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Glossary

Acronyms

Term

Definition

Acronym

Full term

Bathymetry

The measurement of water depth in oceans, seas and lakes.

AMD

Acoustic Mitigation Device

Decibel (dB)

A logarithmic unit expressing the ratio of a quantity a1, relative to a
reference value a0, according to the formula: 10.log10(a1/a0).

Cefas

Centre for Environment, Fisheries and Aquaculture Science, an
Executive Agency of Defra

Hammer

A pile-driving hammer.

COWRIE

Collaborative Offshore Wind Research into the Environment

Kilopascal (kPa)

One thousand Pascals, the Pascal being the unit of pressure

Defra

Department for Environment, Food and Rural Affairs

Piling

Process of driving a foundation into the seabed by pushing,
hammering or vibrating the pile.

DAOPA

Dredging Application, Option and Prospecting Area

EIA

Environmental Impact Assessment

Propagation Loss

Propagation Loss in water – reduction of sound level with range,
expressed in decibels - same as Transmission Loss. Unit: dB.

JNCC

Joint Nature Conservation Committee

Received Level

Acoustic sound pressure level at the receiver position.

LU

Loughborough University

MMO

Marine Mammal Observer

NPL

National Physical Laboratory

NSIP

Nationally Significant Infrastructure Project

Soft-start

The term ‘soft-start’ is applied to the gradual, or incremental, increase
in hammer blow energy from the initiation of piling activity until full
hammer blow energy is reached, usually over a period of 30 minutes
(not less than 20 minutes). Maximum hammer blow energy may not
be required to complete pile installation. Soft-starts are also used in
seismic survey, whereby airguns are turned on at low power and
output is gradually and systematically increased until full power is
achieved (usually over a period of 30 minutes). This assessment
adopts a 30 minute soft-start.

TTS

Temporary Threshold Shift

PAM

Passive Acoustic Monitoring

PTS

Permanent Threshold Shift

PE

Parabolic Equation

PL

Propagation Loss in water

PPL

Peak Pressure Level

RAM

Range-dependent Acoustic Model

A measure of the acoustic output of a source. Unit: dB re 1 μPa ·m
The Source Level is sometimes stated as a spectral level (as a
function of frequency – e.g., in third-octave bands) or as a broadband
level (summed over all the frequencies of radiation).
2

Source Level

2

Sound Exposure
Level (SEL)

A measure of the received acoustic energy at the receptor.
Unit: dB re 1 μPa2·s.

RL

Received Level

RMS

Root mean square

SEL dose

The overall summed sound energy, which considers the combined
effect of each piling pulse.

SI

International System of Units

Sound Speed
Profile

Sound speed variation with depth. Unit: ms-1.

SL

Source Level

SEL

Sound Exposure Level

Transmission Loss

Prediction of sound energy level with range, expressed in decibels
(dB). Also termed propagation loss.

SPL

Sound Pressure Level

TL

Transmission Loss

Third-octave Band

Frequency band consisting of one third of an octave, an octave
representing a doubling of frequency.

TOB

Third-octave Band/Third-octave Bands

UK

United Kingdom
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1

BACKGROUND INFORMATION

1.1.1

The National Physical Laboratory (NPL) has been contracted by SMart Wind (SMW)
to undertake an assessment of piling noise, to inform the Environmental Statement
(ES) for Project Two. As outlined earlier in the Environmental Statement (Volume 1,
Chapter 3: Project Description), Project Two comprises an area containing the
offshore array elements (termed Subzone 2) and a cable route corridor. Both are
indicated in Figure 4.1, Section 4.

1.1.2

This report presents an estimate of the underwater acoustic emissions associated
with construction, operation and decommissioning for Project Two, and assesses the
potential for impacts on marine fauna associated with construction noise. The
methodology for this assessment, described in detail in Sections 4 and 5, is designed
to predict the likely underwater noise levels generated by Project Two construction in
order to inform the potential impact of radiated underwater noise on sensitive marine
fauna. Consideration is also given to the operational and decommissioning phases of
Project Two, and to cumulative modelling with other relevant offshore developments
that may overlap temporally with construction at Project Two.

1.1.3

1.1.4

1.1.5

A thorough literature review was conducted to collate and summarise the most
relevant, up-to-date and internationally accepted impact criteria from peer reviewed
literature, in order to assess the impact on marine mammals and fish. For marine
mammals, the assessment is based on the work of Southall et al. (2007) and Lucke
et al. (2009), supported by empirical field work by Brandt et al. (2011) and Tougaard
et al. (2009) on free-ranging harbour porpoise. Consideration has also been given to
recent work by Kastelein et al. (2012; 2013a; 2013b) in test tanks. Fish criteria were
adopted from Popper et al. (2006) and Carlson et al. (2007) in terms of injury, while
behavioural criteria were devised following the work of McCauley et al. (2000a) and
Pearson et al. (1992). Consideration has also been given to recent work by
Halvorsen et al. (2012a; 2012b) and Casper et al. (2012; 2013) on fish injury and
Mueller-Blenkle et al. (2010) on the effects of sound exposure on fish behaviour. The
risk posed to fish larvae has also been considered based on the finding of a recent
study by Bolle et al. (2011; 2012).

1.1.6

The criteria adopted for this assessment take into account scientific evidence
available at the time of undertaking the assessment, and thus estimated impact
ranges may differ when compared to assessments in respect of previous UK wind
farm developments. It should also be acknowledged that there are still considerable
knowledge gaps in understanding the effects of underwater sound on marine fauna
and impact criteria should therefore be expected to evolve as new scientific evidence
becomes available. Further explanation and detail on the criteria used in this
assessment is given in Section 5.

1.1.7

It is expected that Project Two wind turbine foundations will be driven by hammers
with the rated energy of 3,000 kJ. It is normal in offshore piling to select a hammer
that can drive piles to the required penetration without applying the full hammer
energy (e.g., Bailey et al., 2010). A ‘soft-start’ of 30 minutes, where the hammer
energy applied would be around 20% of the maximum energy, is expected at all piling
locations (Volume 1, Chapter 3: Project Description). Following the soft-start, a
gradual increase in hammer energy up to the maximum may be needed to install
foundations to the full design penetration at the site. The finalised requirements for
pile driving are sensitive to the final pile length, geometry, diameter, soil strength and
soil composition at each turbine location. Due to the potential environmental impact,
hammers greater than 3,000 kJ will not be used. In the event of pile refusal before the
design penetration depth is achieved when using a hammer blow energy of 3,000 kJ,
relief drilling will be undertaken to complete installation of these piles. Drilling can be
expected to be continuous in nature and the associated underwater noise is
considered lower in amplitude than for impact piling, as reported by Nedwell and
Brooker (2008) and Nedwell et al. (2003; 2004).

The assessment was undertaken in the context of guidance documents and
directives relating to underwater noise:


Joint Nature Conservation Committee (JNCC), 2010;



NPS EN-1 July 2011;



NPS EN- 3 July 2011;



MSFD 2008/56/EC 2008; and



Robinson et al. (2014).

The JNCC protocol for minimising the risk of injury to marine mammals from piling
noise, (JNCC, 2010), was used to inform the best practice approach to mitigation.
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1.1.8

1.1.9

As discussed in Volume 1, Chapter 2: Policy and Legislative Context, in order to
comply with legal requirements the noise assessment must consider the “realistic
worst case”. As such, the 3,000 kJ hammer strike energy (the greatest hammer blow
energy that is proposed for use at this development) represents the potential worst
case scenario for all piling locations. However, the maximum energy required to
complete pile installation may in some cases be less than 3,000 kJ.
Project Two underwater noise propagation modelling has been undertaken for a
3,000 kJ hammer strike energy, and for hammer strike energies of 600 kJ, 1,200 kJ,
1,800 kJ and 2,400 kJ. These energies represent 20%, 40%, 60%, 80% of full
hammer energy at 3,000 kJ. Further scenarios for other hammer energies were also
modelled for 1,700 kJ, 2,300 kJ and 2,600 kJ. This range of modelled hammer
energies provides points of reference, and demonstrates the variation in the degree
of potential disturbance with different hammer blow force.

1.1.10

The potential for the onset of auditory injury arising from prolonged exposure to
underwater noise was also examined for illustrative purposes. This is because this
assessment is subject to a large number of uncertainties regarding the response of
the specific receptor, as well as a number of assumptions associated with the
modelling of theoretical piling scenarios (see Section 4.5).

1.1.11

The concurrent use of multiple piling vessels has also been considered for illustrative
purposes, with a view of showing the possible extent of impacted area for vessels
about 20 km apart. Consideration was also given to the potential for spatial overlap of
underwater noise contours between piling locations at Project Two and other wind
farm developments that may undergo construction at the same time, in order to help
identify projects that have the potential for cumulative impact on marine fauna
receptors in terms of underwater noise.

2

2

INTRODUCTION TO UNDERWATER ACOUSTICS

2.1

Basic Acoustics Concepts

2.1.1

This section outlines some of the relevant concepts in underwater acoustics to help
the non-specialist reader to best understand the assessment presented in this report.
A more detailed description of these concepts is provided in Appendix A.

2.1.2

Underwater sound can be described as a pressure wave travelling through the water,
which can travel much greater distances than sound in air. It is the low absorption in
water (Kinsler et al., 1982; Kaye and Laby, 2004) that allows sound to travel large
distances in the ocean, particularly low frequency sound.

2.1.3

An important characteristic of sound is its frequency, described as the number of
oscillations per second, the unit of frequency being the hertz (Hz). Measured
observations describing impact piling show that most of the sound energy is present
between frequencies of around 100 Hz and 400 Hz. When displaying the measured
values, it is common to see the frequency range divided up into third-octave bands
(TOB) which help express the sound level as a function of frequency, where each
band is one third of an octave, an octave representing a doubling of frequency.

2.1.4

The amplitude of the sound can be described in terms of the sound pressure, where
the unit of pressure is the pascal (Pa) or newton per square metre (Nm-2). However,
by convention sound levels are expressed in decibels (dB) relative to a reference
pressure, which is 1 μPa for underwater sound. Metrics most commonly used to
describe the underwater sound in impact piling in the UK include peak-to-peak
pressure level and Sound Exposure Level (SEL). It is common to see peak and peakto-peak pressure levels reported, where for a symmetric pulse waveform, the peakto-peak pressure level will be twice the value of the peak pressure level (a difference
of 6 dB). Sound Pressure Level (SPL) is another common metric in underwater
acoustics and, by convention, is expressed as a root mean square (RMS) value. SPL
is most useful to describe the level of a continuous type noise source such as
shipping or turbine operation.

2.1.5

Source Level (SL) is a metric used in underwater acoustics to describe the source
output amplitude. The decibel units for this quantity may be written as dB re 1 μPa·m;
however, the unit is much more commonly seen expressed as dB re 1 μPa at 1 m. It
should be noted that SL is an idealised acoustic far-field parameter and is by
definition a derived quantity, not a measurement at a distance of 1 metre from the
source.

2.1.6

Propagation Loss (PL) or Transmission Loss (TL) is the term used to describe the
reduction of the sound level as a function of distance from an acoustic source. The
mechanisms by which the sound intensity reduces are primarily: geometrical
spreading; sound absorption in the water; and losses into the seabed or other
boundaries. In shallow water, particularly with varying bathymetry, this can be quite
complicated due to multiple interactions with the surface and seabed. The depth can
also restrict the propagation of lower frequencies in shallow water. It is normal for
PL/TL to be stated as a positive number in dB representing the loss for the total
range between the reference distance (1 m for SL) and the receiver location. The
quantity is a function of frequency, and depends, for example, on seabed type,
bathymetry, surface roughness, sound speed profile.

2.1.10

Ambient noise originates from a range of noise sources, both natural and
anthropogenic, and spans a large frequency range from below 1 Hz, to well over
100 kHz. It is most commonly expressed as spectral density levels in the TOB in units
of dB re 1 μPa2Hz-1, where the values have been divided by the bandwidths of each
TOB. This is different from TOB power spectra (dB re 1 μPa2) more appropriate for
radiated noise, where the total energy in the signal is of interest. In general, ambient
noise measurements in the UK coastal waters indicate that maximum TOB spectral
noise density levels are typically between around 95 and 120 dB re 1 μPa2Hz-1 with
these peak band levels occurring between frequencies of a few tens of Hz to a few
hundred Hz, depending on location and time (Nedwell et al., 2007a; Theobald et al.,
2010; Robinson et al., 2011).

2.1.7

The Received Level (RL) is the acoustic pressure measured by a hydrophone at
some distance away from a sound source. It is also considered to be the sound
pressure that arrives at any acoustic receptor which is exposed to a sound. The RL
might be expressed in a number of ways, for example as a SPL (dB re 1 μPa) or a
SEL (dB re 1 μPa2·s). When predicting RL from estimated SL for zones of impact, the
RL is simply determined by subtracting the TL (in dB) from the SL (in dB); RL = SL –
TL, where the TL is estimated using a TL model (more information on numerical
propagation models is given in Section 4 and Appendix A). When the SL is estimated
from measured RL, then the SL is simply found by addition of RL and TL; SL = RL +
TL. To calculate TL accurately requires an accurate model for the propagation of the
sound and its interaction with the seabed and sea surface. Sometimes, the TL is
empirically estimated from the measured RL data as a function of range. Ideally the
TL should still be estimated by fitting an appropriate TL model capable of accurately
modelling propagation for a complex environment.

2.1.11

Underwater sound can potentially have a negative impact on marine mammals and
fish, including lethal and physical injury, behavioural disturbance and masking (refers
to reduced ability of an animal to hear a sound due to increased noise).

2.1.12

A number of sounds with various characteristics have been associated with the
construction, operation and maintenance and decommissioning of offshore wind farm
developments. Noise from piling during the construction phase will be the prevalent
source with the potential to significantly impact marine life. This entails driving a wind
turbine foundation pile into the ground using an impact hammer, and usually involves
a gradual ramp-up in hammer energy (soft-start) until the maximum applied hammer
strike energy is reached, which may then continue for several hours. Underwater
noise from impact piling is known to generate significant peak pressure levels and
SEL and will be distinguishable above ambient noise over distances of several tens
of km from the source (Thomsen et al., 2006 and Nedwell et al., 2007a). The likely
impact will depend on a number of factors which include: the foundation type; the
installation method; noise propagation conditions in the area; and the noise sensitive
marine species present in the area and their activities. Other sound sources will also
be present that will be lower in sound level, but may be present for extended periods
of time. Examples include surface vessel noise or noise radiated from operational
wind turbines.

2.1.8

An important point to note is that the SLs for marine piling reported in previous wind
farm studies have often been obtained by extrapolation back to the origin of the
source using simple spreading formulae that approximate the TL from measured data
(data fits). As such, these reported values do not represent true SL and are generally
not consistent with the accepted definition of SL by Urick (1983) and Ainslie (2011),
and not consistent with the approach currently being adopted by ISO TC43 SC3
WG2.To distinguish between formats, data derived from simple spreading formulae
(empirical data fits) are referred to as “Effective” SL.

2.1.9

Typically, the characteristics of an acoustic pulse propagating in shallow water do not
only depend on range from the source. The transmission of sound may show a strong
dependence on frequency due to the modal nature of the propagation in the shallowwater channel, and the frequency-dependent absorption in the water and in the
sediment. These phenomena will cause the time waveform to distort during
propagation away from the source, typically causing a dilation of the acoustic pulse
(an increase in pulse duration), and a reduction in high frequency content.
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BASELINE AMBIENT NOISE

3.1.1

A review of relevant subsea ambient noise studies has been undertaken to assess
the likely level of ambient noise in and around the Hornsea Zone. Information on
ambient noise levels reported from underwater sound monitoring during met mast
installation inside the Hornsea Zone has also been considered and is discussed.

3.1.2

Underwater ambient noise levels are subject to substantial variability depending on a
number of natural and anthropogenic factors. Natural factors such as sea-state, rain,
surf noise in coastal waters, movement of seabed material and marine animal
vocalisations all influence ambient noise levels. These often lead to a diurnal and
seasonal variation in the natural ambient noise level in the oceans or regional seas
and can cause significant location dependency. The contributions of anthropogenic
noise sources to the ambient level are difficult to quantify, although recent studies
have indicated that there has been a trend of increasing deep-ocean ambient noise
as a result of shipping (McDonald et al., 2008; Andrew et al., 2011). In the North Sea
for example, the contribution of shipping noise to ambient levels has been shown to
be significant (Ainslie et al., 2009). The ambient noise level is also highly likely to
depend on the distance to shipping lanes, fishing areas, dredging areas or other
areas where noise sources are potentially operating.

3.1.3

Previous ambient noise measurements undertaken in UK coastal waters (Nedwell et
al., 2007a; Theobald et al., 2010; Robinson et al., 2011) indicate that the maximum
TOB spectral noise levels are generally between around 95 and 120 dB re 1 μPa2Hz1
. These peak band levels occur between frequencies of a few tens of Hz to a few
hundred Hz, depending on location and time. This is fairly typical of coastal
underwater noise, with higher noise levels at frequencies below a few hundred Hz
and falling off at higher frequencies. The ambient noise level over the lower
frequency range is primarily dominated by shipping noise and will depend on the
distance to ports, shipping lanes and areas of other surface vessel activity.

3.1.4

Another type of ambient noise evaluation in the UK, entailing an assessment of likely
ambient noise contributions, has been carried out as part of the UK Strategic
Environmental Assessment (SEA). However, the assessment was only undertaken
for SEA area 6, which includes parts of the western UK coast (Harland et al., 2005).
SEA area 2, which includes the Hornsea Zone was not included.

3.1.5

Natural environmental contributors to the ambient noise level in and around Project
Two, and the Hornsea Zone in general, will likely be from the wind (sea-state), from
rain noise and from biological noise. Noise generated by the interaction of wind with
the sea surface is likely to be the dominant natural contributor to ambient noise at the
Hornsea Zone, and will range from a few Hz to a few tens of kilohertz. This sea-state
related ambient noise reported by Wenz (1962) is thought to be the result of bubble
oscillations and impact from breaking waves at the sea surface (Medwin and Beaky,
1989; Medwin and Daniel, 1990). The relationship of ambient noise with sea-state is
shown in Figure 3.1, in addition to lower frequency noise levels which might be
expected in shallow water. Rain can also contribute to ambient noise at several tens
of kilohertz in the immediate area through bubble oscillation, although this is not
expected to be a dominant component of the overall ambient noise. Biological
contribution to ambient noise can be significant, depending on the location and time.
These sounds can include a variety of marine mammal vocalisations spanning from a
few Hz to several tens of kilohertz and include lower frequency sounds made by fish
(Richardson et al., 1995; Amorim, 2006).

Figure 3.1
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Ambient underwater noise curves showing dependence with shipping and
sea-state/wind (Reproduced from Richardson et al., 1995 and Wenz 1962).

3.1.6

The primary anthropogenic contributors to the ambient noise level in the North Sea
include shipping (e.g., fishing, cargo, cruise ship, ferries, and aggregate extraction)
and oil and gas related activities. In general, shipping density local to Project Two
appears to be similar to, or lower than, surrounding areas, with commercial shipping
as the main vessel related activity (DECC 2009). Some of the vessels operating in
and around Project Two, depending on vessel speed, size, type, age and condition
etc., may generate significant noise levels. The literature indicates maximum TOB SL
of over 200 dB re 1 μPa·m (Malme et al., 1989) for a large tanker, over
186 dB re 1 μPa·m for a cargo vessel (Arveson and Vedittis 2000) and over
170 dB re 1 μPa·m for a passenger ferry (Malme et al., 1989) (for the TOB where the
SL is maximum). These will result in noise levels above ambient levels out to
distances of several km, and local ship traffic will influence the ambient noise to an
extent. However, these will be localised, short term changes and the more constant
contributor to noise within Project Two will be distant shipping. This will likely result in
ambient noise levels between frequencies of tens of Hz to a few hundred Hz within
Project Two similar to those estimated in Figure 3.1 that represent distant heavy
shipping.

3.1.7

Dredging vessels can also be a source of noise, which may be noisier at higher
frequencies than commercial vessels operating in the shipping lanes (Robinson et al.,
2011). There are no licensed or active dredging areas within the Hornsea Zone,
although, a number of Active Dredge Zones and Dredging Application Option and
Prospecting Areas (DAOPAs) exist mainly to the south of the Hornsea Zone (The
Crown Estate, 2013). It is assumed that, at ranges of several km (>10 km), these are
too far away to have the potential to contribute to an increase in ambient noise at
Project Two.

3.1.8

The waters surrounding Project Two support a concentration of oil and mostly gas
fields, mainly to the north and the south of the Hornsea Zone (DECC, 2013), which if
operational may radiate low frequency machinery noise and general broadband noise
into the water that could potentially influence the local ambient noise trends.
Construction activity at these sites may result in noise levels similar to those arising
from offshore wind farm construction (discussed within this report), and well head
decommissioning using explosives may also generate high levels of impulsive noise.
Both these activity types would be over short temporal scales rather than persistently
contributing to ambient noise. The potential for cumulative impacts between Project
Two and other developments is discussed in Volume 2, Chapter 3: Fish and Shellfish
Ecology, Volume 2 Chapter 4: Marine Mammals and Appendix 4.5.2: Transboundary
Effects Screening Note.

