dB re 1
µPa2s

• Peak level (LPeak)2 of 190 dB re 1 µPa

Since 2011 it has been compulsory to implement noise
abatement systems to meet the specified noise mitiga-
tion values in the German Exclusive Economic Zone
of the North and Baltic Seas, because without proper
measures, the measured values at a distance of 750 m
from the source would be up to 183 dB re 1 µPa² · s
(SEL) and 205 dB re 1 µPa (LPeak). [6]

The third OWE Ordinance, in addition to previously
stated requirements, mandates specific measures in
section seven to mitigate noise emissions during the
foundation, installation and operation of OWTs. The
ordinance requires noiseless work methods during fa-
cility foundation and installation. This involves follow-
ing the state of the art and considering the prevailing
circumstances. Additionally, the ordinance empha-
sises the imperative for deterrent measures against
marine animals. Furthermore, it obligates project
proponents to choose construction methods that are

1 Sound Exposure Level in dB re 1 µPa2 s; dB = Decibel;
re = in reference to; 1 µPa = 1 Micro Pascal; 1 µPa2 s =
1 Micro Pascal squared * second; the reference level for
water is 1 µPa.

2 Peak Sound Pressure Level in dB re 1 µPa; dB = Decibel;
re = in reference to; 1 µPa = 1 Micro Pascal; 1 µPa2 s =
1 Micro Pascal squared * second; the reference level for
water is 1 µPa.

operationally soundproof according to contemporary
standards, explicitly prohibiting detonations. Also,
each foundation type, like Monopiles or Jackets, has a
designated maximum ramming duration (Monopiles:
180 min, Jackets: 140 min). Section eight emphasises
compliance with the ’Concept for the Protection of
Harbour Porpoises from Sound Exposures during the
Construction of Offshore Wind Farms in the German
North Sea’ (2013). This requires project proponents
to coordinate piling activities with concurrent OWF
developments in the North Sea’s exclusive economic
zone. All of these requirements serve to ensure com-
pliance with the prohibition of killing and injuring
species and the prohibition of disturbance under the
German Federal Nature Conservation Act (Section
44(1)(1) and (2)). [7]

In the United States and the United Kingdom, sim-
ilar guidelines are followed, drawing from technical
recommendations provided by the National Oceanic
and Atmospheric Administration [8] and Southall et
al. (2019) [9]. These guidelines incorporate frequency-
weighted parameters tailored to different species [6].

3 Noise Emissions of Offshore Wind
Turbines

In the case of OWTs and their noise emissions, various
phases of the wind turbine project need to be con-
sidered. This includes site surveys, the construction
phase, the operational phase and the decommissioning
phase (cf. Fig. 2). [10]

Fig. 2: Acoustic life of an Offshore Wind Farm area,
including during site surveys, construction, op-
eration and decommissioning [5]

3.1 Survey Phase

3.1.1 Types and Causes of Noise Emissions

The survey phase involves geophysical profiling with
multibeam and side-scan sonar, mapping the seabed.
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Special sensors, cameras, sampling and seismic sys-
tems can be used to characterise the benthos (depth,
morphology, sediment, geology and biology). Exam-
ples for seismic systems are echosounders and sparkers.
Echosounders have depth limitations (< 2–20 m) and
a 240-250 dB re 1 µPa source level, offering a 2-22 kHz
frequency range and 5-15 cm vertical resolution. For
deeper grounds (100 m to 1 km), sparkers with 222 dB
re 1 µPa source level are used (40 Hz to 1.5 kHz, 20 cm
to 10 m vertical resolution). It should be noted that
seismic airguns are rarely used in the survey phase
of OWTs, which is why they are not discussed any
further. [5]