3.1.9

Figure 3.2 shows some measured ambient noise data from around the UK.The
measurements in the English Channel are in close proximity to commercial shipping
lanes, while measurements off the east coast were made in a relatively quieter area.
These references are for areas other than Project Two. However, there is no
evidence to suggest that ambient noise levels anywhere in the Hornsea Zone should
be substantially different to other UK coastal areas, and are probably towards the
upper range of the data spread measured for UK waters, particularly at frequency
ranges between a few tens of Hz and a few hundred Hz due to relatively high local
shipping and oil and gas activity. Snap shot measurements of underwater ambient
noise obtained during met mast installation in the Hornsea Zone have been reported
between 112 and 122 dB re 1 μPa RMS SPL. It should be noted that these are not
power spectral density levels as shown in Figure 3.1 and Figure 3.2 and therefore are
not suitable for comparison.

Figure 3.2
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Ambient underwater noise data measured around the UK – data owned by
MALSF-MEPF and held by The National Physical Laboratory (Reproduced
from Robinson et al., 2011).

4

SUBSEA NOISE PROPAGATION MODELLING

4.1

Noise Propagation Model

4.1.1

The noise propagation modelling employed for this study has been undertaken by the
National Physical Laboratory (NPL). Potential impact ranges from pile driving have
been estimated using an energy flux solution by Weston (1976) which is capable of
propagation over large distances whilst accounting for range-dependent bathymetry.
The energy flux underwater sound numerical propagation model has been
implemented;

4.1.2



With the frequency-dependent absorption formula from Thorpe (1967);



Including the effect of surface scattering (Coates, 1988; Medwin and Clay, 1998;
Ainslie et al., 1994);



Using representative seabed properties across the modelled area (Hamilton,
1980; Lurton, 2003); and



Using GEBCO Digital Atlas bathymetry data over an area of approximately
160 km by 160 km (both lowest and highest astronomical tides are considered
to ensure the longest propagation ranges are captured).

4.1.3

The energy-flux propagation model has been used to propagate a SEL SL to
establish the SEL RL as a function of range. To derive a SL for use in the model, a
monopole SEL source level was specified in the TOB. This was done using a spectral
SL shape taken from Ainslie et al. (2012), based on a broadband SEL SL calculated
by De Jong and Ainslie (2008) from piling measurement data published in Robinson
et al. (2007) for a UK wind farm. This SEL or acoustic pulse energy source level has
been assumed to scale up linearly with hammer energy as demonstrated by
measurements during a full piling sequence, including the piling soft-start, by
Robinson et al. (2007 and 2009b). This scaling was applied using a theoretical
maximum scaling of SEL, directly with the hammer energy (i.e,. a doubling of
hammer energy results in a 3 dB increase (doubling) in acoustic energy expressed in
dB units (SEL)). The dimensions of the pile are not expected to have a significant
effect on the radiated noise energy if the hammer energy remains the same (Nehls et
al., 2007). The source level is therefore scaled by hammer energy regardless of the
pile size.

4.1.4

The received levels for each TOB are obtained from the difference between the
source level and the propagation loss in each TOB (see Section 2 and Appendix A),
which can be summed to obtain the broadband or pulse SEL for the given bandwidth.

4.1.5

The peak pressure level of the sound pulse generated by the impact piling can decay
at a slightly higher rate compared to the energy in the pulse (the SEL is proportional
to pulse energy) due to temporal dilation of the pulse that arises from multiple
reflections from the seabed and the sea surface as the sound pulse propagates. To
allow the peak pressure level to be propagated as a function of range, an extra loss
term was applied to the energy-flux model to account for this more rapid peak
pressure level decay. This loss term was established using the OASES wavenumber
integration TL model by estimating the difference in TL between the pulse energy and
the peak pulse pressure for a single flat bathymetry transect for various water depths.
This was validated against previous underwater noise measurement data from impact
piling of the peak pressure level and pulse SEL metrics. For the propagation of peak
pressure level, a scaling factor was applied to convert the pulse energy source level
to a peak pressure source. This scaling factor was based on measurement data
where sound exposure level of the pulse and peak pressure data were measured at
ranges of 750 m and less to the pile, and where the hammers were operating in the
upper range of their rated hammer energy (i.e., where the hammer has the shortest
impact time on the anvil or pile).

4.1.6

This approach has been validated for the Hornsea Zone through comparison with
piling noise measurement data obtained during the met mast installation in the
Hornsea Zone. As indicated in Appendix B, modelled results are in good agreement
with the measured data.

Shorter range modelling using a one second data resolution has been carried out for
the purpose of establishing injury ranges. The Weston energy-flux model assumes a
homogenous sound speed profile which is often the case in coastal waters due to
tidal mixing. The Weston energy-flux model has been benchmarked, with good
agreement, against other TL models published in the literature, including: the Rangedependent Acoustic Model (RAM) implementation of the parabolic equation (PE)
solution (Collins, 1993) based on AcTUP V2.2L; an image source model (Urick,
1983); a wavenumber integration TL model (OASES); and a normal mode model
(Kraken).
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4.2

Modelled Sound Propagation to Estimate Potential Impact Ranges

4.2.1

Underwater sound propagation was modelled at five locations within Subzone 2 with
the aim of estimating the potential impact ranges. The locations were selected to
encompass a range of sound propagation conditions arising from variation in seabed
composition and bathymetry, including locations near up-sloping and down-sloping
bathymetry profiles. The five locations are indicated in Table 4.1 and shown in Figure
4.2 to Figure 4.51.

4.2.2

In addition to modelling the potential underwater noise levels from driving of a single
pile within Subzone 2, the use of multiple piling vessels operating concurrently was
also considered. This included the use of multiple piling vessels within the Hornsea
Zone, as well as concurrent use of pile driving vessels at some of the surrounding
wind farm developments. The modelling assuming the use multiple piling vessels is
presented in Section 4.3.

4.2.3

Underwater sound radiated during the installation of a High Voltage Alternating
Current (HVAC) substation was also modelled assuming the same range of hammer
blow energies as applied for turbine foundation installation. The methodology follows
the approach described for the underwater noise assessment associated with turbine
foundation installations within Subzone 2. The sediment composition along and
around the cable route corridor is often gravelly type sediment (see Volume 5, Annex
5.1.4: Quaternary Deposits), thus acoustic properties that resemble gravelly sand
seabed were adopted for this propagation modelling.

Table 4.1

Summary of foundation positions used for detailed noise propagation
modelling of individual piling events at Subzone 2.
Position coordinates (WGS84)

Location ID
Latitude

Longitude

1

53° 58.5450'N

02° 04.9041'E

2

53° 50.1420'N

01° 28.0440'E

3

54° 00.4740'N

01° 27.5700'E

4

53° 59.7654'N

01° 51.0399'E

5

53° 58.3620'N

01° 41.6580'E

6 (HVAC 1)

53° 37.9050'N

00° 55.9955'E

7 (HVAC 2)

53° 38.1552'N

00° 55.8263'E
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Figure 4.1

Map indicating locations of the five single pile driving positions modelled within Subzone 2. Numbers correspond to Location ID numbers as given in Table 4.1.
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4.2.4

For each modelled position within Subzone 2, a sound propagation map was
obtained showing the noise level as a two-dimensional function of range. Due to the
complicated makeup of the seabed sediment in and around the Hornsea Zone (see
Volume 5, Annex 5.1.4: Quaternary Deposits), modelling was carried out for both
sand and gravelly sand seabed types. This results in different propagation conditions,
with gravelly sand resulting in larger propagation ranges. The down-sloping region to
the north of the Hornsea Zone also provides conditions conducive to efficient sound
propagation.

4.2.5

To estimate possible impact ranges, sound propagation northward of the modelled
pile locations was considered along sand sediment type, and propagation southward
of the modelled locations was considered with gravelly sand sediment. This is
because the regions to the north of the Hornsea Zone appear to be mainly made up
of either sand or materials which result in more rapid loss of the sound. To the south,
the mixed sediment type may result in less loss than might be expected from sand
sediment, and so gravelly sand was assumed for impact range estimates for
locations south of the modelled pile locations. Whilst this may result in unrealistically
large propagation ranges in some cases, this approach is appropriate for
approximating a realistic worst case which may occur for limited transects away from
the pile locations in Subzone 2. Given that much of the area constitutes a sand
sediment type, the modelling results where sand sediment was adopted would be
expected to be better representative of the total surface area likely to be impacted
around the modelled sound source. On the other hand, gravelly sand, although
representative of a limited number of transects, would be expected to result in
considerable overestimation of the total area of potential impact.

4.2.6

At short ranges from the pile (a few km), the broadband underwater sound
propagation will generally appear uniform (i.e., similar irrespective of the bearing from
the pile). Due to prominent influences of the propagation environment at short ranges
and uncertainties in the propagation environment at such small scales, the impact
ranges for injury criteria in pinnipeds were obtained based on the overall range
maxima (resulting from sediment type and tidal conditions).

4.2.7

The modelled source was based on the use of a range of hammer energies from
600 kJ to 3,000 kJ (maximum rated hammer energy). The 600 kJ hammer blow
energy, about 20% of nominal hammer energy, was taken to be representative of the
upper end of likely energies to be used at the onset of a soft-start.

4.2.8

The plots in Figure 4.2 to Figure 4.51 show example propagation modelling outputs
representative of the acoustic field around the mid-water column at five locations
within Subzone 2, for hammer blow energies of 600 kJ, 1,200 kJ, 1,800 kJ, 2,400 kJ
and 3,000 kJ (corresponding to 20%, 40%, 60% ,80% and 100% of full hammer
energy at 3,000 kJ).
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4.2.9

In addition to modelling the average RL representative of levels around the mid-water
column, the RL variation through the water column was modelled (as described in
Section 4.4) for a single location (Location ID5 – see Table 4.1 and Figure 4.1) and
the results of this are presented in Figure 4.52 and Figure 4.53. There is substantial
variation expected through the water column, with the pressure levels reducing near
the seabed due to interactions with seabed, and near the surface due to the pressure
release nature of the water/air boundary. These depth-dependent results were used
to apply a depth correction to the energy-flux propagation model (described in
Section 4.1) to obtain illustrative ranges from the pile at which a SEL of around
145 dB re 1 μPa2·s might be expected at a depth of around 2 m. This is intended for
use in the marine mammal receptor assessments (see Volume 2, Chapter 4: Marine
Mammals) with the aim of indicating the potential extent of the reduction in the impact
zone for animals closer to the sea surface. The level of reduction is very specific to
the modelled scenario and it would be expected to vary based on the bathymetry
around the pile.

4.2.10

For the water depths and seabed properties around the Hornsea Zone, modelled
results show that a down-sloping seabed north of the Hornsea Zone supported
propagation with less overall loss into the seabed, as the sound wave travels through
the water column and therefore resulted in the longest propagation ranges. This is
common for a shallow water environment with a reflective seabed. Figure 4.2 to
Figure 4.51 also illustrate the dependence of the RL at a given range on the hammer
strike energy.

4.2.11

Generally, for the conditions around the Hornsea Zone, shallow water will result in
higher RL close to the source when compared with deeper water. This is because the
sound energy is trapped in a smaller water volume in shallow water. At ranges
greater than around 2 km, this effect is overcome by increasing interactions with the
seabed (due to reflections between the surface and the seabed) which result in
greater loss of the sound energy into the seabed. For this reason, impact ranges of
less than around 2 km were calculated from a sound propagation model using lowest
astronomical tide, and impact ranges of greater than around 2 km were calculated
from a sound propagation model using highest astronomical tide. In addition to this,
and as a precautionary step, impact ranges of 2 km or less were calculated using a
propagation model based on a gravelly sand seabed, due to the variation in seabed
type around the Hornsea Zone.

Figure 4.2

Impact piling noise propagation map for Location ID1 (Table 4.1) modelled
within Project Two for a 600 kJ hammer blow energy. Acoustic properties
of the sediment were assumed to be for gravelly sand sediment.

Figure 4.3
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Impact piling noise propagation map for Location ID2 (Table 4.1) modelled
within Project Two for a 600 kJ hammer blow energy. Acoustic properties
of the sediment were assumed to be for gravelly sand sediment.

Figure 4.4

Impact piling noise propagation map for Location ID3 (Table 4.1) modelled
within Project Two for a 600 kJ hammer blow energy. Acoustic properties
of the sediment were assumed to be for gravelly sand sediment.

Figure 4.5
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Impact piling noise propagation map for Location ID4 (Table 4.1) modelled
within Project Two for a 600 kJ hammer blow energy. Acoustic properties
of the sediment were assumed to be for gravelly sand sediment.

Figure 4.6

Impact piling noise propagation map for Location ID5 (Table 4.1) modelled
within Project Two for a 600 kJ hammer blow energy. Acoustic properties
of the sediment were assumed to be for gravelly sand sediment.

Figure 4.7

12

Impact piling noise propagation map for Location ID1 (Table 4.1) modelled
within Project Two for a 600 kJ hammer blow energy. Acoustic properties
of the sediment were assumed to be for sand sediment.

Figure 4.8

Impact piling noise propagation map for Location ID2 (Table 4.1) modelled
within Project Two for a 600 kJ hammer blow energy. Acoustic properties
of the sediment were assumed to be for sand sediment.

Figure 4.9

13

Impact piling noise propagation map for Location ID3 (Table 4.1) modelled
within Project Two for a 600 kJ hammer blow energy. Acoustic properties
of the sediment were assumed to be for sand sediment.

Figure 4.10

Impact piling noise propagation map for Location ID4 (Table 4.1) modelled
within Project Two for a 600 kJ hammer blow energy. Acoustic properties
of the sediment were assumed to be for sand sediment.

Figure 4.11
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Impact piling noise propagation map for Location ID5 (Table 4.1) modelled
within Project Two for a 600 kJ hammer blow energy. Acoustic properties
of the sediment were assumed to be for sand sediment.

Figure 4.12

Impact piling noise propagation map for Location ID1 (Table 4.1) modelled
within Project Two for a 1,200 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for gravelly sand
sediment.

Figure 4.13
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Impact piling noise propagation map for Location ID2 (Table 4.1) modelled
within Project Two for a 1,200 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for gravelly sand
sediment.

Figure 4.14

Impact piling noise propagation map for Location ID3 (Table 4.1) modelled
within Project Two for a 1,200 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for gravelly sand
sediment.

Figure 4.15
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Impact piling noise propagation map for Location ID4 (Table 4.1) modelled
within Project Two for a 1,200 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for gravelly sand
sediment.

Figure 4.16

Impact piling noise propagation map for Location ID5 (Table 4.1) modelled
within Project Two for a 1,200 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for gravelly sand
sediment.

Figure 4.17
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Impact piling noise propagation map for Location ID1 (Table 4.1) modelled
within Project Two for a 1,200 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for sand sediment.

Figure 4.18

Impact piling noise propagation map for Location ID2 (Table 4.1) modelled
within Project Two for a 1,200 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for sand sediment.

Figure 4.19
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Impact piling noise propagation map for Location ID3 (Table 4.1) modelled
within Project Two for a 1,200 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for sand sediment.

Figure 4.20

Impact piling noise propagation map for Location ID4 (Table 4.1) modelled
within Project Two for a 1,200 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for sand sediment.

Figure 4.21
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Impact piling noise propagation map for Location ID5 (Table 4.1) modelled
within Project Two for a 1,200 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for sand sediment.

Figure 4.22

Impact piling noise propagation map for Location ID1 (Table 4.1) modelled
within Project Two for an 1,800 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for gravelly sand
sediment.

Figure 4.23
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Impact piling noise propagation map for Location ID2 (Table 4.1) modelled
within Project Two for an 1,800 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for gravelly sand
sediment.

Figure 4.24

Impact piling noise propagation map for Location ID3 (Table 4.1) modelled
within Project Two for an 1,800 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for gravelly sand
sediment.

Figure 4.25
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Impact piling noise propagation map for Location ID4 (Table 4.1) modelled
within Project Two for an 1,800 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for gravelly sand
sediment.

Figure 4.26

Impact piling noise propagation map for Location ID5 (Table 4.1) modelled
within Project Two for an 1,800 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for gravelly sand
sediment.

Figure 4.27
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Impact piling noise propagation map for Location ID1 (Table 4.1) modelled
within Project Two for an 1,800 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for sand sediment.

Figure 4.28

Impact piling noise propagation map for Location ID2 (Table 4.1) modelled
within Project Two for an 1,800 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for sand sediment.

Figure 4.29
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Impact piling noise propagation map for Location ID3 (Table 4.1) modelled
within Project Two for an 1,800 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for sand sediment.

Figure 4.30

Impact piling noise propagation map for Location ID4 (Table 4.1) modelled
within Project Two for an 1,800 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for sand sediment.

Figure 4.31
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Impact piling noise propagation map for Location ID5 (Table 4.1) modelled
within Project Two for an 1,800 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for sand sediment.

Figure 4.32

Impact piling noise propagation map for Location ID1 (Table 4.1) modelled
within Project Two for a 2,400 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for gravelly sand
sediment.

Figure 4.33
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Impact piling noise propagation map for Location ID2 (Table 4.1) modelled
within Project Two for a 2,400 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for gravelly sand
sediment.

Figure 4.34

Impact piling noise propagation map for Location ID3 (Table 4.1) modelled
within Project Two for a 2,400 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for gravelly sand
sediment.

Figure 4.35
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Impact piling noise propagation map for Location ID4 (Table 4.1) modelled
within Project Two for a 2,400 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for gravelly sand
sediment.

Figure 4.36

Impact piling noise propagation map for Location ID5 (Table 4.1) modelled
within Project Two for a 2,400 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for gravelly sand
sediment.

Figure 4.37
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Impact piling noise propagation map for Location ID1 (Table 4.1) modelled
within Project Two for a 2,400 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for sand sediment.

Figure 4.38

Impact piling noise propagation map for Location ID2 (Table 4.1) modelled
within Project Two for a 2,400 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for sand sediment.

Figure 4.39
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Impact piling noise propagation map for Location ID3 (Table 4.1) modelled
within Project Two for a 2,400 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for sand sediment.

Figure 4.40

Impact piling noise propagation map for Location ID4 (Table 4.1) modelled
within Project Two for a 2,400 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for sand sediment.

Figure 4.41
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Impact piling noise propagation map for Location ID5 (Table 4.1) modelled
within Project Two for a 2,400 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for sand sediment.

Figure 4.42

Impact piling noise propagation map for Location ID1 (Table 4.1) modelled
within Project Two for a 3,000 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for gravelly sand
sediment.

Figure 4.43
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Impact piling noise propagation map for Location ID2 i(Table 4.1) modelled
within Project Two for a 3,000 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for gravelly sand
sediment.

Figure 4.44

Impact piling noise propagation map for Location ID3 (Table 4.1) modelled
within Project Two for a 3,000 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for gravelly sand
sediment.

Figure 4.45
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Impact piling noise propagation map for Location ID4 (Table 4.1) modelled
within Project Two for a 3,000 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for gravelly sand
sediment.

Figure 4.46

Impact piling noise propagation map for Location ID5 (Table 4.1) modelled
within Project Two for a 3,000 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for gravelly sand
sediment.

Figure 4.47
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Impact piling noise propagation map for Location ID1 (Table 4.1) modelled
within Project Two for a 3,000 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for sand sediment.

Figure 4.48

Impact piling noise propagation map for Location ID2 (Table 4.1) modelled
within Project Two for a 3,000 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for sand sediment.

Figure 4.49
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Impact piling noise propagation map for Location ID3 (Table 4.1) modelled
within Project Two for a 3,000 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for sand sediment.

Figure 4.50

Impact piling noise propagation map for Location ID4 (Table 4.1) modelled
within Project Two for a 3,000 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for sand sediment.

Figure 4.51
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Impact piling noise propagation map for Location ID5 (Table 4.1) modelled
within Project Two for a 3,000 kJ hammer blow energy. Acoustic
properties of the sediment were assumed to be for sand sediment.

4.3

Modelling the Effect of Multiple Piling Vessels

4.3.1

The use of multiple piling vessels, considered for foundation installation in
Subzone 2, will potentially increase the area of the sea over which the noise from
piling is at levels which might result in an impact. This depends on the separation
distance between piling vessels (i.e., whether the impact zones from each vessel
overlap or not) and an illustrative scenario has been modelled with two piling vessels
at opposite ends of Subzone 2 (about 20 km apart). As it is highly unlikely that the
sound pulses would interfere constructively (overlap), the sound levels would not be
expected to increase as a result of summation.

4.3.2

4.4.4

In addition to considering the use of multiple vessels within Subzone Two, concurrent
construction using multiple piling vessels was modelled assuming concurrent pile
driving operations at some of the neighbouring wind farm projects. The results of this
modelling are presented and discussed further in Section 6.4.

4.4

Modelling Sound Pressure as a Function of Water Depth

4.4.1

The energy-flux model described in Section 4.1 considers only the sound energy
propagating through the water column and so does not provide vertical profile data. In
reality, for the propagation conditions around the Hornsea Zone, the broadband noise
levels at larger ranges from the source (more than a kilometre or so) resulting from
impact piling are expected to be lower near the seabed than they are around midwater depth. Due to the pressure release effect of the surface, the noise levels
towards the water surface will always be much lower than deeper down around the
mid-water column. This is important when considering the potential impact of
underwater noise on seabed dwelling species and species near the surface.

4.4.2

To investigate this effect, a more comprehensive (computationally more intensive)
propagation model was used in addition to the energy-flux model. Underwater sound
propagation was modelled along two transects of about 45 km in length, radiating
eastward and southward from a pile location. This example location and respective
transects were chosen for the variability in bathymetric profiles radiating away from
the source, allowing demonstration of sound propagation along both up- and downsloping environments. The modelled pile location corresponds to pile ID5 identified in
Table 4.1.

4.4.3

The model used was the AcTUP V2.2L version of RAM, a PE model (described in
Appendix A), with the actual implementation based on RAMGeo. This has previously
been benchmarked, with good agreement, against the slower RAMSGeo
implementation which allows for shear wave propagation in the substrate.
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The results of the RAM modelling are shown in Figure 4.52 and Figure 4.53 for the
two transects diverging from pile ID5, assuming a sand sediment to the north and
gravelly sand sediment to the south. The modelling shows two important points:


As a result of complex interaction of the sound wave with the seabed, the
acoustic pressure level can be several dB lower (e.g., about 1 to 8 dB) near the
seabed compared to around mid-water column at ranges exceeding the first
few km. The implication of this is that animals dwelling on or near the seabed
(e.g., demersal fish) will be exposed to sound pressures that are potentially
lower than those predicted in the energy-flux model described in Section 4.1
(this would also be true of the particle velocity component of the acoustic field).
However, these are broadband levels and this generalisation will not be true at
all frequencies; and



At relatively short distances from the pile, the noise level close to the sea
surface is tens of dB lower compared to the mid-water noise levels. This would
result in reduced exposure of any animal travelling at the surface, which in turn
would likely reduce the area of avoidance around the pile. It would also result in
a substantially reduced SEL dose (further described in Section 4.5) for any
animals which might swim away from the sound source at shallow depth (i.e.,
near the surface).

Figure 4.52

Propagation, as a function of depth and range (shown as broadband SEL), along a ~45 km long transect radiating out along a down-sloping bathymetry (eastward) (left
panel) and an up-sloping bathymetry (southward) (right panel), from a pile location along the northern boundary of Project Two (ID5 in Table 4.1), assuming a gravelly
sand sediment type – bathymetric profile indicated with a black line (-●-).
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Figure 4.53

Propagation, as a function of depth and range (shown as broadband SEL), along a ~45 km long transect radiating out along a down-sloping bathymetry (eastward) (left
panel) and an up-sloping bathymetry (southward) (right panel) from a pile location along the northern boundary of Project Two (ID5 in Table 4.1), assuming a sand
sediment type – bathymetric profile indicated with a black line (-●-).
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4.5

Sound Exposure Level (SEL) Dose Modelling

4.5.1

The effect of continued exposure during a piling sequence (i.e., exposure to more
than one sound pulse) is likely to cause auditory damage at ranges greater than
those for a single pulse (i.e., instantaneous auditory injury). This is due to the
combined effect of a sequence of piling pulses: the sound energy can be summed up
to provide the SEL dose (Theobald et al., 2009; Lepper et al., 2011). This is
analogous to how noise exposure is assessed for humans, which considers exposure
to noise over a working day in accordance with the Control of Noise at Work
Regulations, 2004.

4.5.2

4.5.3

4.5.4

Table 4.2

Pile driving parameters assumed for calculating SEL dose resulting from
prolonged exposure.

Hammer Energy
(% of 3000 kJ)

The SEL dose has been modelled for the following four functional hearing groups
defined by Southall et al. (2007): (i) High-frequency cetaceans (HF, e.g. harbour
porpoise); (ii) Mid-frequency cetaceans (MF, e.g. white-beaked dolphin); (iii) Lowfrequency cetaceans (LF, e.g. minke whale); and Pinnipeds (in water) (PW).

Number of
Blows

30

38

1,140

40

30

30

38

1,140

60

60

15

32

480

80

75

60

32

1,920

32

12,960 i, ii

ii.

4.5.5

38

Blows Per
Minute

0

i.

The modelling was carried out for a pile location with transmission losses
representative of some of the largest modelled propagation ranges for Project Two.
This included the easterly and the southerly transects radiating from pile location ID5
(Table 4.1). Underwater sound propagation at these two bearings from ID5 has been
illustrated in Figure 4.52 and Figure 4.53, respectively. Propagation is shown for
acoustic properties representative of both gravelly sand sediment and sand sediment.

Duration
(minutes)

20

100

The piling sequence that was considered is shown in Table 4.2 (based on the use of
a 3,000 kJ strike energy as the full hammer energy). A 30 minute soft-start was
assumed at 20% of full hammer energy, which was then gradually stepped up in
hammer energy combined with some reduction in the strike rate. The sequence
considered here has a total of 12,960 hammer strikes at full hammer energy, at about
1.8 s intervals and no gaps in piling that exceed these inter-strike intervals. The
results of the pile drivability study, undertaken subsequent to this assessment,
estimated that for a monopile foundation, no more than 10,406 hammer strikes would
be expected at full hammer energy. As described in the Environmental Statement
(Volume 1, Chapter 3: Project Description), the exact duration, and the number of
blows at 3,000 kJ hammer strike energy are expected to be variable, depending on
the field conditions. For the fleeing animal model adopted here, the suggested
reduction in the number of hammer strikes, at full energy (more than two hours into
the proposed piling sequence), would be expected to result in a negligible
contribution to the overall SEL dose (e.g. Theobald et al., 2009; Gedamke et al.,
2011).

Time from start
of piling
(minutes)

135

405

i

Subsequent to the SEL dose response modelling being completed, a pile driveability
assessment was undertaken. The pile drivability assessment identified that the realistic
worst case duration at 100% hammer energy was 587 minutes and the number of blows
was 10,406.
Assumes hammer strike rate to be slightly lower than the rated number of blows/minute
(~80% - 90% of rated speed) to aid the longevity of the hammers and supporting
equipment.

The effect of SEL dose has been predicted by summing up the SEL RL of the entire
piling sequence assuming a fleeing animal. The model predicts the SEL dose for an
animal that moves away from the source once piling starts, and continues to move
away throughout the piling sequence. The adopted swim speed was 1.5 ms-1 for all
species (based on data from Otani et al., 2000; Culik et al., 2001; Akamatsu et al.,
2007), with the exception of baleen whales, where a swim speed of 3.25 ms-1 was
adopted, based on published values for minke whale Balaenoptera acutorostrata (Blix
and Folkow, 1995). It should be noted this piling sequence is illustrative and
overestimates both the expected number of piling strikes and possibly also the
general hammer strike energy that will be required to install the individual wind
turbine foundations. Experience from previous wind farm constructions shows that
the maximum hammer energy may not be achieved during a piling sequence, and the
maximum applied hammer blow energy only is realised for short durations if at all
(Robinson et al., 2009a; Robinson et al., 2009b; Theobald et al., 2010; Bailey et al.,
2010). Previously reported piling sequences also show that piling is not continuous,
often containing a number of gaps in the sequence that may last several minutes
(e.g. Nedwell et al., 2007a; Nedwell et al., 2009; Nedwell et al., 2010; Robinson et al.,
2009a; Robinson et al., 2009b; Theobald et al., 2010; Bailey et al., 2010).

4.5.6

It should also be noted that the model is very precautionary in that it does not account
for:

5

ASSESSING THE IMPACT OF UNDERWATER NOISE ON MARINE
FAUNA FROM MARINE IMPACT PILING



Any time that a receptor may spend at the surface;



The reduced SEL near the surface where the animal would not be exposed to
the same levels; and

5.1

Introduction



Any temporal hearing recovery.

5.1.1

When considering the impact of noise on sensitive marine species the noise
exposure process may be divided into several components:

As such, the exposure predicted in the model is likely to be an overestimate of the
exposure that a receptor might be subjected to.
4.5.7

4.5.8

4.5.9

4.5.10

Existing information on the behaviour of pinnipeds estimates that they can spend up
to around 15% of their time on the surface during foraging (Stewart, 2009), and that
they increase the time they spend with the upper part of their heads above water
when exposed to intense sound (Kastelein et al., 2011).
The modelling assumes that animals swim directly away from the sound source,
which would be likely where a strong avoidance reaction is expected. This may not
be an accurate description of the behaviour of an animal at greater distances from
the sound source, although harbour porpoise abundance has been shown to reduce
within ranges of up to many kilometres from the pile (approximately 20 km) (e.g.,
Tougaard et al., 2009 and Brandt et al., 2011, Dähne et al., 2013), indicating that
they do indeed move away from the sound source. Pinnipeds, however, are only
expected to exhibit a strong avoidance response at ranges of about 2 km or less from
a pile (see Section 6); although their ability to come to the surface would reduce the
effects of prolonged noise exposure and allow some relaxation of Temporary
Threshold Shift (TTS).
The SEL dose generally increases more rapidly at close range to the pile, and less
rapidly at greater ranges from the pile where the RL are lower. Thus, the simulated
soft-start used in the model will likely result in a higher cumulative SEL dose than a
typical soft-start procedure, which usually contains several short pauses in piling (e.g.
for alignment measurements), which would give rise to a reduction in exposure to
sound of a fleeing animal.
Due to the lack of information on the amount of hearing recovery between piling
events, the modelling only considers the noise dose received from a single pile
installation. The temporal gap between pile installations is expected to allow almost
complete recovery from any TTS, and the gap between successive pile installations
for a multi-pile foundation type (such as a jacket structure) would also be expected to
be sufficiently long for measurable hearing recovery to occur. Finneran et al. (2010),
for example, predict better than a 50% (in dBs) recovery over just a one hour period
for a bottlenose dolphin exposed to 3 kHz sounds. For harbour porpoise, the range
over which piling is expected to result in an avoidance response, and the associated
likely period of this avoidance (e.g., Brandt et al., 2011), should be sufficient to
minimise the risk of auditory injury during longer installation operations.
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Noise emission from the source (requiring the characterisation of the source, for
example whether it is continuous or pulsed in nature, its frequency
characteristics etc.);



The sound transmission process (which will depend on boundary conditions and
environmental conditions for a given source);



The ambient noise level; and



The hearing sensitivity and behavioural context of the subject or receiver at the
location where the sound is detected.

5.1.2

This section highlights the potential impacts of underwater noise on marine receptors
and describes the available internationally accepted impact criteria for marine
mammals and fish, in the context of wind farm construction. A summary of impact
criteria adopted in this assessment, and based on the review below, is provided at
the end.

5.2

Effects of Sound on Marine Fauna

5.2.1

Underwater sound can potentially have a negative impact on marine mammals and
fish, ranging from changes in their acoustic habitat to scaring them away and even
causing physical injury. In general, biological damage as a result of exposure to
sound is either related to a large pressure change (barotrauma) or to the total
quantity of sound energy received by a receptor. Barotrauma injury can result from
exposure to a high intensity sound even if the sound is of short duration, such as an
explosion. However, when considering injury due to the energy of an exposure, the
duration of the exposure becomes important. For example, a continuous source
operating at a given pressure level has a higher energy, and is therefore considered
more damaging (Southall et al., 2007), than an intermittent source reaching the same
pressure level. The harmful effects of high-level underwater sound can be
categorised as lethal, physical injury and hearing impairment. Other ways in which
sound or noise can be detrimental to marine mammals and fish include behavioural
disturbance and masking.

Lethality and Physical Injury
5.2.2

Behavioural

Very close to the source, the high peak pressure sound levels have the potential to
cause death, or severe injury leading to death. Some of these effects may be
considered to be barometric pressure effects due to the shock experienced by the
animal, rather than acoustic effects per se. There has been considerable research
into the levels of incident peak pressure that cause lethal injury in species of fish and
human divers. The work of Yelverton et al. (1973; 1975 and 1976) on fish highlighted
that for a given pressure wave, the severity of the injury and likelihood of a lethal
effect is related to the duration of the pressure wave (i.e., a pulse of the same peak
pressure but with a longer duration would be more likely to cause injury). In the
Yelverton model, smaller fish are generally more vulnerable than larger ones.
Richardson et al. (1995) converted Yelverton’s expressions for fish mortality into
examples representative of larger marine mammals.

5.2.4

Auditory Injury and Hearing Impairment
5.2.3

High exposure levels from underwater sound sources can also cause hearing
impairment. This can take the form of a temporary loss in hearing sensitivity, known
as a TTS, or a permanent loss of hearing sensitivity known as a Permanent
Threshold Shift (PTS). The potential for injury is not just related to the level of the
underwater sound and its frequency relative to the hearing bandwidth of the animal,
but is also influenced by the duration of exposure. For example, for two separate
piling events where the total energy expended inserting the pile is the same, but one
with a lower blow energy and a higher number of strikes, and the other with a higher
blow energy and fewer hammer strikes, the overall noise dose of the animal would be
expected to be the same, assuming that the animal does not move and that the
sound energy in each sound pulse is linearly proportional to the hammer energy.
However, if the animal were to flee the sound at its onset, then the lower blow energy
example would be expected to result in a lower overall exposure to the sound and
thus reduce the likelihood of TTS or PTS, although the potential extent of hearing
damage will further depend on any hearing recovery that may occur between
individual exposures (inter-pulse recovery, for example, when considering piling).
Importantly, when considering the impact that any auditory injury has on the
survivability of the animal, one must also consider the frequency range over which
the auditory injury occurs. TTS (and likely PTS) would normally only be expected in
the critical hearing bands in and around the critical band of the fatiguing sound (e.g.,
Kastelein et al., 2012; 2013a). Auditory injury resulting from sound sources like piling,
where most of the energy occurs at lower frequencies, is unlikely to negatively affect
the ability of high-frequency cetaceans to communicate or echo-locate. Auditory
injury is considered further in Section 6.1.

At levels where the underwater sound wave may not directly injure animals or cause
hearing impairment, there is the potential for behavioural disturbance. Studies of the
behavioural response of marine species to sound describe a variety of different
behavioural reactions, and a general consensus for criteria has been slow to emerge.
There are a number of factors which are likely to influence the response of the
animal, and which require careful consideration when establishing the applicability of
a given criteria for an impact assessment. Whilst it is widely acknowledged that the
hearing sensitivity of the animal is a key factor (Finneran and Schlundt, 2011;
Terhune, 2013 and Nedwell et al., 2007b), the context of the exposure is also likely to
have an influence, in addition to the level of the underlying ambient noise (i.e., the
perceived signal-to-noise ratio). Clearly, the frequency characteristics of the source
need to be taken into account, as does the type of sound exposure (Southall et al.,
2007). For this assessment, the criteria have been based on published observations
of animals exposed to real sound sources (and in the far-field of the sound source), in
open water environments (tank based exposures are generally expected to be
performed with background noise levels which are significantly lower than those
present in the North Sea for example). These observations are similar in
characteristics to those being assessed here. This approach follows the framework
followed by Southall et al. (2007) for behavioural disturbance.
Auditory Masking

5.2.5
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Auditory masking occurs when an unwanted sound or noise partially or entirely
reduces the audibility of a signal which occurs in the same critical hearing band, even
if the signal level is above the absolute hearing threshold. Auditory masking can
reduce the ability of an animal to communicate or detect predators. For sonar
equipped animals, masking can also reduce their ability to hunt and navigate.
However, the short pulse length and relatively low repetition rate of hammer strikes
used for marine piling reduce the likelihood of this sound masking out the short,
higher frequency vocalisations of marine mammals. Even at larger distances where
the pulse length might be lengthened due to reverberation, the high frequency noise
levels should be sufficiently reduced. It should also be noted that the predominant
acoustic energy generated during marine impact piling is well below the frequencies
used for communication and echolocation in odontocetes and so there is no crossover at levels which might cause significant masking in the critical hearing bands
(Thomsen et al., 2006). This may not be true for fish which are most sensitive at
lower frequencies, or for pinnipeds, for example, that can vocalise at frequencies
which overlap with marine impact piling (Thomsen et al., 2006). The operational noise
from a wind turbine or wind farm will generate a continuous type noise signal, but
these signals are generally considered to be low in level and restricted to a small
area such that impact, if any, will be small and restricted. For harbour porpoise

specifically, they are believed to be too low in level and frequency to cause masking
problems (Tougaard and Henriksen, 2009).

5.3.3

In the case of the SEL, a series of filters have been developed which are analogous
to human hearing response weightings (M-weighting is actually more analogous to
the human C-weighting for high-amplitude sounds). In this method the signal is first
weighted (filtered) relative to hearing abilities of species under test, and the SEL or
accumulated SEL is then calculated (Theobald et al., 2009). This has the advantage
that for signals containing multiple frequency components, energy contributions from
frequency components outside the hearing band of the species will be reduced or
removed from the overall exposure estimate. Again this is analogous to human
hearing accumulated exposure measurements. It should be noted that in this
treatment by Southall et al. (2007), the injury criteria consider both SEL and SPL,
where the SPL is considered for a peak level and is not subjected to a weighted
response.

5.3.4

A series of frequency weighting functions were developed by Southall et al. (2007)
based on the existing knowledge and interpolation of appropriate marine mammal
hearing data and grouped into functional marine mammal hearing groups (see Table
5.1).

5.3.5

It is acknowledged by Southall et al. (2007) that these filters are much ‘flatter’ than
audiograms and are probably quite precautionary even considering the expected
flattening of equal-loudness contours for high-amplitude sounds. It is also true that
they are precautionary in that regions of best hearing sensitivity for most species are
likely to be considerably narrower that the M-weighting functions. These ‘M-weighting’
filters are plotted for each functional hearing group (as outlined in Table 5.1) in Figure
5.1.

Audibility
5.2.6

The audible distance or the physical range over which marine species can hear the
construction activity will extend the distance that the sound either falls below the
ambient perceived sea noise level or the auditory threshold of the animal. Whether
the sound is audible to an animal is not usually a consideration used for impact
assessment, since impact is usually judged in terms of physical or behavioural effects
triggered at levels that exceed mere audibility thresholds, which may already be
within the ambient noise level. There may be no consequence, negative or otherwise,
of an animal hearing the sound.

5.3

Review of Available Criteria Data for the Impact of Underwater
Noise on Marine Mammals

5.3.1

The US Marine Mammal Criteria Group of the NMFS (National Marine Fisheries
Service, part of NOAA) have proposed the 'M-weighting' model (Southall et al., 2007),
as part of the Marine Mammal Noise Exposure Criteria. They classify marine
mammals into one of five bands: three for cetaceans: low, mid and high-frequency
and two for pinnipeds: water and air (see Table 5.1). Harbour porpoise was
considered as the only high frequency cetacean expected in the general area in and
around the Hornsea Zone, as other species do not occupy UK waters or are generally
rare and found in deeper water (e.g., Kogia) (Reid et al., 2003). The M-weighting is
applied in much the same way as the ‘A-weighting’ is applied in airborne acoustics
when considering the perceived response of a human receptor. This entails applying
a correction or weighting to the received level, in each one-third octave band centre
frequency, to provide a weighted received level or perceived level at the receptor,
where the M-weighting is based on the functional hearing groups outlined in Southall
et al. (2007), and further described below.

5.3.2

The marine mammal noise exposure criteria were developed through consensus of
an expert committee and peer-reviewed. They are perhaps the most developed and
recognised exposure criteria for marine mammals, compiling the findings of much of
the published literature, including key work on the effects of noise on marine
mammals by Finneran et al. (2000, 2002a and 2002b) and Lucke et al. (2007). In the
development of the criteria, published audiograms shown were considered. The
criteria are rapidly finding acceptance internationally and are now being
recommended in the UK for use in environmental impact assessments.
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Table 5.1

Functional marine mammal hearing groups taken from Southall et al.
(2007).

Function hearing
group/Frequencyweighting network
Low-frequency
cetaceans – Mlf

Mid-frequency cetaceans
– Mmf

High-frequency
cetaceans – Mhf

Estimated auditory
bandwidth

Genera represented

7 Hz to 22 kHz

Balaena, Caperea, Eschrichtius,
Megaptera, Balaenoptera (13
species/subspecies)

150 Hz to 160 kHz

Steno, Sousa, Sotalia, Tursiops,
Stenella, Delphinus, Lagenodelphis,
Lagenorhynchus, Lissodelphis,
Grampus, Peponocephala, Feresa,
Pseudorca, Orcinus, Globicephala,
Orcaella, Physeter, Delphinapterus,
Monodon, Ziphius, Berardius,
Tasmacetus, Hyperoodon,
Mesoplodon (57 species/subspecies)

200 Hz to 180 kHz

Phocoena, Neophocaena,
Phocoenoides, Platanista, Inia, Kogia,
Lipotes, Pontoporia, Cephalorhynchus
(20 species/subspecies)

Pinnipeds in water – Mpw

75 Hz to 75 kHz

Arcocephalus, Callorhinus, Zalophus,
Eumetopias, Neophoca, Phocartos,
Otaria, Erignathus, Phoca, Pusa,
Halichoerus, Histriophoca, Pagophilus,
Cystophora, Monachus, Mirounga,
Leptonychotes, Ommatophoca,
Lobodon, Hydruga, and Odobenus (41
species/subspecies)

Pinnipeds in air – Mpa

75 Hz to 30 kHz

Same species as pinnipeds in water
(above)

Figure 5.1
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The M-weighting functions taken from Southall et al. (2007).