3.1.2 Effects on the Marine Wildlife

While active acoustic benthic surveys are common,
the impact of echosounders and related technologies
on marine wildlife remains insufficiently explored.
Sonar systems, operating at frequencies often unde-
tectable by aquatic organisms, have limited effects
[11, 12]. Extensive research on mid-frequency active
(MFA) sonar in the 1-7 kHz range has been conducted,
yet echosounders and chirp sonars lack comprehen-
sive studies [5]. Clupeids exhibit sensitivity to mid-
frequency sonar, but MFA sonar experiments on adult
herring reveal no significant behavioural responses [13].
Limited MFA sonar studies suggest marginal effects
on fish hearing, with no observed impacts on rain-
bow trout and minimal, inconsistent shifts in auditory
thresholds for channel catfish [12]. One study acknowl-
edges potential hearing loss induced by low-frequency
sonar at high SPLs (193 dB re 1 µPa) [11]. Its im-
pacts on invertebrates remain unexplored [14]. Ship
noise (130-200 dB re 1 µPa [15]) during site surveys,
despite its intermittent nature, can mask communica-
tion signals of haddock, cod and other taxa, inducing
physiological stress, impairing foraging and predator
responses in fish and invertebrates [16]. The intermit-
tent nature of vessel noise is a key factor in elevating
stress-related responses [17]. While harmful effects on
marine mammals are unlikely, their exposure to noise
levels above the background could induce behavioural
changes in sensitive species (cf. Fig. 3) [15, 18].

Fig. 3: The different effects of noise on marine mam-
mals, adapted from [19, 20]

3.2 Construction Phase

3.2.1 Types and Causes of Noise Emissions

OWTs can be categorised based on foundation types
(cf. Fig. 4), which is crucial for determining installa-
tion methods [21].

Fig. 4: Different types of foundations of Offshore
Wind Turbines [22]

The selection of foundation types, such as Monopiles
and Tripod systems, depends on site conditions.
Monopile foundations, characterised by a single steel
tube, emerge as the most frequently employed and
cost-effective solution for OWTs (cf. Fig. 5). For
larger turbines positioned farther offshore, there is a
growing preference for Jacket and Tripod systems. [5]

Fig. 5: All foundations installed with and without
grid connection by the end of 2020 in Europe,
adapted from [23]

The construction phase of OWFs typically spans one
to three years and raises ecological concerns, primarily
due to the substantial noise generated during the
installation of foundations using impact or vibrational
hammers [5, 24]. During the foundation installation
LPeaks result at 220 dB re 1 µPa at 10 m and 200 dB
re 1 µPa at 300 m from (0.75 m and 5 m diameter)
piles [25]. The primary energy is concentrated below
500 Hz, extending beyond 1 kHz [5]. This aligns with
the auditory bandwidth of marine species, potentially
impacting underwater ecosystems (cf. Fig. 6) [5].
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Fig. 6: Sound propagation paths associated with pile-
driving [26], adapted from [27]

Additionally, a pile-driving operation can take 157 min
required 7,000 blows of the hammer. Predicting effects
is challenging due to the dynamic nature of acoustic
pulses during propagation. LPeaks at 205 dB re 1 µPa
at 100 m, yet signals remain detectable up to 70 km.
Close to the source (1 km), the initial waveform peak
lasts 10 ms, but at 40 km, durations extend to 200 ms,
indicating a less impulsive nature of signals at greater
distances. This complexity is amplified by additional
noise sources like vessel movements, trenching, dredg-
ing, drilling and scour protection laying within 1 km
of the turbine site. [28]

3.2.2 Effects on the Marine Wildlife

Numerous studies have investigated construction
noise, notably pile-driving, in aquatic ecosystems. Re-
sults, spanning various methods and species, reveal
a spectrum of effects from severe physical injury to
minimal impact. For instance, hybrid striped bass
experienced multiple injury types when exposed to
simulated pile-driving signals, with injury numbers
and severity increasing with fish size (cf. Fig. 7) [29].
In Lake sturgeon and Nile tilapia, injuries occurred
at lower SELs (204 dB re 1 µPa² · s), intensifying at
higher levels (216 dB re 1 µPa² · s) [30]. Compara-
tive studies highlight greater vulnerability in fish with
physoclistous swim bladders (closed structures not
connected with digestive tract) compared to physosto-
mous swim bladders (open structures connected with
digestive tract) [29, 30]. European seabass displayed
physiological and behavioural effects, including dis-
rupted schooling structures and increased swimming
speeds at 154 dB re 1 µPa² · s [31]. Also, they demon-
strate heightened swimming speeds and depths, de-
creased inter-fish distances, increased startle responses
and a tendency to move away from the sound source
at exposure levels ranging from 200 Hz to 1 kHz and
a mean SPL of 180–192 dB re 1 µPa [32]. Certain
fish species, like sheepshead and flatfish, minimally

Fig. 7: Barotrauma effects on marine species exposed
to pile-driving noise [5], adapted from [29, 30]

respond to noise from activities such as pile-driving
[33, 34]. Limited research on invertebrates highlights
potential negative effects on species like hermit crabs
and blue mussels due to simulated pile-driving and
sediment vibrations [35, 36].