Behaviour (marine mammals)

Injury (marine mammals)
5.3.6





5.3.7

5.3.8

5.3.9

The criteria for injury outlined by Southall et al. (2007) consider PTS-onset to
constitute injury, as sound induced PTS represents irreversible damage to the
cochlear hair cells (as opposed to TTS which represents merely fatigue). As PTS has
not been measured in marine mammals, the injury criteria are estimated from TTSonset measurements and knowledge of the rate of TTS growth with increasing
exposure levels above the level eliciting TTS-onset. It is assumed that a sound
exposure capable of inducing 40 dB of TTS will cause PTS-onset, based on available
data from terrestrial mammals. The Marine Mammal Noise Exposure Criteria
considers three sound types which cover the range of sound sources to which marine
mammals might be exposed. These are defined as: i) Single pulses; ii) Multiple
pulses; and iii) Nonpulses. Marine piling strikes (i.e., not a single pile strike) are
defined by Southall et al. (2007) as multiple pulses. The relevant injury criteria for
multiple pulses as stated by Southall et al. (2007) are given below:

Multiple pulses (general piling activity)
5.3.10

Injury criteria for low, mid and high-frequency cetaceans:
•

SPL injury criteria: 230 dB re 1 μPa (peak) (flat, un-weighted); and

•

SEL injury criteria: 198 dB re 1 μPa2·s (M-weighted).

Injury criteria for pinnipeds in water:
•

SPL injury criteria: 218 dB re 1 μPa (peak) (flat, un-weighted); and

•

SEL injury criteria: 186 dB re 1 μPa2·s (M-weighted).

The behavioural response of marine mammals is perhaps somewhat easier to study
than the relative health of their auditory system, and several studies have been
undertaken. There are, however, several species of interest and numerous potential
sound sources. In addition to this, quantifying the behavioural response of a marine
mammal is not easy. The US Marine Mammal Criteria Group recognise this, and so
in addition to compiling a database of relevant studies, they have created a severity
scaling system applicable to multiple pulse sounds such as impact piling. For single
pulses, however, they propose specific threshold levels in a similar fashion to
auditory injury criteria described above. Both approaches are described below.

These limits are applicable for either single or multiple exposures within a 24 hour
period. These criteria for injury are based on the US Marine Mammal Criteria Group
method where the SPL limit is based on an addition of 6 dB to the peak pressure
known, or assumed, to elicit TTS-onset. The SEL limit is based on an addition of 15
dB to the SEL known, or assumed, to elicit TTS-onset for any marine mammal
exposed to single or multiple pulses.

Behavioural disturbance criteria for multiple pulses are based on a severity scaling
system, which ranks the behavioural response from zero for ‘no response’ to 9 for
‘outright panic, flight, stampede, attack of conspecifics or stranding events’ (Southall
et al., 2007). No data exist for severity score 9. Severity scales of 4 to 6 are
considered to have potential to affect foraging, reproduction, or survival. Specifically,
a severity score of 5 indicates a change in swimming behaviour but not avoidance,
and 6 indicates minor to moderate avoidance. A combination of both is used in
absence of explicit data for either. Based on the limited behavioural observations
collated as part of the US NMFS criteria (Southall et al., 2007), the following
statements can be made which are appropriate for multiple pulses:
Pinnipeds in water

5.3.11

Based on limited data for ringed seals, RL of 190 dB re 1 μPa (RMS over pulse
duration) are likely to elicit responses with a possible severity score of 5.
Low-frequency cetaceans

More recent work by Lucke et al. (2009) suggested more precautionary injury criteria
than that suggested by Southall et al. (2007) for a high-frequency cetacean might be
required for harbour porpoise specifically. Lucke et al. (2009) measured TTS induced
by a seismic airgun pulse with a peak pressure level of 194 dB re 1 μPa (stated as
200 dBpk-pk in Lucke et al. (2009)), and an SEL of 164 dB re 1 μPa2·s. The approach
adopted by Southall et al. (2007) of assuming PTS-onset (the basis for the injury
criteria) at 6 dB above the SPL eliciting TTS-onset could also be adopted for harbour
porpoise, providing a peak pressure level injury criteria threshold of 200 dB re 1 μPa.
The same approach can be applied to SEL, where Southall et al. (2007) suggest an
SEL 15 dB above the level eliciting TTS-onset which provides an SEL injury criteria
threshold of 179 dB re 1 μPa2·s.

5.3.12
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For low-frequency cetaceans not engaged in migration, the onset of significant
disturbance (severity scaling of 6 and above) is likely to occur over a range of RL
from 150 to 160 dB re 1 μPa (RMS over pulse duration). Significant disturbance could
occur at lower levels depending on the activity of the animal. It should be noted here
that these levels are based on seismic airguns, which can generate very low
frequencies when compared to piling, and which might be significant for lowfrequency cetaceans. Studies were also performed in deeper water than that in which
piling is typically performed, allowing the lower frequencies to propagate.

•

Mid-frequency cetaceans
5.3.13

Very little information exists for mid-frequency cetaceans’ exposure to multiple pulse
source types. There is some indication that a RL of 160 to 170 dB re 1 μPa (RMS
over pulse duration) would elicit a response of 6 on the severity scale (Southall et al.,
2007). A recent study by Finneran et al. (2012), exposing a bottlenose dolphin
Tursiops truncatus to seismic airgun noise, indicates that this higher level threshold
may not be unrealistic and small mid-frequency cetaceans may well be less sensitive
to impulsive sounds than harbour porpoise.
High-frequency cetaceans

5.3.14

No data are reported in Southall et al. (2007) for high-frequency cetaceans (this
category includes the harbour porpoise).

5.3.15

It should be noted that the RMS over the pulse duration results in dB values that
would likely be higher than the equivalent SEL dB value for a piling pulse. Robinson
et al. (2007) measured the difference to be around 11 dB at a distance of 2 km from
the pile. However, this is only illustrative as the difference would be expected to
change with distance as the sound pulse dilates (McCauley et al., 2000a). The
criteria above are also predominantly based on seismic air gun data, and so the pulse
lengths would be expected to be different to those associated with impact piling,
although there would be cross-over in the frequency bandwidth of the sources. It
would be precautionary to assume that the RMS RL (over the duration of the pulse)
stated above would be around 10 dB lower when stated as pulse SEL RL at closer
ranges, and around 8 dB lower at greater ranges (tens of km). In this assessment a
10 dB difference was adopted at ranges of possible mid-frequency cetacean
behavioural avoidance, while an 8 dB difference was assumed for ranges
corresponding to the larger impact ranges for the low-frequency cetacean.
Single pulse (single piling pulse)

5.3.16

A simpler approach to behaviour criteria can be considered by assuming a single
pulse type source (i.e., assuming a response to a single hammer strike). The
response of an animal to a single pulse is important in terms of identifying the range
at which instantaneous PTS and TTS might occur, so that appropriate mitigation
methods can be applied. For the single pulse case, Southall et al. (2007) suggest the
following behavioural criteria, based on TTS-onset levels:




Behavioural criteria for low, mid and high-frequency cetaceans:
•

SPL behavioural criteria: 224 dB re 1 μPa (peak) (flat); and

•

SEL behavioural criteria: 183 dB re 1 μPa2··s (M-weighted).

Behavioural criteria for pinnipeds in water:
•

SPL behavioural criteria: 212 dB re 1 μPa (peak) (flat); and
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SEL behavioural criteria: 171 dB re 1 μPa2·s (M-weighted).

5.3.17

While single pulse criteria based on the TTS onset can help identify the fleeing
response levels and ranges at which instantaneous TTS might occur, using these
criteria does not account for the potential disturbance associated with the duration of
the noise producing activity, which is incorporated in the severity scaling score for
multiple pulses. Thus, both should be considered, although it should be noted that
Southall et al. (2007) do not propose the use of the single pulse criteria for sources
categorised as multiple pulses, such as impact piling.

5.3.18

Similar to injury criteria described above, the recent work by Lucke et al. (2009) also
suggested that more precautionary behavioural criteria might be required for harbour
porpoise, than that suggested by Southall et al. (2007) for high-frequency cetaceans.
As outline above, the work by Lucke et al. (2009) resulted in an observation of TTSonset at a RL 194 dB re 1 μPa peak pressure level and 164 dB re 1 μPa2·s SEL from
a seismic airgun pulse. Southall et al. (2007) assume TTS-onset to be the basis for
the behaviour criteria. However, Lucke et al. (2009) show that this is potentially not
the case for harbour porpoise with aversive behavioural reactions being
demonstrated at RL of 168 dB re 1 μPa peak pressure level (reported at 174 dBpk-pk
re 1 μPa) or 145 dB re 1 μPa2·s SEL. These findings are also supported by
observational studies in Denmark that observed a reduction in harbour porpoise
vocalisations out to ranges of around 20 km during impact pile driving of monopile
foundations for a Danish wind farm (Tougaard et al., 2009; Brandt et al., 2011).

5.4

Review of Available Criteria Data for the Impact of Underwater
Noise on Fish

5.4.1

Fish have previously been characterised as either hearing specialists or hearing
generalists, although this terminology is no longer advocated by its originators. One
specific aspect of the sensitivity of fish species to sound is their sensitivity to the
acoustic particle velocity component of the sound field. This has been noted by a
number of researchers (Hawkins 2006; Nedwell et al., 2007b; Popper and Hastings
2009; Sigray and Andersson, 2011; Popper et al., 2014) and is believed to be acute
at low frequencies where sensitivity of their otoliths enables fish to discriminate
sounds from different directions. The lateral line can also result in sensitivity to the
particle velocity generated for certain sound field conditions, where sound pressure is
not predominant. The potential for marine piling to generate just the type of sound
fields that may contain substantial acoustic particle velocity components has been
noted in the literature (Hawkins, 2009). Sensitivity to particle motion is more likely to
be important for behavioural responses rather than injury (Hawkins, 2009; MuellerBlenkle et al., 201; Hawkins et al., 2014 ). However, the criteria for fish species
proposed so far (e.g., Popper et al., 2006; Nedwell et al., 2007b; Popper et al., 2014)
are all in terms of pressure rather than particle velocity. Furthermore, a recent expert
panel review (Popper et al., 2014) considered existing information on the effects of
sound on fish too limited to derive a set of sound exposure criteria akin to the
Southall et al. (2007) framework for marine mammals, although where deemed
appropriate, Popper et al. (2014) proposed threshold levels, or otherwise indicated
the relative risk of an effect occurring.

5.4.2

It should be noted that for a propagating acoustic wave in the water column, the
particle velocity component will generally be related to the acoustic pressure (i.e., as
the acoustic pressure reduces with distance, the particle velocity component would
be expected to reduce proportionally).

5.4.3

In general, information on the impact of underwater noise on marine invertebrates is
scarce, and no attempt has been made to set exposure criteria (Hawkins et al.,
2014b). Studies that looked at the effect of seismic airgun noise on crustacean catch
rates observed no or little effect (Parry and Gason, 2006). There is, however,
evidence that shows cephalopods are susceptible to high intensity, low-frequency
sound underwater (e.g., André et al., 2011). There is some indication that
cephalopods and crustaceans may be capable of ‘hearing’ low frequency noise, such
as piling noise, suggesting that piling noise may have the potential to impact the
behaviour of local populations (Lovell et al., 2005; Hu et al., 2009). Crustaceans
could also detect piling sound as it propagates through the water by detecting the
particle velocity aspect of the wave (e.g., the vibration of the water molecules which
results in the pressure wave) and ground borne vibration. It is generally their hairs
which provide the sensitivity, although they also have other sensory systems which
could be capable of detecting vibration. Although behavioural effects arising from

vibration in the seabed on crustaceans are unknown, vibration generated in the
seabed would be expected to decay more rapidly than the acoustic pressure
component in the water, which is regarded as the prevalent component when
considering impact of underwater noise on marine life.
Injury (fish)
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5.4.4

Although the criteria proposed by US Marine Mammal Criteria Group have been
adopted reasonably widely for mammals, the emergence of similarly accepted criteria
for fish species has been slow. Recent reviews (e.g., Popper and Hastings 2009;
Popper et al., 2014; Hawkins et al., 2014b) on the effects of anthropogenic sound on
fishes concluded that there are substantial gaps in the knowledge that need to be
filled before meaningful noise exposure criteria can be developed.

5.4.5

Historically, the Fisheries Hydroacoustic Working Group (FHWG) (established by
California Department for Transportation in coordination with the US Federal
Highways Administration and the departments of transportation in Oregon state and
Washington state) has advised the use of interim dual injury criteria based on a peak
pressure level of 206 dB re 1 μPa for a single strike and an accumulated SEL (SEL
dose) of 187 dB re 1 μPa2·s for all fish except those less than 2 grams in mass, for
which an SEL dose of 183 dB re 1 μPa2·s was set (FHWG 2008). These interim
criteria for fish injury correspond well with the lowest threshold for exposure to pile
driving proposed in the guidelines by Popper et al. (2014).

5.4.6

The FHWG interim injury criteria were based on a white paper by Popper et al. (2006)
to establish interim criteria for injury of fish exposed to pile driving operations, which
previously advised the use of the same dual criteria but with a slightly higher peak
pressure level threshold of 208 dB re 1 μPa. The peak pressure level and SEL dose
thresholds were dictated by the possible onset of auditory tissue damage, except for
the latter case of fish of less than 2 grams where non-auditory tissue damage is
considered to occur first (Carlson et al., 2007). Carlson et al. (2007) also
recommended that the cumulative SEL (SEL dose criterion) for larger fish should be
197 dB re 1 μPa2·s for fish over 8 grams and 213 dB re 1 μPa2·s for fish over 200
grams. The FHWG dual criteria were also included in a technical guidance document
for assessing the effects of pile driving on fish, issued by the California Department
for Transportation (Oestman et al., 2009). Whilst the FHWG dual criteria for fish injury
have to-date perhaps been the most widely adopted criteria for fish, it should be
noted that the findings are based on a limited number of studies. Substantial variation
between fish species, size, age and sex might be expected, in addition to variability
due to the sound source, the environment and the activity of the fish being
considered.

5.4.7

5.4.8

The Acoustical Society of American standards working group was created for this
reason (Fay and Popper 2006), and publications by Halvorsen et al. (2011 and
2012a) question the use of the equal energy hypothesis. Halvorsen et al. (2011)
proposed the use of a 1 to 10 response weighted index (RWI) based on the level of
physiological significance of damage, where an RWI of 2 or less does not lead to
physiological effects that reduce either the immediate or long-term performance and
energetics, and is considered an acceptable level of effect (representing sub-onset of
injury). The study found that for the same SEL dose, the sequence with higher single
strike SELs resulted in higher RWI values, concluding that the equal energy
hypothesis may in fact not apply to pile driving exposure. In a subsequent publication
Halvorsen et al. (2012a) reported that the cumulative SEL, or SEL dose, achieved
either through 960 single piling strikes, each at 180 dB re 1 μPa2·s, or 1920 single
strikes, each at 177 dB re 1 μPa2·s, which resulted in a RWI of 2, considered to be
sub-onset of injury, was 210 dB re 1 μPa2·s. These findings are based on juvenile
Chinook salmon Oncorhynchus tshawytscha with a mean weight of 11.8 grams and
generally result in a higher SEL dose threshold than those proposed by the FHWG,
except for the case of fish over 200 grams in weight.

Behaviour (fish)

In a further study by Halvorsen et al. (2012b), nile tilapia Oreochromis niloticus, lake
sturgeon Acipenser fulvecens, and hogchocker Trinectes maculates were exposed to
simulated pile driving, each species displaying a different injury response, which was
suggested to be potentially attributable to the presence and type of swim bladder. A
similar study by Casper et al. (2013) provided further support for the notion that
susceptibility to injury from pile driving may vary depending on the type of the swim
bladder, and that the SEL dose that may elicit physiological injury in fish is likely
above the levels generally proposed by the FHWG.

5.4.9

It should be noted that Havlorsen et al. (2011; 2012a; 2012b) and Casper et al.
(2013) acknowledge that the contraption used in their experiments did not permit for
a scenario where wish could move away from the sound source, which may allow for
a reduction in single exposures as the animal moves away, and could result in a
lower overall exposure, depending on the actual exposure,

5.4.10

A recent study by IMARES (Bolle et al., 2011; 2012) which exposed common sole
Solea solea larvae to piling noise observed no statistically significant effect on their
survival rates for a piling sequence which resulted in a SEL dose of
206 dB re 1 μPa2·s. Although the results should not be extrapolated to all species,
the study does indicate that the injury criteria for small fish (less than 2 grams) of
183 dB re 1 μPa2·s SEL dose proposed by the FHWG may not be applicable for fish
larvae.
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5.4.11

Studies on the behavioural response of fish to underwater low frequency impulsive
sounds are limited and at the time of undertaking the assessment no international
criteria existed for assessing behavioural impact of sound on fish. Reviews of the
effects of sound on fish have been carried out by Hastings and Popper (2005), with a
particular emphasis on pile-driving, and a review focussed on the effects on fish of
seismic survey sources was carried out by Worcester (2006). When comparing
studies, care should be taken to ensure the reported metrics and type of source are
comparable.

5.4.12

There is clear evidence that the behaviour of free swimming fish is influenced by
sound, as a fall in fish catch rates has been observed following seismic surveying
(Engås et al., 1996; Webb et al., 2008; Løkkeborg et al., 2010). However, the type of
response and the level at which this response occurs is difficult to quantify. One study
by Slotte et al. (2004) used sonar to observe fish movement during a seismic survey,
showing that the fish appeared to go to greater depths after exposure to a seismic
airgun source. A study by Hassel et al. (2004) showed behavioural changes in
sandeels Ammodytes marinus when exposed to seismic airgun noise.

5.4.13

Experiments using confined fish offer a more controlled way of studying the
behavioural response of fish when exposed to sound and can provide better
understanding of the sound field in the test volume. However, whilst confined fish
experiments offer a convenient way to observe behavioural reactions, the confined
nature of the experiment and the likelihood of increased stress in the fish should be
considered carefully when assessing the implications of the potential impact. This has
been stressed by Popper and Hastings (2009) who have reviewed a number of
studies exposing caged fish to sound. The level of background noise should also be
carefully considered, particularly when measurements are performed in caged areas
of low ambient noise or in test tanks where ambient noise would generally be
expected to be very low relative to the open sea. When extrapolating these findings
to impact on a species, population scale effect or disruption to fisheries, the context
or other factors which might influence fish behaviour should be considered.

5.4.14

A study in the UK by Nedwell et al. (2006) showed an increase in activity of caged
salmonids (brown trout and salmon) around 50 m from a pile driving activity, although
responses in other cages were not consistent. Another study in the UK analysed the
effectiveness of an acoustic fish deterrent used to discourage fish from entering
intakes for a nuclear power plant cooling system (Maes et al., 2004). This work
showed a clear avoidance of some fish species to the deterrent which had a reported
generated swept sinusoid from 20 Hz to 600 Hz with a measured SPL (RMS) of
174 dB re 1 μPa. A recent COWRIE funded project led by Cefas in the UK (MuellerBlenkle et al., 2010) measured the behavioural response of both cod and sole to a
play back of a measured piling sound. The temporal characteristics of a sound were
reported to be similar to those to which fish might be exposed to at a distance of



around 400 m from a piling event but with a range of RL typical for much greater
distances, although it should be noted that the fish were in some cases less than a
wavelength away from the source. The report stated that there was considerable
variation across subjects and that it was not possible to find an obvious relationship
between the level of exposure and the extent of the behavioural response.
Behavioural responses were observed at peak pressure levels of 140 to
161 dB re 1 μPa for cod and 144 to 156 dB re 1 μPa for sole. Low-frequency sound
exposure studies in test tanks by Blaxter et al. (1981), Schwartz and Greer (1984)
and a number of studies reported by Worcester (2006) have also demonstrated
avoidance response when close to the sound source. Blaxter et al. (1981) also
showed that when ramping up the sound level from a lower level, the sound level
required to elicit a response is higher than if they are exposed to the same level from
the onset, even if the ramp is only over two cycles. This may have implications for the
use of soft-start during piling where the sound level is expected to ramp up with time.
5.4.15

Although no behavioural disturbance criteria have been established, Washington
State Department of Transportation, who do specify a requirement for the FHWG
interim criteria for fish injury to be followed, also provide guidance in their Biological
Assessment manual (WSDOT, 2011) for behaviour effects in the form of a
disturbance threshold which is based on work by Hastings (2002). The recommended
threshold is 150 dB re 1 μPa RMS, where the RMS refers to the root-mean squared
pressure over the duration of the pulse. The authors do not provide peak or peak-topeak levels and it is not possible to convert any relationship between peak pressure
level and RMS levels as this will depend on the propagation distance and will be
heavily influenced by water depths, which are generally very shallow for the previous
pile-driving studies in the United States of America.

5.4.16

The most comprehensive study identified observing fish behaviour when exposed to
an impulsive type noise source was carried out by Curtin University in Australia for
the oil and gas industry by McCauley et al. (2000a and 2000b). This study exposed
various fish species in large cages to a seismic airgun and assessed behaviour,
physiological and pathological changes. Both the acoustic and biological
methodologies are described in detail. The study made the following observations:


A general fish behavioural response to move to the bottom of the cage during
periods of high level exposure (greater than RMS levels of around 156161 dB re 1 μPa);



A greater startle response by small fish to the above levels;



A return to normal behavioural patterns some 14 to 30 minutes after airgun
operations ceased;



No significant physiological stress increases attributed to air gun exposure; and

5.4.17
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Some preliminary evidence of damage to the hair cells when exposed to the
highest levels, although it was determined that such damage would only likely
occur at short range from the source.

Although, as pointed out by McCauley et al. (2000a), it is not technically correct to
convert RMS to peak SPL units (as defined in this report) an approximate conversion
was provided by the authors resulting in peak SPL levels of around 168 to
173 dB re 1 μPa. The review by Worcester (2006), which considered >10 studies of
fish response to seismic air guns, reported only one where measured levels were
lower than this. However, in this case, no statistical analysis was undertaken and the
movements of the fish were reported to be difficult to distinguish from normal
behaviour, occurring on only 8 out of 24 seismic shots (Bjarti, 2002, cross-referenced
from Worcester 2006). McCauley et al. (2000a) do point out that any potential seismic
effects on fish may not necessarily translate to population scale effect or disruption to
fisheries and show that caged fish experiments can lead to variable results. However,
experimental studies by Engås et al. (1996) have shown catch rate reductions for cod
and haddock both during and following a seismic survey, which could be caused by
the fish leaving the immediate area or simply by the fish increasing their swim depth
(water depth was >200 m). Skalski et al. (1992) also experimentally demonstrated a
reduction in rockfish catches during exposure to a seismic airgun where the peak
pressure level or peak SPL was around 186 dB re 1μPa. Caged rockfish were also
the subject of a study by Pearson et al. (1992) who observed an alarm response at a
peak SPL of 180 dB re 1 μPa (mean) where the alarm response is defined as a
general increase in activity and changes in schooling or position in the water column.
Although Pearson et al. (1992) did not expose the fish to lower peak SPL levels,
regression analysis indicated that subtle behavioural response (defined as changes
in swim depth) may occur a peak SPL of 161 dB re 1 μPa, although this was not
considered by the authors to indicate a likely response in an open environment, and
more recent observations by McCauley et al. (2000a), indicate that such changes in
behaviour would only occur at higher levels. Pearson et al. (1992) also observed a
startle or C-turn response at peak SPLs beginning around 200 dB re 1 μPa, although
this was less common with the larger fish. This is higher than levels reported by
McCauley et al. (2000a) where C-turn responses were observed at a peak SPL of
183 to 196 dB re 1 μPa for small fish but it is consistent with the peak SPL of 203 dB
re 1 μPa reported by McCauley et al. (2000a) for larger fish. It should also be noted
that in the studies by McCauley et al. (2000a and 2000b) and Pearson et al. (1992),
the fish were observed returning to normal behaviour during the sound exposure at
levels which caused the initial change in behaviour.

5.5

Summary of Criteria Adopted for Subsea Noise Impact Assessment
for the Hornsea Zone

5.5.5

It should be stressed that there are no multiple pulse behavioural response criteria
given in Southall et al. (2007) for high-frequency cetaceans, while single pulse
behavioural criteria are stated but are based on work with belugas which form the
basis of the behavioural response criteria for all cetaceans exposed to a single pulse.
Whilst it is accepted that the findings of Lucke et al. (2009) are not a complete
representation of the harbour porpoise response to noise, these likely provide a
better representation than previous criteria extrapolated from other cetacean
functional hearing groups as defined by Southall et al. (2007). The study by Lucke et
al. (2009) exposed a single captive harbour porpoise to a single seismic air gun
source and observed its response whilst obtaining direct measures of the sound at
the receptor location, making it the first data of its type available in the peer-reviewed
literature. In a more recent study, Kastelein et al. (2013b) exposed harbour porpoise
to playbacks of pile driving sounds and observed responses ranging from increased
respiration rate to an increase in jumping out of the water, although the background
noise levels were very low (lower than Sea State 0), and the authors acknowledge
that under higher background noise conditions the effects would be expected to be
less severe. In addition to the work by Lucke et al. (2009), this assessment also
considers other recent studies of harbour porpoise behaviour by Tougaard et al.
(2009) and Brandt et al. (2011).

5.5.6

The adopted injury criteria as described in Section 5.4 are taken from Southall et al.
(2007) for marine mammals, with a modified threshold for harbour porpoise based on
Lucke et al. (2009). The proposed injury criteria thresholds are summarised in Table
5.2. As outlined in Southall et al. (2007), frequency weighting is only applied to the
SEL values.

Marine Mammals
5.5.1

In summary, this assessment considers behavioural impacts in light of relevant and
published data which are considered to be the most applicable at the present time.
The auditory injury criteria described by Southall et al. (2007) were applied to
pinnipeds and mid and low-frequency cetaceans. Experimental results by Lucke et al.
(2009) were modified following the methodology proposed by Southall et al. (2007) to
derive instantaneous injury criteria for the harbour porpoise. In terms of behavioural
criteria, two general approaches are considered, both of which are described by
Southall et al. (2007) and outlined above. These are the single pulse behavioural
disturbance criteria and behavioural response severity scaling for multiple pulses.
The single pulse behavioural disturbance criterion is considered for the purpose of
estimating ranges where a strong aversive response might occur (assumed to
represent strong (near 100%) avoidance as it is based on the onset of TTS) and the
latter is used as an indicator of ranges where behavioural changes and some level of
reduction in animal abundance may be expected.

5.5.2

The single pulse criterion is based on the onset of TTS and is referred to in this
assessment as fleeing behaviour as it has previously been associated with fleeing
response in belugas. It should be noted that TTS onset per se is not a behavioural
response and is only used as an indicator of an instantaneous fleeing response which
might be expected from the noise regardless of its duration. The single pulse
behavioural criterion was applied, as stated by Southall et al. (2007), to pinnipeds,
low and mid-frequency cetaceans, while recent findings by Lucke et al. (2009) were
used to estimate the harbour porpoise fleeing behaviour based on the onset of TTS
following the criteria guidance proposed by Southall et al. (2007).

5.5.3

5.5.4

Table 5.2

Summary of injury criteria for marine mammals.
Dual auditory injury criteria (PTS onset)

The behavioural response severity scaling for multiple pulses (i.e., it includes the
effect on behaviour of the prolonged nature of the source) has been used to
determine the ranges over which possible avoidance of the area may occur. For this
assessment, this is based on the severity scaling response score 5/6 (Southall et al.,
2007) and is amongst the most moderate averse response listed by the authors,
where 6 indicates the first indication of minor to moderate avoidance of the sound
source, and 5 no avoidance of the sound source. The severity scaling is broken into
10 dB bins and the upper and lower limits, where there was applicable data, are
referred to in this assessment as likely and possible avoidance of area, respectively.
This essentially suggests there may be some avoidance response with possible interindividual variation.

Animal group

For pinnipeds, several of the studies reviewed by Southall et al. (2007) indicate that
fleeing and indeed any avoidance only occur at noise levels which are considered
sufficient to cause the onset of TTS.
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Peak Pressure Level
(dB re 1 μPa)

SEL
(dB re 1 μPa2·s)

Harbour porpoise (High-frequency
cetaceans)

200

179
(single strike)

Mid (e.g., white beaked dolphin) and
Low- frequency (e.g., minke whale)
cetaceans

230

198
(Mmf or Mlf weighted)

Pinnipeds (in water)

218

186
(Mpw weighted)

5.5.7

The adopted behavioural criteria for marine mammals described in Section 5.4 are
taken from Southall et al. (2007), with a modified threshold for harbour porpoise taken
from Lucke et al. (2009). The proposed thresholds are summarised in Table 5.3
below.

Table 5.3

Fish
5.5.8

Summary of behavioural criteria for marine mammals.
Dual behavioural response criteria for marine
mammals
Animal group
Peak Pressure Level
(dB re 1 μPa)

SEL
(dB re 1 μPa2·s)

Harbour porpoise
- TTS onset/Fleeing response

194

164

Harbour porpoise
- Potential avoidance of area

168

145

Mid and Low- frequency cetaceans
- TTS onset/ Fleeing response

224

183
(Mmf or Mlf weighted)

Mid frequency cetaceans
- Potential avoidance of area

N/A

160 – 170*

Low-frequency cetaceans
- Potential avoidance of area

N/A

142 – 152*

Pinnipeds
- TTS onset/ Fleeing
response/avoidance

212

171
(Mpw weighted)

5.5.9

*Derived from Southall et al. (2007) severity scaling behavioural response and converted to
SEL (of the pulse) from RMS (over the duration of the pulse) by subtracting 10 dB for midfrequency cetaceans and 8 dB for low-frequency cetaceans (based on the longer ranges for
low-frequency cetaceans).

The Popper et al. (2006) and Carlson et al. (2007) criteria described above have
been broadly adopted for this assessment when considering fish injury, and are
shown in Table 5.4. Based on the findings of the above studies by McCauley et al.
(2000a) and Pearson et al. (1992), guidance peak pressure levels for different levels
of behavioural response have been adopted for the purposes of this assessment
(summarised in Table 5.5):


General behavioural response (fish move to bottom of cage) – 168 to
173 dB re 1 μPa (McCauley et al., 2000a and 2000b); and



Startle response/C-turn reaction – 200 dB re 1 μPa (Pearson et al., 1992).

These response levels are only indicative and the level of behavioural disturbance
will depend on the context including a number of factors such as the type of fish, its
sex, age and condition, as well as other stressors to which the fish is or has been
exposed. The response of the fish would be expected to depend on the reasons and
drivers for the fish being in the area. Foraging or spawning, for example, may
increase the desire for the fish to remain in the area despite the elevated noise level.
For the above threshold levels, it is assumed that the fish have hearing sensitivity
over the frequency range of approximately 100 to 400 Hz where the majority of the
sound energy from a piling event would be contained. The use of criteria derived from
observed responses in the far-field of a sound source removes the requirement to
consider the acoustic particle velocity in the water column, due to the acoustic
pressure and acoustic particle velocity components of the field being in phase, i.e.,
whether the fish responded to the acoustic pressure or particle velocity is irrelevant
as long as the absolute level of one or the other is measured at the exposure
location.

Table 5.4

Summary of instantaneous injury criteria for fish.
Fish injury

Animal group

Peak Pressure Level
(dB re 1 μPa)

Fish
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206

Table 5.5

Summary of behavioural criteria for generic fish species.

Potential response

6

PREDICTED IMPACT OF SUBSEA NOISE FOR PROJECT TWO

6.1

Construction Phase

6.1.1

Underwater noise from impact piling is known to result in significant peak pressure
levels and SEL and will be distinguishable above ambient noise over distances of
several tens of km from the source (Thomsen et al., 2006; Nedwell et al., 2007;
Bailey et al., 2010). Foundation types which rely on impact piling are considered the
worst case in terms of the resulting underwater noise, and therefore gravity base
foundations (Volume 1, Chapter 3: Project Description) are not considered in this
aspect of the assessment.

6.1.2

Using the modelled noise levels presented in Section 4 and the impact criteria for
marine mammals and fish outlined in Section 5, it is possible to establish ranges or
zones over which marine mammals and fish might be impacted during the
construction phase of Project Two. This is based on the effects of marine impact
piling, the most prevalent high amplitude underwater noise source associated with
the construction of a wind farm.

6.1.3

As discussed in Section 4.2, a range of hammer blow energies were considered to
represent the range of sound levels expected to be experienced throughout a piling
sequence.

Behavioural response criteria for generic fish
species
Peak Pressure Level (dB re 1 μPa)

General behavioural response

168 - 173*

Startle response/C-turn reaction

200*

*These levels have been establish from a seismic airgun and should therefore only be applied
for impulsive sound source and for fish that are sensitive to sound below around 500 Hz.

Marine Mammals
Onset of auditory injury (PTS onset)
6.1.4
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The marine mammal injury criteria adopted for this assessment are outlined in detail
in Section 5. It should be remembered that these injury criteria are based on the
presumed PTS onset levels, representing an onset of auditory injury, not a complete
hearing loss. It should also be noted that TTS has previously been shown to be
limited to the hearing critical bands, in and around, the frequency of the fatiguing
sound (Kastelein et al., 2012; 2013a). As a precursor to PTS, such limited frequency
extent of TTS is likely to limit PTS to limited critical bands rather than the entire
hearing range of the receptor. It should also be noted that prolonged exposure to
repeated hammer strikes would increase the range over which injury might occur and
this is considered further below (see paragraphs 6.1.8 et seq.).

6.1.5

Potential ranges for the onset of auditory injury for marine mammals during impact
piling at Project Two are indicated in Table 6.1 to Table 6.4. Based on the injury
criteria by Southall et al. (2007) and assuming the sensitive receptor responds to the
onset of pile driving by swimming away from the acoustic source (JNCC, 2010), the
potential for the onset of auditory injury would be expected to be mitigated by the
soft-start. Assuming a 30 minute soft-start, an animal swimming away at 0.5 ms-1
(considered as slow, cruising swim speeds for harbour porpoise (e.g., Otani et al.
2000; Akamatsu et al. 2007)) would cover a distance of 900 m. This movement away
from the source, combined with a 500 m mitigation zone, generally employed during
the pre-piling watch (JNCC, 2010), would allow an the animal to be beyond the range
where instantaneous injury might be expected when the hammer reaches full energy
(even from the 3,000 kJ hammer blow energy). As shown in Table 6.1 to Table 6.4,
the potential ranges where an instantaneous onset of auditory injury may occur span
less than 500 m for mid-frequency cetaceans, low-frequency cetaceans and
pinnipeds in water. For harbour porpoise (high- frequency cetacean) the estimate
extends less than 1000 m from the pile. For a hammer blow energy of 600 kJ,
expected to be used during the soft-start period, an instantaneous onset of auditory
injury for marine mammals would not be expected to occur at ranges exceeding the
500 m mitigation zone. An equivalent impact was estimated at no more than 500 m
from the pile for hammer blow energies up to at least 1,800 kJ, which is not expected
to be employed until later in the piling sequence (Volume 2, Chapter 4: Marine
Mammals).

6.1.6

There are no known cases where marine mammal mortality has been reported as a
direct result of noise exposure from wind farm construction or other acoustic sources
of similar characteristics and SL. The predicted noise levels in close proximity to the
pile are comparable to those estimated for the onset of auditory injury, and mortality
would only be expected at noise levels substantially above those necessary to cause
auditory injury.

6.1.7

The pile driving installation is thus unlikely to result in radiated noise levels sufficient
to cause instantaneous mortality in marine mammals beyond a few metres from the
pile, (Richardson et al., 1995 (converted from Yelverton et al. (1975) for marine
mammals)).
Prolonged exposure (SEL dose)

6.1.8

As described in Section 4.5, the SEL dose was predicted by summing up the pulse
SEL over an entire piling sequence assuming the animal will swim away once piling
commences.

6.1.9

The piling sequence parameters adopted here are summarised in Table 4.2 and the
modelled location and transects are described in Section 4.5. The location and
transects were chosen to be representative of longer distance propagation and
variable bathymetry (up- and down- sloping).
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6.1.10

The model assumed an arbitrary piling sequence that was considered likely to
overestimate the total amount of exposure (as discussed in Section 4.5). It is
assumed that the animal swims away directly from the sound source, which would be
likely where the animal would be expected to show a strong avoidance reaction.
However, this may not be an accurate description of the behaviour of an animal at
greater distances as discussed in Section 4.5.

6.1.11

Another pertinent point concerns knowledge gaps relating to marine mammal hearing
recovery and behavioural response to piling noise. The unknowns include:
(i) percentage of time the animals spend at different depths when fleeing piling noise;
(ii) the rate of hearing recovery for multiple pulse sounds; (iii) when the sound no
longer contributes to PTS (effective quiet); and (iv) whether equal energy hypothesis
applies. Consequently, a number of assumptions were adopted in a precautionary
manner including: (i) there is no hearing recovery; (ii) the animal is assumed to be
submerged 100% of the time; and (iii) there is no pressure release at the surface
(lower levels near the surface). As such, the SEL dose model did not account for any
time that a receptor may spend at the surface, or the reduced SEL near the surface
where the animal would not be exposed to such levels. Also, the model did not
account for any temporal hearing recovery. Therefore, the exposure predicted in the
model is likely to be an overestimate of the exposure that a receptor might be
subjected to.

6.1.12

The calculated SEL dose for the piling sequence shown in Table 4.2 and two
exemplar propagation transects is shown in Figure 6.1 and Figure 6.2, assuming
acoustic properties of gravelly sand sediment and sand sediment, respectively. The
plots show that the SEL dose increases more rapidly at close range, and less rapidly
at greater ranges from the pile where the RL are lower (due to increased distance
between the animal and the pile, even with the adopted increase in the amplitude of
source output).

6.1.13

Whilst it is not possible, due to knowledge gaps in hearing recovery, equal energy
assumptions for impulsive sounds and animal behaviour when fleeing a loud sound
(i.e., where in the water column they swim and how often they break surface), to
accurately assess the actual range at which an animal might exhibit a PTS effect, it is
clear that increased sound exposure as a result of prolonged exposure does increase
the risk of a receptor suffering some level of hearing damage. The modelling also
highlights the importance of an effective mitigation zone around the piling vessel,
since increasing the distance at which the animal is from the pile when it starts to
swim away at the onset of piling decreases the risk of it suffering hearing injury.

Table 6.1

Summary of harbour porpoise impact range estimates for pile driving during construction at Project Two.
Estimated impact range for harbour porpoise around mid-water column
600 kJ hammer
energy

1,200 kJ
hammer
energy

1,700 kJ
hammer
energy

1,800 kJ
hammer
energy

Instantaneous injury/PTS
(pulse SEL 179 dB re 1 μPa2·s)*

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Fleeing response
(pulse SEL 164 dB re 1 μPa2·s)*

~1.5 to 3.0 km

~2.5 to 4 km

Possible avoidance of area
(pulse SEL 145 dB re 1 μPa2·s)*

~18 to 30 km

~23 to 40 km

Impact Criterion

2,300 kJ
hammer
energy

2,400 kJ
hammer
energy

2,600 kJ
hammer
energy

3,000 kJ
hammer
energy

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
soft-start
(<1 km)‡

Mitigated by
soft-start
(<1 km)‡

Mitigated by
soft-start
(<1 km)‡

Mitigated by
soft-start
(<1 km)‡

~3.0 to 5 km

~4 to 5 km

~4 to 6 km

~5 to 6 km

~5 to 6 km

~5 to 7 km

~25 to 50 km

~25 to 51 km

~28 to 57 km

~28 to 59 km

~28 to 60 km

~29 to 62 km

*Lucke et al. (2009), †Assumes a 500 m mitigation zone is employed (JNCC, 2010), ‡Assumes a fleeing animal and a 500 m mitigation zone (JNCC, 2010).
Table 6.2

Summary of mid-frequency cetacean functional hearing group impact range estimates for pile driving during construction at Project Two.
Estimated impact range for mid-frequency cetacean around mid-water column

Impact Criterion

600 kJ hammer
energy

1,200 kJ
hammer
energy

1,700 kJ
hammer
energy

1,800 kJ
hammer
energy

2,300 kJ
hammer
energy

2,400 kJ
hammer
energy

2,600 kJ
hammer
energy

3,000 kJ
hammer
energy

Instantaneous injury/PTS
(Mmf weighted
198 dB re 1 μPa2·s)*

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Fleeing response
(Mmf weighted
183 dB re 1 μPa2·s)*

<500 m

<500 m

<500 m

<500 m

<500 m

<500 m

<500 m

<500 m

Likely avoidance of area
(pulse SEL
170 dB re 1 μPa2·s)***

~0.5 to 1.5 km

~1.0 to 2.0 km

~1.5 to 2.5 km

~1.5 km to
2.5 km

~2.0 to 2.5 km

~2.0 to 2.5 km

~2.0 to 3.0 km

~2.0 to 3.0 km

Possible avoidance of
area/Change in swimming
behaviour
(pulse SEL
160 dB re 1 μPa2·s)***

~3 to 5 km

~5 to 7 km

~6 to 9 km

~6 to 9 km

~7 to 10 km

~7 to 10 km

~8 to 11 km

~8 to 11 km

*Southall et al. (2007) Injury Criteria, **Southall et al. (2007) Single pulse behavioural disturbance, ***Southall et al. (2007) Multiple pulses severity scoring behavioural disturbance (RMS SPL
converted to pulse SEL by subtraction of 10 dB), †Assumes a 500 m mitigation zone is employed (JNCC, 2010).
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Table 6.3

Summary of low-frequency cetacean functional hearing group impact range estimates for pile driving during construction at Project Two.
Estimated impact range for low-frequency cetacean around mid-water column
600 kJ hammer
energy

1,200 kJ
hammer
energy

1,700 kJ
hammer
energy

1,800 kJ
hammer
energy

Instantaneous injury/PTS
(Mlf weighted
198 dB re 1 μPa2·s)*

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Fleeing response
(Mlf weighted
183 dB re 1 μPa2·s)*

<500 m

<500 m

<500 m

<500 m

<500 m

<500 m

<500 m

<500 m

Likely avoidance of area
(pulse SEL
152 dB re 1 μPa2·s)***

~9 to 14 km

~11 to 19 km

~14 to 23 km

~15 to 23 km

~16 to 26 km

~17 to 27 km

~17 to 27 km

~18 to 30 km

Impact Criterion

2,300 kJ
hammer
energy

2,400 kJ
hammer
energy

2,600 kJ
hammer
energy

3,000 kJ
hammer energy

Possible avoidance of
area/Change in swimming
behaviour
~23 to 40 km
~28 to 59 km
~30 to 61 km
~30 to 62 km
~31 to 68 km
~31 to 70 km
~35 to 73 km
~36 to 82 km
(pulse SEL
142 dB re 1 μPa2·s)***
*Southall et al. (2007) Injury Criteria, **Southall et al. (2007) Single pulse behavioural disturbance, ***Southall et al. (2007) Multiple pulses severity scoring behavioural disturbance (RMS SPL
converted to pulse SEL by subtraction of 8 dB), †Assumes a 500 m mitigation zone is employed (JNCC, 2010).
Table 6.4