Marine mammals face potential hearing loss, for
cetaceans at 5 m and pinnipeds at 20 m and temporary
at 10 m respectively 40 m within the pile-driving oper-
ation [28]. If noise levels at 100 m are below safe limits
(166 dB re 1 µPa² · s), there is no indicating damage
beyond this distance for these types [28]. Harbour
porpoises may experience behavioural disturbances
up to 70 km, with strong avoidance reactions up to
20 km [28]. Pinnipeds are affected within a 14 km
zone [28]. Bottlenose dolphins and minke whales may
show disturbances at 50 and 40 km, respectively [28].
Acoustic deterrent devices and gentle approaches can
cause a significant directional movement away from
the sound source before pile-driving [37].

3.3 Operation Phase

3.3.1 Types and Causes of Noise Emissions

The underwater sound generated during the operation
of an OWE system mainly comes from rotating ma-
chine parts like rotor blades, gearbox and generator
(cf. Fig. 8) [38]. These components cause vibrations
in the nacelle and tower structure, propagating be-
neath the waterline and emitting underwater sound
[38]. The SPLs can range from 111 to 123 dB re 1 µPa
(< 1 kHz) at 100 m, contingent on wind and rotation
speed [39]. These sounds, inclusive of those from ships
and transformers, can extend over several kilometers
[5]. Turbine size influences the noise and different
foundation types may have varied acoustic impacts
[5]. With a lifespan of 20-30 years [5], the emissions
persist at least for a long time and pose challenges for
marine animals. Current noise mitigation methods
may be unsuitable due to prolonged operational times
and relatively low noise levels [5].
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Fig. 8: Schematic representation of the entry of ma-
chine noise into the water [38]

3.3.2 Effects on the Marine Wildlife

Operational noise from OWFs has varying effects on
fish. While direct physical injury is unlikely due to
moderate noise levels, long-duration exposure may
induce temporary threshold shifts, affecting fish com-
munication, foraging and predator detection [5]. Stud-
ies in Sweden indicate a negative correlation between
fish abundance and local noise levels, with reduced
catches at higher noise levels [40]. Behavioural re-
sponses differ; some fish show increased catchability
near turbines when not operating, while others, like
tagged cod in a Belgian OWF, exhibit no change [41].
Studies dismiss the possibility of killing or injuring
marine mammals due to temporary or permanent
threshold shifts (TTS and PTS) [9]. Other studies
affirm these findings with minimal impacts like react-
ing to avoidance or disruptive effects [42]. Also new
gearless OWTs generate lower-frequency tones with
reduced amplitudes compared to geared OWTs [38].
This decreases for instance the likelihood of detection
by porpoises (cf. Fig. 9) [38]. OWTs may have a more
notable impact in regions with minimal background
noise and limited ship activity [39].

Fig. 9: Harbour porpoise hearing thresholds vs. op-
erational noise at 100 m from three turbines
(OWP = OWT) [38], created from [43, 44]

3.4 Decommission Phase

3.4.1 Types and Causes of Noise Emissions

Decommissioning involves the removal of turbines,
foundations, cables and other structures, which can
have a significant impact. One of the few studies found
that the SPL, when cutting a steel pylon during OWF
decommissioning, can be high (198.7-199.8 dB re 1
µPa) at a 10-50 m distance. The predominant portion
of this sound energy fell within the frequency range
of 250 Hz to 1 kHz. [45]

3.4.2 Effects on the Marine Wildlife

Research on the impact of OWF decommissioning
on marine wildlife is limited as decommissioning is
still in its early stages. The effects on marine wildlife
are difficult to predict, but there is the potential for
disturbance such as masking, displacement, physiolog-
ical stress and other factors, particularly in habitats
around OWF piles or foundations while decommis-
sioning. [5]

4 Measures to Minimise Noise Emissions

Recognising the significance of environmental sounds
and minimising human-made noise impacts is crucial
for the economy, national security and maintaining a
balance with the ocean’s essential role [3].