Summary of pinniped functional hearing group impact range estimates for pile driving during construction at Project Two.
Estimated impact range for pinnipeds around mid-water column

Impact Criterion

Instantaneous injury/PTS *
(Mpw weighted
186 dB re 1 μPa2·s)

600 kJ hammer
energy
Mitigated by
mitigation zone
(<500 m)†

1,200 kJ
hammer
energy
Mitigated by
mitigation zone
(<500 m)†

1,700 kJ
hammer
energy
Mitigated by
mitigation zone
(<500 m)†

1,800 kJ
hammer
energy
Mitigated by
mitigation zone
(<500 m)†

2,300 kJ
hammer
energy
Mitigated by
mitigation zone
(<500 m)†

2,400 kJ
hammer
energy
Mitigated by
mitigation zone
(<500 m)†

2,600 kJ
hammer
energy
Mitigated by
mitigation zone
(<500 m)†

Fleeing response/ Likely
avoidance
<1.0 km
<1.5 km
<1.5 km
<1.5 km
<2.0 km
<2.0 km
<2.0 km
(Mpw weighted
171 dB re 1 μPa2·s) **
*Southall et al. (2007) Injury Criteria, **Southall et al. (2007) Single pulse behavioural disturbance, †Assumes a 500 m mitigation zone is employed (JNCC, 2010).
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3,000 kJ
hammer
energy
Mitigated by
mitigation zone
(<500 m)†

<2.0 km

Figure 6.1

Required start range for the marine mammal functional hearing groups (Southall et al., 2007) from the pile, when piling starts, such that the animal is not over exposed
and does not suffer an onset of auditory injury (PTS onset) for piling sequence described in Table 4.2. The modelled results are for (left) a down-sloping easterly transect
and (right) an up-sloping southerly transect, both radiating from pile location ID 5 in Table 4.1. The acoustic properties are those for gravelly sand sediment.
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Figure 6.2

Required start range for the marine mammal functional hearing groups (Southall et al., 2007) from the pile, when piling starts, such that the animal is not over exposed
and does not suffer an onset of auditory injury (PTS onset) for piling sequence described in Table 4.2. The modelled results are for (left) a down-sloping easterly transect
and (right) an up-sloping southerly transect , both radiating from pile location marked ID 5 in Table 4.1. The acoustic properties are those for sand sediment.
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Aversive response (avoidance of area)

Behaviour
Strong aversive (fleeing) Response
6.1.14

6.1.15

Avoidance information is not provided in the Marine Mammal Noise Exposure Criteria
(Southall et al., 2007) for high-frequency cetaceans exposed to multiple pulses.
Recent work in Denmark and Germany (Tougaard et al., 2009 and Brandt et al.,
2011, Dähne et al., 2013) shows that behavioural disturbance/avoidance may occur
over larger distances (around 20 km or more) than that implied by the fleeing
response. Work by Lucke et al. (2009), who exposed harbour porpoise to seismic
airgun noise, provides indicative noise levels at which avoidance may occur. For
Project Two, this results in the largest predicted disturbance / possible avoidance
range of between about 29 km and 62 km for full hammer energy at 3,000 kJ. The
spread in these ranges is due to variations in bathymetry, and therefore propagation
efficiency. As can be seen in Figure 6.3, for example, there is considerable variation
in sound propagation across Project Two that stems from the changes in bathymetry,
with the largest propagation ranges generally occurring to the northeast and
northwest of Project Two, because of increased water depth (Section 4.2). The effect
of this on the behavioural disturbance ranges for harbour porpoise can be seen in
Figure 6.3. The same image also shows the possible spatial extent of the piling noise,
in terms of the harbour porpoise zones of likely avoidance (164 dB re 1μPa2·s) and
possible avoidance (145 dB re 1μPa2·s), with regard to a single pile strike using the
3,000 kJ hammer blow energy. For lower hammer energies that would be expected
during soft-start and earlier on in the piling sequence, harbour porpoise are expected
to exhibit disturbance / possible avoidance behaviour at shorter ranges as indicated
in Table 6.1. Overall, it is important to note that the estimates of possible avoidance
ranges are not expected to lead to all individuals avoiding the area, nor are all
individuals expected to display an equal level of avoidance, as indicated by recent
work in Belgium (Brandt et al., 2011).

6.1.16

Applying the Marine Mammal Exposure Criteria for mid-frequency cetaceans, it is
predicted that an avoidance range of less than 3 km is likely and that an avoidance
range of between 8 km and 11 km is possible for a 3,000 kJ hammer blow energy.
Possible avoidance of less than about 5 km would be likely for the same criteria
applied to underwater sound propagation using a 600 kJ hammer blow energy
(assumed during the soft-start), with likely avoidance at less than about 1.5 km from
the pile (Table 6.2). Behavioural disturbance ranges for mid-frequency cetaceans are
illustrated in Figure 6.4 for the 3,000 kJ hammer blow energy.

6.1.17

Applying the Marine Mammal Exposure Criteria for low-frequency cetaceans it is
predicted that, assuming a 3,000 kJ hammer blow energy, an avoidance of about
18 km to 30 km is likely and that an avoidance range of between 36 km and 82 km is
possible. These behavioural disturbance ranges for low-frequency cetaceans are
illustrated in Figure 6.5. At lower hammer energies the ranges can be expected to be
shorter as indicated in Table 6.3.

The fleeing ranges for marine mammals, shown in Table 6.1 to Table 6.4, were
obtained following the approach described in Section 5 and are based on data from
Lucke et al. (2009) for harbour porpoise and Southall et al. (2007) for low and midfrequency cetaceans and pinnipeds. Assuming a 3,000 kJ hammer blow energy, the
fleeing response range for Project Two is predicted to be less than 500 m for lowfrequency cetaceans, mid-frequency cetaceans and pinnipeds in water, and less than
about 7 km for harbour porpoise. As for the onset of auditory injury range estimates,
fleeing response too would be expected to occur at smaller ranges for hammer blow
energies less than 3,000 kJ (as indicated in Table 6.1 to Table 6.4). The Southall et
al. (2007) criteria for mid-frequency cetaceans applied here (both severity scaling and
single pulse response) relate to larger species such as the beluga, killer and sperm
whale, and it may be that these are less applicable to smaller mid-frequency
cetaceans such as the dolphin species local to the central North Sea. However,
recent work by Finneran et al. (2012), exposing a bottlenose dolphin to seismic
airgun noise, indicates that this higher level threshold may not be unrealistic and
small mid-frequency cetaceans may well be less sensitive to impulsive sounds than
suggested by Tougaard et al. (2009), Lucke et al. (2009), Brandt et al. (2011) and
Dähne et al. (2013) (for example harbour porpoise). For pinnipeds, fleeing and
possible avoidance behaviour are taken to occur at the same noise levels as
discussed above (Section 5). Based on this information, the predicted fleeing
response for a pinniped and the avoidance ranges during construction at Project Two
would be expected to be less than around 2 km (Figure 6.4, Table 6.4) from the pile
for any hammer blow energy considered in the assessment.

56

Figure 6.3

Example of harbour porpoise behavioural disturbance zone for Project Two using a 3,000 kJ hammer blow energy. Location corresponds to pile location marked ID 5 in
Table 4.1, which can be deemed representative of locations with greater range propagation within Project Two. Acoustic properties of the sediment were assumed to be
gravelly sand sediment (left panel) and sand sediment (right panel).
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Figure 6.4

Example of mid-frequency cetacean behavioural disturbance zone for Project Two using a 3,000 kJ hammer blow energy. Location corresponds to location marked ID 5
in Table 4.1, which can be deemed representative of locations with greater range propagation within Project Two. Acoustic properties of the sediment were assumed to
be gravelly sand sediment (left panel) and sand sediment (right panel).
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Figure 6.5

Example of low-frequency cetacean behavioural disturbance zone for Project Two using a 3,000 kJ hammer blow energy. Location corresponds to location marked ID 5 in
Table 4.1, which can be deemed representative of locations with greater range propagation within Project Two. Acoustic properties of the sediment were assumed to be
gravelly sand sediment (left panel) and sand sediment (right panel).
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Figure 6.6

Example of pinniped behavioural disturbance zone for Project Two using a 3,000 kJ hammer blow energy. Location corresponds to location marked ID 5 in Table 4.1,
which can be deemed representative of locations with greater range propagation within Project Two. Acoustic properties of the sediment were assumed to be gravelly
sand sediment (left panel) and sand sediment (right panel).
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Empirical evidence of the impact of underwater noise from marine piling on
free ranging marine mammals
6.1.18

6.1.19

A number of recent studies on the in situ behavioural response of marine mammals
to impact piling activities have been carried out (e.g., Cartensen et al., 2006,
Tougaard et al., 2009, Thompson et al., 2010, Brandt et al., 2011; Dähne et al.,
2013). These studies employed passive acoustic monitoring in the form of T-PODs
(Chelonia Ltd.) to determine any change in vocalisation occurrence which was taken
to be an indicator of reduced activity of cetaceans in the study area, including harbour
porpoise and dolphins. Carstensen et al. (2006) studied the echolocation activity of
harbour porpoise around the Nysted Danish offshore wind farm in the Baltic Sea. The
Nysted wind farm is situated in relatively shallow water of around 6 m to 9 m depth.
Although no actual noise levels due to the piling (impact and vibration) were
recorded, T-PODs placed out to a distance of around 15 km from the foundation
location indicated an observable reduction in vocalisation activity for periods that
exceeded the piling time needed to install a sheet pile as a foundation support. This
was interpreted as a reduction in harbour porpoise density in the area following the
first piling activity, with a less severe reduction for further piling activity, perhaps
indicating some level of habituation. It is also possible that the harbour porpoise
density in the area remained constant with a reduction in vocalisations. It should also
be noted that acoustic mitigation devices (AMDs) were used at the foundation
location prior to piling activity. A more detailed study by Tougaard et al. (2005) for the
Nysted wind farm reported partial recovery in harbour porpoise abundance, based on
T-POD detections, two years into the operational cycle of the wind farm.
In the Danish offshore wind farm Horns Rev in the North Sea Tougaard et al. (2009)
studied the echolocation presence of harbour porpoise. Pile driving was used to
install 4 m diameter monopiles in water depths of around 6 m to 12 m using a 600 kJ
hammer, generating an estimated effective peak pressure level SL of
229 dB re 1 μPa. T-PODs were deployed out to a distance of 21 km from the
foundation and foundation installation entailed deployment of acoustic pinger
deterrents prior to piling. All T-PODs recorded a noticeable change in vocalisation
patterns during and after piling, but did not show any correlation with distance from
the foundation as expected (i.e., the observed effect was the same at 21 km as it was
at less than 4 km). Also, there was no indication of habituation for the subsequent
piling events.
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6.1.20

Thompson et al. (2010) used a combination of T-PODs and visual sightings to study
the effects on harbour porpoise and dolphin populations of impact piling of 1.8 m
diameter quad jacket foundations at the Beatrice Demonstrator project in the Moray
Firth in more than 40 m of water. T-PODs were positioned both near the foundation
site and 40 km away at a control site. The findings of Thompson et al. (2010) suggest
there was some short-term response to the installation activities within 1 km to 2 km
around the foundation location, although Bailey et al. (2010) measured piling noise
beyond 50 km at levels which were deemed sufficient to influence behaviour in
harbour porpoise and dolphins. Monitoring vocalisation activity at greater distances
was not undertaken or reported.

6.1.21

Brandt et al. (2011) studied the response of harbour porpoise to the installation of the
Danish Horns Rev II offshore wind farm in the North Sea using a number of T-PODs
out to a distance of 22 km from the foundation. The 3.9 m diameter monopile
foundations were installed in water depths of around 4 m to 14 m using a 1,200 kJ
hammer. The work by Brandt et al. (2011) is perhaps the most informative, stating
that harbour porpoise T-POD click detections reduced by 100% during the first hour
after piling and stayed below normal levels for 24 to 72 hours at a distance of 2.6 km
from the foundation. The noise level at a similar range (2.3 km) was measured to be
184 dB re 1 μPa peak pressure level (164 dB re 1 μPa2·s SEL) for an 850 kJ hammer
blow energy, albeit in a different direction from the source. Significantly, the period
following piling activity during which reduced harbour porpoise echolocation click
activity was observed, diminished with distance away from the foundation, with
reduced click activity observed out to 17.8 km. At the farthest T-POD position of
22 km from the pile, no reduction in click activity was observed, rather there was an
increase in detections following the onset of piling. The recorded recovery periods
observed for ranges up to 4.7 km were longer than the period between foundation
installations. The implication may be that the harbour porpoise abundance within this
range remained reduced over the entire construction period of the Horns Rev II wind
farm (Brandt et al., 2011). Assuming a homogenous propagation environment in all
directions from the pile, the noise levels from impact piling at which reduced harbour
porpoise acoustic click detections were observed by Brandt et al. (2011) indicate that
the RL thresholds stated by the US Marine Mammal Criteria Group (Southall et al.,
2007) for behavioural disturbance of high-frequency cetaceans, of 224 dB re 1 μPa
peak pressure level and 183 dB re 1 μPa2·s SEL, are probably not conservative
enough.

6.1.22

As discussed above, this is also supported by Lucke et al. (2009) who suggested that
averse behavioural reactions are likely to occur at RL of 168 dB re 1 μPa peak
pressure level and 145 dB re 1 μPa2·s SEL. In general, observational studies indicate
that harbour porpoise will potentially avoid an area around marine impact piling which
can extend out to ranges of several km, with the actual extent depending on the
specifics of the sound source and the propagation environment. It is likely that ranges
of about 20 km reported from near-shore waters generally 10 m or less in water depth
will correspond to larger ranges in deeper water environment further offshore.

6.1.23

A more recent publication describing results from the first German offshore wind farm
also reported an avoidance response of harbour porpoise to impact piling (Dähne et
al., 2013). The study utilised both visual and acoustic detection methodology in the
form of aerial surveys and monitoring with data loggers, respectively. The authors
also provide estimates of expected sound levels at various ranges from the pile,
although these were obtained by extrapolation and from a single measurement range
and were derived using a simple TL formula, thus it would be prudent to treat them
with caution until more robust acoustical data are obtained. Further published work of
the behavioural response of harbour porpoise to impact piling in Germany may be
expected in due course.

6.1.24

Although no studies of direct pinniped response to pile driving during wind farm
construction are available in the literature, a study in the Beaufort Sea (Blackwell et
al., 2004) during pile driving activities showed no aversive response at any distance
for resident ringed seals Phoca hispida in air or in water. The noise levels generated,
however, were lower than those generally associated with wind farm construction.
Other pinniped studies in the Beaufort Sea (Harris et al., 2001) found seals to show
only limited aversion response to a seismic survey which would likely generate noise
levels similar to or in excess of those associated with wind farm construction. The
seals only showed aversion to an area about 250 m around the source. The findings
of Southall et al. (2007), on which the aversion ranges for this assessment are based,
were that pinnipeds are only likely to show aversion for impulsive type sounds when
the noise levels approach those associated with the onset of TTS. A study on the
response of harbour seals P. vitulina and grey seals Halichoerus grypus to seismic
survey showed a clear fleeing response to the high intensity impulsive sounds which
appeared to be short lived with no apparent long-term effects (Thompson et al.,
1998).

Fish
Injury
6.1.25
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The fish injury criteria adopted for this assessment are outlined in detail in Section 5.
Potential instantaneous injury ranges for fish, shown in Table 6.5 and Table 6.6, are
relatively small and are based on the onset of auditory tissue damage. These ranges
would only be of the order of tens to perhaps a few hundred metres and are predicted
to be less than 200 m at Project Two, assuming a 3,000 kJ hammer blow energy. At
lower hammer blow energies the ranges are similar or smaller. In general, a high
degree of similarity in range estimates may be expected at short ranges, mainly as a
result of uncertainty associated with the acoustic near field, more rapid PL at ranges
closer to the sound source, and more gradual PL at distances further away from the
pile. Mortality would only be likely to occur in extreme proximity to the pile. Prolonged
exposure to repeated hammer strikes (SEL dose) may increase the distance over
which there would be a risk of injury. If it is assumed that the fish move away from the
pile during installation then the risk of injury due to prolonged exposure, and therefore
the injury range, would be reduced. For fish larvae, the risk of mortality due to
prolonged noise exposure would be significantly reduced by any drift of larvae due to
water currents and would substantially reduce the risk of mortality. It is however, not
possible to establish whether or not mortality might occur, or indeed at what range
from the pile, as the work by Bolle et al. (2011 and 2012) was unable to induce a
statistically significant change in survival rates of fish larvae following a prolonged
exposure with a substantial SEL dose.

Table 6.5

Summary of impact range for pelagic fish for Project Two.
Estimated impact range for fish around mid-water column

Impact Criterion

600 kJ hammer
energy

1,200 kJ
hammer
energy

1,700 kJ
hammer
energy

1,800 kJ
hammer
energy

2,300 kJ
hammer energy

2,400 kJ
hammer
energy

2,600 kJ
hammer
energy

3,000 kJ
hammer energy

Instantaneous injury/PTS
(peak pressure level
206 dB re 1 μPa)

<100 m

<100 m

<200 m

<200 m

<200 m

<200 m

<200 m

<200 m

Startle response/C-turn reaction
(peak pressure level
200 dB re 1 μPa)

<200 m

<300 m

<400 m

<400 m

<500 m

<500 m

<500 m

<600 m

General behavioural response
(peak pressure level 168 173 dB re 1 μPa)

~7 to 16 km

~9 to 23 km

~10 to 26 km

~10 to 27 km

~11 to 30 km

~11 to 31 km

~13 to 32 km

~13 to 34 km

Table 6.6

Summary of impact range for fish near or on the seabed for Project Two.
Estimated impact range for fish near the seabed

Impact Criterion

600 kJ hammer
energy

1,200 kJ
hammer
energy

1,700 kJ
hammer
energy

1,800 kJ
hammer
energy

2,300 kJ
hammer energy

2,400 kJ
hammer
energy

2,600 kJ
hammer
energy

3,000 kJ
hammer energy

Instantaneous injury/PTS
(peak pressure level
206 dB re 1 μPa)

<100 m

<100 m

<200 m

<200 m

<200 m

<200 m

<200 m

<200 m

Startle response/C-turn reaction
(peak pressure level
200 dB re 1 μPa)

<200 m

<200 m

<300 m

<400 m

<500 m

<500 m

<500 m

<500 m

General behavioural response
(peak pressure level 168 173 dB re 1 μPa)

~5 to 12 km

~7 to 18 km

~8 to 20 km

~8 to 21 km

~9 to 23 km

~9 to 24 km

~10 to 24 km

~10 to 26 km
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Behaviour
6.1.26

The behavioural influence of the piling noise has been classified into two distinct
criteria: i) Startle response/C-turn reaction; and ii) General behavioural response (fish
move to bottom of cage), and follows the work of McCauley et al. (2000a) and
Pearson et al. (1992)

6.1.27

The impact ranges for general behavioural response indicate that changes in
swimming and schooling behaviour may occur out to about 34 km from the pile,
assuming piling at full hammer strike (3,000 kJ), and will depend on pile location and
bearing from the source. For hearing sensitive species dwelling near or on the
seabed, the ranges for general behavioural changes using a 3,000 kJ hammer blow
energy are predicted to be less at about up to 10 km to 26 km from the pile. At the
onset of a soft-start with a 600 kJ hammer blow energy these ranges are estimated to
be about 7 km to 16 km from the pile. Because this criterion is stated as a spread of
noise levels (see Section 5), the impact ranges estimated for changes in swimming
and schooling behaviour are also stated as an impact range spread (also see Table
6.5 and Table 6.6). This spread indicates the uncertainty associated with this criterion
due to the type of fish, its sex, age and condition, as well as other stressors to which
the fish is or has been exposed. The response of the fish may also depend on the
reasons and drivers for the fish being in the area.

6.1.28

6.1.29

6.1.30

6.1.31

Despite the numerous wind farm installations currently underway or planned in
European waters, very few studies have been undertaken on the behavioural reaction
of any marine fauna to marine piling activities. This is particularly the case for fish
species. Furthermore, the level and type of response will be dependent on the type of
fish, its sex, age and condition and on the reasons and drivers for the fish being in the
area (e.g., spawning, migrating). The type of fish and the reason for it being in the
area are likely to influence where in the water column the fish is when exposed to the
sound. As indicted in Table 6.5 and Table 6.6, this will influence the level of sound to
which the fish will be exposed, both in terms of pressure and particle velocity. Fish
which are present near the seabed will be exposed to lower sound levels and the
range of impact will be less as described in Section 4. Most fish will be able to
perceive ambient noise and this will likely dictate the lower sound level which they
can detect, except for species with particularly poor hearing sensitivity.