In general, noise mitigation involves two main cate-
gories: primary measures (Noise Mitigation Systems)
aim to reduce impulsive noise during foundation struc-
ture installation through source strength reduction or
alternative, low-noise methods. Secondary measures
(Noise Abatement Systems) focus on minimising im-
pulsive pile-driving noise in water. Experience from
21 offshore wind projects shows that three effective
secondary noise abatement systems are in use: Noise
Mitigation Screen (IHC-NMS), Hydro Sound Damper
(HSD) and Big Bubble Curtain (BBC and Double
BBC), which have successfully reduced noise levels
by approximately 17 dB re 1 µPa in water depth
25-40 m. The combination of near-pile and far-pile
protection systems enables a reduction of ≥ 20 dB re
1 µPa up to a depth of 40 m. Technical requirements
and site-specific adaptations are important. The spec-
tral sound reduction varies depending on the system
and frequency range. A sound-optimised pile-driving
process can achieve additional reductions. [6]

Koschinski and Lüdemann (2011, 2013, 2020) overview
sound protection and alternative foundations, high-
lighting innovations like AdBm and Blue-Piling for
reduced noise and environmental impact. Suction
Bucket, Floating Foundation and ongoing research on
Vibro-Piling are discussed. [46–48]
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5 Knowledge Gaps and Research Needs

• Survey Technologies: Impacts of current-use
seismic sources on marine wildlife

• Alternative Foundations: Research technologies
to reduce noise and environmental impact

• Long-term Noise Effects: Study continuous op-
erational noise on marine wildlife

• Operational Noise Effects: On early develop-
mental stages in various species

• Decommissioning Impact: Evaluate OWF de-
commissioning, particularly noise

• Decommissioning Practices: Evaluate adherence
to environmental regulations

6 Conclusion

In conclusion, while the German government’s push
for OWE signifies a positive step in the global transi-
tion to sustainable power, the question arises: What
impact do noise emissions from Offshore Wind Tur-
bines have on marine wildlife? This paper has il-
luminated environmental concerns related to noise
emissions from OWTs. The examination of various
project phases reveals complex issues impacting ma-
rine wildlife, necessitating robust environmental reg-
ulations. Existing German standards are discussed,
emphasising the importance of nuanced approaches
and mitigation efforts such as bubble curtains. De-
spite progress, challenges persist, particularly in un-
derstanding the decommission phase impacts on ma-
rine mammals, fish and invertebrates. The paper
calls for ongoing research, comprehensive strategies
and a balanced approach to ensure the coexistence of
renewable energy goals and marine ecosystem preser-
vation. Future advancements and collaborative efforts
will be crucial for refining mitigation measures and
addressing knowledge gaps in this evolving sector.

7 Outlook

As the OWE sector continues to expand globally,
proactive research and collaborative efforts are crucial
to refine noise mitigation measures and address knowl-
edge gaps. Ongoing technological advancements will
play a pivotal role in minimising the impact of noise
emissions on marine ecosystems. A balanced approach
that harmonises renewable energy development with
environmental conservation is essential. The call for
continued research underscores the commitment to
achieving sustainable coexistence between offshore
wind energy objectives and the preservation of marine
wildlife.
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igation for the construction of increasingly
large offshore wind turbines”. Technical Options
for Complying with Noise Limits; The Federal
Agency for Nature Conservation: Isle of Vilm,
Germany (2020), p. 40.

https://doi.org/10.25974/ren_rev_2024_09

https://doi.org/10.1098/rspb.2017.1627
https://doi.org/10.1098/rspb.2017.1627
https://doi.org/10.1016/j.envpol.2016.03.075
https://doi.org/10.1371/journal.pone.0163638
https://doi.org/10.1371/journal.pone.0163638
https://doi.org/10.1016/j.seares.2018.06.004
https://doi.org/10.1016/j.seares.2018.06.004
https://doi.org/10.1242/bio.041988
https://doi.org/10.1242/bio.041988
https://doi.org/10.3354/meps11468
https://doi.org/10.1098/rsbl.2022.0101
https://doi.org/10.1121/10.0002453
https://doi.org/10.3354/meps10344
https://doi.org/10.1121/1.3493435
https://doi.org/10.1121/1.4997907
https://doi.org/10.1121/1.4997907
https://doi.org/10.25974/ren_rev_2024_09