6.1.32

It should be noted that no long-term observational studies have been reported in the
literature to assess the response of fish populations to marine impact piling and so
any fish behaviour impact criteria should strictly only be used for guidance.
Impact of using multiple piling vessels

The underwater noise modelling results suggest that the startle response or C-turn
reaction, which indicates a very strong dislike to the sound, is unlikely to occur at
ranges beyond 600 km from the pile for 3,000 kJ hammer blow energy (Table 6.5 and
Table 6.6). At the onset of a soft-start with a 600 kJ hammer energy this range would
likely be less than 200 m.
As can be seen in Figure 6.7 and Figure 6.8 there is variation in the range across
Project Two where general behavioural response for fish may be expected,
depending on the bearing from the source because of changes in bathymetry.
Favourable sound propagation conditions to the north of the Hornsea Zone mean that
the impact ranges are generally larger towards the northwest and also northeast of
Project Two. In general, the deeper water areas of the site also result in larger impact
ranges for behavioural disturbance.
As with marine mammals the predicted impact ranges modelled include a range of
hammer strike energies including a presumed soft-start at 600 kJ and full piling
hammer energy at 3000 kJ. The estimated impact ranges for each of the hammer
energies considered are summarised in Table 6.5 and Table 6.6.
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6.1.33

The effect on the noise levels generated from the use of multiple piling vessels within
Subzone 2 has been modelled using the methodology described in Section 4. As
described in Section 4.3, this illustrative modelling considered use of two concurrently
operating piling vessels in Project Two at opposite ends of Subzone 2 (~20 km
apart).

6.1.34

Figure 6.9 and Figure 6.10 show examples of the modelled development scenario for
a hammer blow energy of 3,000 kJ. Contour lines are shown to help illustrate the
potential impacted area when using multiple piling vessels, which are some distance
apart. The contours in Figure 6.9 and Figure 6.10 correspond to harbour porpoise
behavioural disturbance taken from Lucke et al. (2009) (see Section 5.4) and fish
behavioural disturbance taken from McCauley et al. (2000a) and Pearson et al.
(1992) (also described in Section 5).

6.1.35

Although the use of multiple piling vessels may increase the impacted area at any
given time, it also reduces the overall construction time without increasing the total
impacted area over the construction period of the wind farm. However, the increased
extent of the impacted area, particularly if the piling vessels are a substantial distance
apart, may result in an increased short-term impact at the time of construction, which
may have consequences in terms of receptor displacement. It may also increase the
risk of total SEL dose.

Figure 6.7

Fish behavioural disturbance zones for pelagic fish assuming a 3,000 kJ hammer blow energy and the animal position near mid-water column. Location corresponds to
pile location marked ID5 in Table 4.1 for Project Two. Acoustic properties of the sediment were assumed to be gravelly sand sediment (left panel) and sand sediment
(right panel).
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Figure 6.8

Fish behavioural disturbance zones for fish near the sea bed assuming a 3,000 kJ hammer blow energy and the animal position near the seabed. Location corresponds to
pile location marked ID5 in Table 4.1 for Project Two. Acoustic properties of the sediment were assumed to be gravelly sand sediment (left panel) and sand sediment
(right panel).
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Figure 6.9

Propagation modelling for two concurrently operating piling vessels within Project Two (at locations ID2 and ID3, Table 4.1) each operating with a 3,000 kJ hammer blow
energy assuming a gravelly sand sediment (left panel) and a sand sediment (right panel). Piling vessels are at opposite ends of the wind farm (~20 km apart). Contour
lines indicate behavioural disturbance criteria for harbour porpoise.
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Figure 6.10

Propagation modelling for two concurrently operating piling vessels within Project Two (at location ID2 and ID3, Table 4.1) each operating with a 3,000 kJ hammer blow
energy assuming a gravelly sand sediment (left panel) and a sand sediment (right panel). Piling vessels are at opposite ends of the wind farm (~20 km apart). Contour
lines indicate behavioural disturbance criteria for fish near mid-water column.
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Underwater Sound Propagation from the Installation of the High Voltage
Alternating Current (HVAC) Reactive Compensation Substations
6.1.36

Underwater sound radiated during the installation of a HVAC reactive compensation
substation was also modelled as described in Section 4. An underwater sound
propagation map modelled for the reactive compensation substation locations, using
a 3,000 kJ hammer blow energy, is shown in Table 6.11 and Figure 6.12.

6.1.37

Table 6.7 to Table 6.12 show that impact range estimates for the onset of auditory
injury for marine mammals would not be expected exceed 1 km for the installation of
the reactive compensation substations and no avoidance is expected beyond ranges
of about 54 km. Fish impact ranges were estimated at less than 600 km (pelagic fish)
to 800 km (fish near or on the seabed) for injury and startle response, while general
behavioural response may occur at ranges up to about 25 km from the reactive
substation locations (see Table 6.11 and Table 6.12).

Figure 6.11

Impact piling noise propagation map for a HVAC reactive compensation substation (53.63175 N, 0.933259 E) within the Project Two cable route corridor for a 600 kJ (left
panel) and a 3,000 kJ (right panel) hammer blow energy and gravelly sand sediment.
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Figure 6.12

Impact piling noise propagation map for a HVAC reactive compensation substation (53.63592 N, 0.930438 E) within the Project Two cable route corridor for a 600 kJ (left
panel) and a 3,000 kJ (right panel) hammer blow energy and gravelly sand sediment.
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Table 6.7

Summary of harbour porpoise impact ranges for construction at the HVAC reactive compensation substations.
Estimated impact range for harbour porpoise around mid-water column
600 kJ hammer
energy

1,200 kJ
hammer
energy

Instantaneous injury/PTS
(pulse SEL 179 dB re 1 μPa2·s)*

Mitigated by
mitigation zone
(<500 m)†

Fleeing response
(pulse SEL 164 dB re 1 μPa2·s)*
Possible avoidance of area
(pulse SEL 145 dB re 1 μPa2·s)*

Impact Criterion

1,700 kJ
hammer
energy

1,800 kJ
hammer
energy

2,300 kJ
hammer
energy

2,400 kJ
hammer
energy

2,600 kJ
hammer
energy

3,000 kJ
hammer
energy

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
soft-start
(<1 km)‡

Mitigated by
soft-start
(<1 km)‡

Mitigated by
soft-start
(<1 km)‡

Mitigated by
soft-start
(<1 km)‡

Mitigated by
soft-start
(<1 km)‡

Mitigated by
soft-start
(<1 km)‡

~2.5 km

~3 to 4 km

~4 to 5 km

~4 to 5 km

~4 to 6 km

~4 to 6 km

~4 to 6 km

~5 to 7 km

~16 to 23 km

~19 to 32 km

~20 to 34 km

~ 20 to 35 km

~21 to 37 km

~22 to 37 km

~22 to 38 km

~23 to 39 km

*Lucke et al. (2009), †Assumes a 500 m mitigation zone is employed (JNCC, 2010), ‡Assumes a fleeing animal and a 500 m mitigation zone (JNCC, 2010).
Table 6.8

Summary of mid-frequency cetacean functional hearing group impact ranges for construction at the HVAC reactive compensation substations.
Estimated impact range for mid-frequency cetacean around mid-water column
600 kJ hammer
energy

1,200 kJ
hammer
energy

1,700 kJ
hammer
energy

1,800 kJ
hammer
energy

2,300 kJ
hammer
energy

2,400 kJ
hammer
energy

2,600 kJ
hammer
energy

3,000 kJ
hammer
energy

Instantaneous injury/PTS
(Mmf weighted
198 dB re 1 μPa2·s)*

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Fleeing response
(Mmf weighted
183 dB re 1 μPa2·s)*

<500 m

<500 m

<500 m

<500 m

<500 m

<500 m

<500 m

<500 m

Likely avoidance of area
(pulse SEL
170 dB re 1 μPa2·s)***

~1.0 to 1.5 km

~2.0 km

~2.0 to 2.5 km

~2.0 to 2.5 km

~2.5 km

~2.5 km

~2.5 to 3.0 km

~2.5 to 3.0 km

Possible avoidance of
area/Change in swimming
behaviour
(pulse SEL
160 dB re 1 μPa2·s)***

~3.0 to 5 km

~5 to 7 km

~5 to 8 km

~6 to 8 km

~6 to 9 km

~6 to 9 km

~7 to 9 km

~7 to 10 km

Impact Criterion

*Southall et al. (2007) Injury Criteria, **Southall et al. (2007) Single pulse behavioural disturbance, ***Southall et al. (2007) Multiple pulses severity scoring behavioural disturbance (RMS SPL
converted to pulse SEL by subtraction of 10 dB), †Assumes a 500 m mitigation zone is employed (JNCC, 2010).
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Table 6.9

Summary of low-frequency cetacean functional hearing group impact ranges for construction at the HVAC reactive compensation substations.
Estimated impact range for low-frequency cetacean around mid-water column
600 kJ hammer
energy

1,200 kJ
hammer
energy

1,700 kJ
hammer
energy

1,800 kJ
hammer
energy

Instantaneous injury/PTS
(Mlf weighted
198 dB re 1 μPa2·s)*

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Mitigated by
mitigation zone
(<500 m)†

Fleeing response
(Mlf weighted
183 dB re 1 μPa2·s)*

<500 m

<500 m

<500 m

<500 m

<500 m

<500 m

<500 m

<500 m

Likely avoidance of area
(pulse SEL
152 dB re 1 μPa2·s)***

~8 to 11 km

~9 to 17 km

~14 to 19 km

~14 to 19 km

~15 to 21 km

~15 to 21 km

~15 to 21 km

~16 to 23 km

Impact Criterion

2,300 kJ
hammer
energy

2,400 kJ
hammer
energy

2,600 kJ
hammer
energy

3,000 kJ
hammer energy

Possible avoidance of
area/Change in swimming
behaviour
~19 to 32 km
~22 to 37 km
~23 to 41 km
~23 to 42 km
~25 to 50 km
~25 to 51 km
~25 to 51 km
~26 to 54 km
(pulse SEL
142 dB re 1 μPa2·s)***
*Southall et al. (2007) Injury Criteria, **Southall et al. (2007) Single pulse behavioural disturbance, ***Southall et al. (2007) Multiple pulses severity scoring behavioural disturbance (RMS SPL
converted to pulse SEL by subtraction of 8 dB), †Assumes a 500 m mitigation zone is employed (JNCC, 2010).
Table 6.10

Summary of pinniped in water functional hearing group impact ranges for construction at the HVAC reactive compensation substations.
Estimated impact range for pinnipeds around mid-water column

Impact Criterion

Instantaneous injury/PTS *
(Mpw weighted
186 dB re 1 μPa2·s)

600 kJ hammer
energy
Mitigated by
mitigation zone
(<500 m)†

1,200 kJ
hammer
energy
Mitigated by
mitigation zone
(<500 m)†

1,700 kJ
hammer
energy
Mitigated by
mitigation zone
(<500 m)†

1,800 kJ
hammer
energy
Mitigated by
mitigation zone
(<500 m)†

2,300 kJ
hammer
energy
Mitigated by
mitigation zone
(<500 m)†

2,400 kJ
hammer
energy
Mitigated by
mitigation zone
(<500 m)†

2,600 kJ
hammer
energy
Mitigated by
mitigation zone
(<500 m)†

Fleeing response/ Likely
avoidance
<1.0 km
<1.5 km
<1.5 km
<2.0 km
<2.0 km
<2.0 km
<2.0 km
(Mpw weighted
171 dB re 1 μPa2·s) **
*Southall et al. (2007) Injury Criteria, **Southall et al. (2007) Single pulse behavioural disturbance, †Assumes a 500 m mitigation zone is employed (JNCC, 2010).
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3,000 kJ
hammer
energy
Mitigated by
mitigation zone
(<500 m)†

<2.5 km

Table 6.11

Summary of impact range for pelagic fish for construction at the HVAC reactive compensation substations.
Estimated impact range for fish around mid-water column

Impact Criterion

600 kJ hammer
energy

1,200 kJ
hammer
energy

1,700 kJ
hammer
energy

1,800 kJ
hammer
energy

2,300 kJ
hammer energy

2,400 kJ
hammer
energy

2,600 kJ
hammer
energy

3,000 kJ
hammer energy

Instantaneous injury/PTS
(peak pressure level
206 dB re 1 μPa)

<200 m

<200 m

<200 m

<200 m

<200 m

<300 m

<300 m

<300 m

Startle response/C-turn reaction
(peak pressure level
200 dB re 1 μPa)

<300 m

<400 m

<600 m

<600 m

<600 m

<700 m

<700 m

<800 m

General behavioural response
(peak pressure level 168 173 dB re 1 μPa)

~6 to 14 km

~8 to 19 km

~9 to 21 km

~9 to 21 km

~9 to 23 km

~9 to 24 km

~9 to 24 km

~10 to 25 km

Table 6.12

Summary of impact range for fish near or on the seabed for construction at the HVAC reactive compensation substations.
Estimated impact range for fish near the seabed

Impact Criterion

600 kJ hammer
energy

1,200 kJ
hammer
energy

1,700 kJ
hammer
energy

1,800 kJ
hammer
energy

2,300 kJ
hammer energy

2,400 kJ
hammer
energy

2,600 kJ
hammer
energy

3,000 kJ
hammer energy

Instantaneous injury/PTS
(peak pressure level
206 dB re 1 μPa)

<200 m

<200 m

<200 m

<200 m

<200 m

<200 m

<200 m

<200 m

Startle response/C-turn reaction
(peak pressure level
200 dB re 1 μPa)

<200 m

<300 m

<400 m

<400 m

<500 m

<500 m

<500 m

<600 m

General behavioural response
(peak pressure level 168 173 dB re 1 μPa)

~5 to 10 km

~6 to 15 km

~7 to 18 km

~7 to 18 km

~8 to 20 km

~8 to 20 km

~9 to 20 km

~9 to 21 km
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Mitigation Methods to Reduce Significance of Environmental Impact during
Construction
6.1.38

6.1.39

6.1.40

6.1.41

6.2

Operation and Maintenance Phase

6.2.1

There are very few reported measurements of wind turbine noise and much of the
data that is publicly available is summarised in Wahlberg and Westerberg (2005) and
Madsen et al. (2006), with Tougaard and Henriksen (2009) providing a more recent
update.

6.2.2

Underwater noise from an operational turbine mainly originates from the gearbox and
the generator and has tonal characteristics (Madsen et al., 2005; Tougaard and
Henriksen, 2009). The radiated levels are low and the spatial extent of the potential
impact of the operational wind farm noise on marine receptors is generally estimated
to be small and thus unlikely to result in any injury to marine mammals (e.g.,
Tougaard and Henriksen, 2009) or fish (Wahlberg and Westerberg 2005). Besides
the sound SL the potential for impact will also depend on the propagation
environment, receptor’s hearing ability and the ambient sound levels.

6.2.3

Marine animals may perceive the radiated tonal components where they exist above
the ambient noise levels, which may result in a behavioural response of the receptor
or lead to a reduced detection of other sounds due to masking. Previous studies
show that behavioural response is only likely at close ranges from the turbine (a few
metres for fish and harbour porpoise (Wahlberg and Westerberg 2005; and Tougaard
and Henriksen, 2009, respectively) and possibly up to a few hundred metres for seals
(Tougaard and Henriksen, 2009)). Touggard and Henriksen (2009) further show that
even masking from operational noise is unlikely to impact harbour porpoise and seal
acoustic communication due to the low frequencies and low levels produced.

6.2.4

A recent study by Scheidat et al. (2011) has reported an attraction of harbour
porpoise to an operational Dutch wind farm site where abundance was higher within
the wind farm compared to a similar environment in near-by areas. This was
assumed to be due to decreased fishing and vessel activity and increased food
availability (Scheidat et al., 2011). The authors, however, caution against generic
transfer of these results to other wind farms as the response is likely a net result of
various factors, which may differ between scenarios. A similar study at the Nysted
wind farm for example showed only a partial recovery in harbour porpoise abundance
two years into the operational cycle of the wind farm (Tougaard et al., 2005). It should
also be noted that the response of a receptor will depend on its physical state and its
presence may depend on the drivers for it being in the area and may also result from
a change in the environment or habitat.

6.2.5

Although the previous studies indicate that there is unlikely to be any significant
impact on marine mammals, operational noise from the wind turbines would be
present for the operational life of the wind farm and will contribute to the ambient
noise in the region. Whilst the actual radiated levels are low, the potential increase in
ambient noise within the zone may influence species which are present within the
zone that may be affected by increasing ambient noise levels.

Mitigation strategies and measures which may reasonably be considered, in-line with
JNCC guidance (JNCC 2010) include:


Use of techniques to reduce noise output when piling (soft-start for example);



Use of mitigation zones using qualified marine mammal observers (MMO)
during construction activities;



Use of passive acoustic monitoring (PAM) of marine mammals during
construction activities; and



Use of AMDs, if appropriate.

The use of lower hammer blow energy during a soft-start procedure can reduce the
risk of instantaneous onset of auditory injury (see Table 6.1 to Table 6.6). A soft-start
can therefore be used to reduce the range over which instantaneous auditory injury
may occur and, by deterring any animals in the vicinity to a safe distance before the
full energy piling is reached, it can reduce the likelihood of instantaneous auditory
injury occurring once maximum piling energy is achieved (assuming that animals flee
from the noise source).
The estimated ranges for instantaneous onset of auditory injury for marine mammals
(shown Table 6.1 to Table 6.6) indicate that harbour porpoise can be expected to be
at risk of instantaneous onset of auditory injury at ranges less than 1 km even once
the hammer strike energy reaches full hammer energy expected for Project Two.
However, full hammer energy will not be used at the onset of piling. At the 600 kJ
hammer blow energy expected during the soft-start for Project Two, the estimated
ranges for potential onset of PTS do not exceed the 500 m mitigation zone (see
Table 6.1 to Table 6.6) generally employed following JNCC (2010) guidance for pile
driving and the animals will likely have moved far enough away from the sound
source by the time full piling is employed.
A mitigation zone can be achieved by using either a passive or an active technique.
Passive methods generally involve the use of MMOs and/or PAM whilst an active
method could include the use of AMDs. A combination of the two may be the most
effective strategy by actively seeking to repel animals to a safe distance and then
monitoring to ensure this has been successful. However, it should be noted that the
effectiveness of PAM may be reduced when using AMDs, but a combination of MMO
and AMD compared to MMO and PAM may be more effective provided the animal is
repelled by the sound and moves away. Given the sometimes limited effectiveness of
vessel deployed PAM for this type of activity it may also be more effective to employ
AMDs during conditions of reduced visibility.
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6.2.6

6.2.7

6.2.8

Although the effect on fish response is more difficult to establish given the lack of
information available in the scientific literature, there is indicative evidence that fish
would be unlikely to show significant avoidance to the noise levels radiating from the
turbine. The International Council for the Exploration of the Sea (ICES) has
formulated recommendations for maximum radiated underwater noise from research
vessels which are approximately 30 dB above the hearing threshold of Atlantic cod
and herring (ICES:209, 1995). The implication of this is that the presence of
continuous noise that is not significantly above the hearing threshold of fish is not
thought to cause any significant movement of fish away from the source. In studies of
very low frequency sound, Sand et al. (2001) indicate that consistent deterrence from
the source is only likely to occur at particle accelerations equivalent to a free-field
SPL of 160 dB re 1 μPa (RMS). This is higher than the noise levels reported in the
open literature for operational wind farms measured at a number of ranges, all within
a few hundred metres of the turbine (Nedwell et al., 2007a; Edwards et al., 2007;
Betke et al., 2004, see also Wahlberg and Westerberg 2005 and Madsen et al.,
2006). The particle acceleration resulting from an operational wind turbine has also
been measured by Sigray et al. (2011) with the resultant levels being considered too
low to be of concern for behavioural reactions from fish. Furthermore, the particle
acceleration levels measured at 10 m from the turbine were comparable with hearing
thresholds. Whilst limited, the available data provides an indicator that operational
wind turbines are unlikely to result in disturbance of fish except within very close
proximity of the turbine structure, as postulated by Wahlberg and Westerberg (2004).
However, the available measurement data is mostly for smaller turbines (up to
1.5 MW) and it would be expected that larger wind turbines would result in different
acoustic characteristics, with foundation type also having an influence on the acoustic
characteristics of the noise radiated from the structure.
Noise would also result from surface vessels servicing the wind farm. However, noise
levels reported by Malme et al. (1989) and Richardson et al. (1995) for large surface
vessels indicate that physiological damage to marine fauna is unlikely, although the
levels could be sufficient to cause local disturbance of sensitive marine fauna in the
immediate vicinity of the vessel, depending on ambient noise levels.

6.2.9

Given the low noise levels associate with turbine noise any risk of significant
behavioural disturbance for most marine mammals and fish would be limited to the
area immediately surrounding the turbine, which represents a very small proportion of
the area of Project Two. It should be noted that a major contribution to the ambient
noise would result from sea-state, which would be expected to increase as the
turbine rotational speed increases with wind speed. Increased ambient noise may
exceed the turbine noise, as has been observed by Tougaard and Henriksen (2009)
and result in no response to the turbine noise. Modelling of the noise radiated by
operational turbines by Marmo et al. (2013) shows potential for variation between
foundation types but reports underwater noise levels which are broadly consistent
with previously measured data.

6.3

Decommissioning

6.3.1

Temporarily elevated underwater noise levels might be expected during the
decommissioning phase due to increased vessel movements and removal of the
turbine foundations. The resulting noise levels will depend on the method used for
removal of the foundation. For abrasive cutting, often anticipated for wind turbine
removal, these would not be expected to be significantly higher than general surface
vessel noise. Studies of underwater construction noise (decommissioning) report SL
which are similar to those reported for medium sized surface vessels and ferries
(Malme et al., 1989; Richardson et al., 1995). The noise resulting from wind turbine
decommissioning employing abrasive cutting is unlikely to result in injury, or
significant disturbance of local marine receptor populations. Some temporary
disturbance might be experienced in the vicinity of the decommissioning activity.

6.4

Modelling Underwater Sound Propagation for Concurrent Piling
Operations at Adjacent Offshore Wind Farm Developments

6.4.1

The greatest risk of impact resulting from underwater noise has been identified as
being that produced by impact piling during the construction phase. Potential
therefore exists for a cumulative effect on marine mammals and fish, as a result of
underwater noise, from the construction phase of Project Two coinciding with other
developments. The most significant effect would result from the construction at
Project Two coinciding with construction noise from other near-by developments.

6.4.2

Given the noise levels estimated in this assessment and the propagation environment
in the North Sea, it can also be assumed that construction noise originating at ranges
exceeding around 200 km from Project Two would be too far away for there to be any
spatial interaction of construction noise (i.e., the areas between the sites would be
dominated by ambient noise, and the impact zones from the Project Two would not
overlap with those developments).

Considering the operational turbine noise of the wind farm and any associated
service vessels, the ambient noise levels within the site would be expected to be
lower than those present in the vicinity of nearby shipping lanes.
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6.4.3

Many of the near-by planned or operational wind farm sites are along the east coast
of the UK. Noise levels associated with the operation of these wind farms can
generally be considered too low (see Section 6.2) to result in a potential spatial
overlap with noise radiated during impact piling at Project Two. The following UK
wind farms were considered in this assessment due to their proximity to Project Two
and potential for temporal overlap in construction activities:


Hornsea Project One;



Dogger Bank Creyke Beck A and B;



Dogger Bank Teesside A and B;



East Anglia ONE;



East Anglia THREE; and



Triton Knoll.

6.4.4

If concurrent piling were to occur at Project Two and some of the planned near-by
German or Dutch wind farms (e.g., Euklas, Osters Bank), there may be potential for
spatial overlap in radiated piling noise.

6.4.5

Other main contributors to the anthropogenic noise in the North Sea include shipping
(e.g., fishing, cargo carriers, cruise ships, ferries and aggregate extraction) and oil
and gas related activities. As discussed in Section 3, shipping density local to Project
Two is generally similar to the surrounding areas. There are no licensed dredging
areas within Project Two, although if a DAOPA south of Hornsea Zone becomes
active (e.g., Area 490, 491, 483), the noise will overlap with noise levels radiated
during piling from within the Project Two.

6.4.6

Commercial shipping, fishing and dredging all radiate substantially lower noise levels
compared to impact piling and are unlikely to directly considerably contribute to the
risk of physiological damage to marine fauna compared to the construction of Project
Two alone. There may be an increased risk of behavioural effects/disturbance to
sensitive marine mammals and fish when piling and vessel activities overlap.
However, in general cumulative effects of impact piling with other vessels (Malme et
al., 1989; Richardson et al., 1995; Robinson et al., 2011) would not be directly
expected to be increased considerably compared to piling alone. In general, noise
generated by transiting surface vessels will result in a very small contribution to the
overall noise level resulting from impact pile driving activities. The cumulative impact
is unlikely to result in direct physiological damage, although some local temporary
disturbance of sensitive marine fauna in the vicinity of the vessel may be observed.
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6.4.7

Other offshore activities which may utilise impact piling during construction are oil and
gas platforms. The sea surrounding the Project Two supports a concentration of oil
and gas fields (DECC, 2013) which if operational may radiate low frequency
machinery noise and general broadband noise into the water. Possible construction
activity at these sites may result in noise levels similar to those resulting from wind
farm construction discussed in this report and concurrent construction may occur
although this overlap would only be present over short temporal scales due to a small
number of piling events anticipated for the oil and gas installations. It is not known if
any well-head decommissioning is planned in the neighbouring areas, although any
overlap would also only occur over short temporal scales. The contribution of a
seismic survey to underwater noise would resemble that produced during impact
piling, but with a mobile source and thus lower dose levels at any one location.

6.4.8

Other offshore operations that may radiate underwater noise include archaeological
exploration, and construction and operation of other types of renewable technologies
(e.g., wave and tidal). These will not include impact piling and will therefore not likely
have an impact any greater than vessel traffic and dredging described above. Noise
levels from the installation (Nedwell and Brooker, 2008) and operational of a wave
and tidal energy device have previously been reported in commercially sensitive
reports to be of levels similar to vessel noise and are thus comparatively lower than
the levels resulting from impact piling. There are also no wave or tidal device
deployments indicated for areas near Project Two.

6.4.9

Figure 6.13 depicts propagation modelling for assumed concurrent piling at Project
Two and neighbouring UK offshore wind farm constructions. Although the image
shows elevated noise levels across a relatively large part of the central North Sea, it
is mostly likely only concurrent construction of the Hornsea Zone Projects with Triton
Knoll wind farm and Dogger Bank Creyke Beck A and B wind farm where potential for
overlap of the estimated behavioural disturbance impact zones may exist. It should
also be noted that a 3,000 kJ hammer blow energy was assumed for all wind farm
developments except Project One (2,300 kJ), which is not expected to be realised for
the Triton Knoll and East Anglia ONE offshore wind farms at least.

6.4.10

Due to the low levels of noise resulting from wind farm operation and the limited
potential for impact on marine mammals and fish, it is unlikely that there will be a
cumulative effect due to neighbouring developments or projects.

Figure 6.13

Map of the North Sea with an illustration of the noise generated from piling at various potentially concurrently occurring construction projects in relative proximity to
Project Two. The developments include Project One and some other relevant UK wind farms where construction may overlap temporally with construction at Project
Two. The figure shows sound propagation for a 3,000 kJ hammer blow energy for all locations except Project One where a 2,300 kJ hammer blow energy was assumed.
Sand sediment type parameters were assumed as the most common sediment type in the central North Sea. Contour lines indicate harbour porpoise behavioural
response ranges.
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7

CONCLUSIONS



7.1.1

This report describes the underwater noise modelling undertaken to predict the likely
underwater noise levels generated by the installation of wind turbine foundations at
Project Two, in support of the Environmental Impact Assessment. Marine impact
piling is considered to be the most prevalent source of high amplitude underwater
noise during the development of an offshore wind farm that has the potential for
significant impact on marine fauna.

Instantaneous injury (auditory and non-auditory) in fish was estimated to only be
likely at ranges less than 500 m from the pile, although the effect of SEL dose
may increase this range. However, fish in very close proximity to the pile would
likely move away from the pile during installation thus decreasing their SEL
dose;



Pinnipeds may suffer TTS and exhibit a fleeing response to the piling noise at
ranges up to about 2 km;



Low and mid-frequency cetaceans are not expected to suffer TTS or exhibit a
fleeing response to the noise at ranges exceeding 500 m from the pile;



Harbour porpoise may suffer TTS and exhibit a fleeing response to the pile
driving noise at ranges of up to about 7 km from the pile;



Behavioural response/possible avoidance ranges in harbour porpoise,
considered in this assessment as a more modest behavioural response
compared to fleeing, were estimated up to about 29 km to 62 km from the sound
source at 3,000 kJ hammer blow energy. Such spread of ranges for a single
hammer energy reflects the dependence on the foundation location within the
site, and the bearing away from the foundation, with the maximum avoidance
ranges occurring to the north of Project Two.



Mid-frequency cetaceans at Project Two can be considered likely to avoid
ranges up to about 3 km from the foundation, and may possibly avoid the sound
source at ranges up to about 11 km for a 3,000 hammer blow energy,
depending on the location of the foundation and the bearing away from the
foundation;



Low-frequency cetaceans can be considered likely to avoid ranges up to about
18 km to 30 km from the foundation for a 3,000 kJ hammer blow energy.
Possible avoidance may be observed at greater ranges around the foundation
(about 36 km to 82 km), depending on the activity of the animal, the location of
the foundation within the site and the bearing away from the foundation; and



Pelagic fish may exhibit a general behavioural response at a range of about
13 km to 34 km around the foundation for a 3,000 kJ hammer blow energy. Fish
near the seabed may show an equivalent response at smaller ranges of up to
about 10 km to 26 km. The extent of the range depends on the location of the
foundation within the site, the surrounding bathymetry, the type of fish, its sex,
age and condition, as well as other stressors to which the fish is or has been
exposed. The response of the fish may also depend on the reasons and drivers
for the fish being in the area (e.g., feeding and spawning).

7.1.2

7.1.3

Multiple foundation locations were modelled representing a range of water depths
and bathymetry profiles across the sites. The modelled sources were based on the
use of various hammer blow energies that may be used during construction at Project
Two, ranging from 600 kJ to 3,000 kJ. The propagation model used was based on an
energy flux approach and provided SEL and peak pressure RL output as a function of
range away from each modelled location whilst accounting for seabed properties and
varying bathymetry. The modelling indicates that there is considerable variation in
noise propagation across Project Two and the surrounding areas due to variations in
sediment type and bathymetry.
The injury and behaviour criteria outlined in the report have been applied to the
outputs of the underwater noise modelling to predict the potential impact ranges for a
3,000 kJ hammer blow energy. From this it has been estimated that for Subzone 2:




Mortality of marine mammals or fish is unlikely to occur except in very close
proximity to the pile, or in the case of prolonged noise exposure - close to the
pile. The former case would likely be mitigated by the use of a soft-start
combined with the use of a mitigation zone following JNCC guidance (JNCC,
2010), whilst the latter case would likely be mitigated by the fleeing response of
the animal at close range;
At the onset of piling, the potential for instantaneous auditory injury (PTS onset)
in marine mammals is expected to be mitigated by the 500 m mitigation zone
employed during the pre-piling watch. The onset of auditory injury can also be
considered unlikely for pile driving at Project Two using the higher hammer blow
energies following the soft-start. This is because the pre-piling watch should
ensure that the mitigation zone is clear of marine mammals, and therefore any
animals would be expected to be beyond the predicted impact ranges from the
pile, provided it flees the sound at the onset of piling as assumed by JNCC
(2010). However, the effect of SEL dose may increase the risk over larger
ranges;
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7.1.4

The impact ranges stated above represent the 3,000 kJ hammer blow energy. There
is considerable variability in the extent of impact ranges across Project Two due to
variable bathymetry and seabed type across the sites, with the greatest ranges
observed for the sound propagating along the deeper water area a few tens of km
north of Project Two.

7.1.5

The effect of multiple piling vessels for simultaneous pile driving has also been
modelled. As the instantaneous SPL is highly unlikely to add up in such a way as to
increase the peak noise level, the size of the impacted area is only dependent on the
separation between the vessels.

7.1.6

Underwater noise radiated during pile driving for installation of the HVAC substation
has also been modelled. Assuming a 3,000 kJ hammer blow energy, impact piling is
estimated to result in potential impact ranges for marine mammals and fish not
dissimilar to those reported for Project Two turbine foundations (see paragraph
7.1.3). Results are reported in Table 6.7 to Table 6.12.

7.1.7

Possible noise from the operation of the wind farm has also been discussed based on
previously published measured data, and indicates that noise levels within the
boundary of the operational wind farm are not likely to be significantly above ambient
noise, although the operation of the turbines may increase the ambient noise slightly
during periods of light winds, calm seas and low shipping traffic, assuming that the
wind is sufficient to turn the turbines. There is not expected to be any significant
behavioural disturbance associated with the operation of the wind turbines, although
the potential increase in ambient noise within the boundaries of the site may influence
behavioural patterns of species present which are sensitive to increasing levels of
ambient noise.

7.1.8

When considering any potential cumulative effects of underwater noise from Project
Two with other UK wind farm developments, the nearest sites with possible
concurrent construction activities (piling) include Project One, and projects within the
Dogger Bank Zone, Triton Knoll and East Anglia Zone. Whilst temporal overlap of
construction at these sites will result in elevated noise levels across a relatively large
part of the central North Sea, it is only concurrent construction within the Hornsea
Zone and the overlap with Triton Knoll and Dogger Bank construction that may result
in an overlap of the potential behavioural disturbance impact zones.
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APPENDIX A - INTRODUCTION
PROPAGATION MODELLING

TO

UNDERWATER

ACOUSTICS

AND

Zero-to-peak pressure level (PPL)
A.1.5

For a specific pulse or waveform, the peak pressure level, PPL, is defined as the
zero-to-peak pressure of the pulse and can be expressed as the zero-to-peak
pressure level (or peak pressure level, PPL) in units of dB re 1 µPa:

A.1

Basics of Underwater Acoustics

A.1.1

This appendix introduces some basic underwater acoustic concepts for
considerations when assessing and interpreting the potential for impact on marine life
arising from wind farm related underwater noise.

where P0 is the zero-to-peak reference pressure of 1 µPa.

Metrics and Units

Peak-to-peak acoustic pressure

A.1.2

A.1.3

A.1.4

PPL

Two primary acoustic amplitude parameters have been widely used in the UK relating
to marine piling. These are peak-to-peak pressure (Nedwell et al., 2006; Nedwell et
al., 2007a), and Sound Exposure Level (SEL) (Southall et al., 2007). In addition, for
some exposure criteria, the zero-to-peak pressure level has been used (Southall et
al., 2007).

A.1.6

The peak pressure refers to the pressure amplitude of the pulse where, often
described as the peak positive pressure. Peak-to-peak pressure is also used which is
the difference between the peak positive pressure and the peak negative pressure of
the pulse. It is common to state these levels in decibels (dB) as a zero-to-peak
pressure level (PPL) for peak pressure referenced to a zero-to-peak pressure of
1 µPa. The SEL is a measure of the pulse energy content and is calculated from the
integral of the squared sound pressure over the duration of the pulse (Madsen, 2005;
Ainslie, 2011). It is also used to express the overall exposure (hereafter SEL dose),
which in this case is done by summation of sound exposure levels of the entire piling
event. The SEL can also be expressed in dB notation referenced to 1 µPa2·s.

A.1.7

=

 Pzero−to − peak 
20 log 

P0



For a specific pulse or waveform, the peak-to-peak pressure, Ppk-pk, is calculated from
the difference between the peak positive or maximum pressure pmax and the peak
negative or minimum pressure pmin:

Ppk − pk = p max − p min .
Since the peak negative pressure has a negative value, the peak-to-peak pressure is
equivalent to the sum of the magnitudes of the peak positive and peak negative
pressures. The value is usually expressed as the peak-to-peak pressure level in dB
re 1 µPa. This level is calculated from:

PL pk − pk

 Ppk − pk 
= 20 log 

 P0 pk − pk 

where P0 is the peak-to-peak reference pressure of 1 µPa.
A.1.8

The use of peak-to-peak pressure has previously been adopted for UK marine piling
measurements, especially for measurements reported on early wind farm projects.
However, it should be noted that this metric has not been widely adopted outside of
the UK or by the recently drafted EU Marine Strategy Framework Directive (MSFD),
Descriptor 11 for underwater noise (MSFD, 2008). The MSFD has adopted the peak
sound pressure level (in addition to the sound exposure level) defined as the zero-topeak amplitude of the pulse (PPL). For consistency with the MSFD, all levels
referenced from previous studies are either stated in their original form of peak, or
converted where necessary from peak-to-peak to peak values by halving the value
(subtracting 6 dB), thereby assuming a symmetrical pulse shape.

A.1.9

For this assessment, the approach of Southall et al. (2007) has been adopted such
that the SPL term is always qualified to indicate the type of metric intended: for
example, peak SPL, RMS SPL, etc. It should be noted that the peak SPL used by
Southall et al., 2007 is equivalent to the zero-to-peak pressure level or PPL used
here.

It should be noted that the metric used for continuous type sounds is different to
those used for impulsive sounds like piling. For continuous noise such as vessel
noise or operational turbine noise, the Sound Pressure Level (SPL) metric would
normally be used which by convention describes the root mean square (RMS) level
over a one second interval referenced to an RMS pressure of 1 µPa.
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A.1.10

A.1.11

Sound pressure level (RMS SPL)

A.1.14

The more common convention in underwater acoustics for expressing Sound
Pressure Level (SPL) is for it to be expressed as a root mean square (RMS) value.
The RMS value is a time-averaged pressure value, which allows the SPL to be
related to the time-averaged acoustic power (the original use of the decibel notation
is for expressing power ratios) (Carey, 2006). This causes little problem for sinusoidal
waveforms where there is a fixed relationship between the peak value of a sine wave
and the RMS value. However, for pulse waveforms, there is no general relationship
between the peak of the pulse and the RMS value (the RMS value for a pulse
depends on the pulse length, which depends on the pulse shape, the decay time,
etc.) (Madsen, 2005; Ainslie, 2011). This can cause confusion and make
comparisons between pulse type sounds and continuous type sounds meaningless
even though they appear to be described using the same units.

Note that for a plane-wave in a free-field environment (an unbounded medium), the
pulse pressure squared integral in µPa2·s can be converted to units of energy flux
density in J/m2 (joules per square metre) by dividing the cumulative squared acoustic
pressure by the specific acoustic impedance, Z, of the medium, the specific acoustic
impedance being the product of medium density and sound speed in the medium
(ρc). When expressed in decibel notation, this means that 0 dB re 1 Jm-2 is equivalent
to 182 dB re 1 µPa2·s in water. Note also that the definition above uses the central
90% of the energy in the pulse (i.e., the pulse duration is defined as the time
occupied by the central portion of the pulse) where 90% of the pulse energy resides.
This is because it can be difficult to determine the exact start of the pulse when the
waveform contains noise. For the 100% value of SEL, it would be necessary to add
0.45 dB to the 90% value.

A.1.15

The SEL for each impulsive noise event can also be aggregated by summation to
calculate the total SEL (or SEL dose) for the entire piling sequence (Southall et al.,
2007; Theobald et al., 2009). The concept of SEL dose is entirely analogous to the
use in air acoustics to quantify the total noise dose for a subject receiver. The pulse
duration is defined as the time occupied by the central portion of the pulse, where
90% of the pulse energy resides.

A.1.16

The calculation of the pulse duration and SEL are described graphically in Figure A.1
image A shows a typical pulse waveform, and Figure A.1 image B shows a plot of the
normalised energy in the pulse waveform against time. Indicated on the plot are the
5% and 95% energy levels and the t5 and t95 times that define the pulse duration.

For this assessment, the root mean square of the sound pressure is used when
considering continuous type noise sources such as turbine operational noise and can
be expressed in units of dB re 1 µPa and is calculated from:
RMS SPL

=


P
20 log  RMS 
 P0 

where P0 is the RMS reference pressure of 1 µPa.
Sound exposure level
A.1.12

For piling pulse, SEL is related to the sound energy in the pulse and is calculated by
integrating the square of the pressure waveform over the duration of the pulse. The
duration of the pulse is defined as the region of the waveform containing the central
90% of the energy of the pulse. The calculation is given by:
E90

=

t 95

∫p

2

(t ) dt

t5

A.1.13

The value is then expressed in dB re 1 µPa2·s and is calculated from:
SEL

E 
= 10 log  90 
 E0 

where E0 is the reference value of 1 µPa2·s.

Figure A.1
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Example of pulse time waveform for analysis, and B: Calculation of SEL
over pulse duration.

Source Level
A.1.17

A metric used frequently in underwater acoustics to describe the source output
amplitude is that of ‘Source Level’ (SL), a term not commonly seen in air acoustics
where the acoustic power is more commonly used. This term originates from sonar
engineering, and as with acoustic power, the SL may be considered as a
characteristic of the source itself. The decibel units for this quantity may be written as
dB re 1 μPa·m, however the unit is much more commonly seen expressed as dB re
1 μPa at 1 m in spite of these units, It should be noted that SL is an idealised
acoustic far-field parameter and is not necessarily equal to the acoustic pressure or
received level measured at a distance of 1 metre from the source. Instead, it may be
considered as the sound pressure level that would exist at a nominal range of 1 m
from the acoustic centre of an equivalent simple monopole source, which radiates the
same acoustic power into the medium as the source in question (Ainslie, 2011).
However, for real sources which are acoustically large (such as occurs for marine
piling) the value of the SL will not be equivalent to the sound pressure level at the
reference range of 1 m.

A.1.18

In practice, for real sources, the SL is calculated by measuring the received level at a
distance from source which is in the acoustic far-field and propagating the acoustic
pressure back to the reference distance of 1 m from the acoustic centre of the source
using an appropriate propagation model. This distance required to be in the far-field
is related to both the dimensions of the source and the wavelength of the sound.
Indeed, for large distributed sources, this reference distance of 1 m may be in the
acoustic near-field (or sometimes even inside the source). In the near-field region,
the sound field amplitude fluctuates due to interference between the waves that
radiate from different parts of the source.

A.1.19

A.1.20

Estimation of SL from sound pressure measurements in shallow reverberant
channels is not straightforward since an estimate must be made of the true
propagation loss (sometimes termed transmission loss) (Urick, 1983), which is
complicated by the interactions of sound with the seafloor and sea surface. An
important fact to note is that the SLs for marine piling reported in previous wind farm
studies, which are summarised in this report, have almost exclusively been obtained
by extrapolation back to the source using simple spreading formulae. This means that
these reported values are not true SLs and are generally not consistent with the
accepted definition of SL by Urick (1983) and others (Ainslie 2011). This means that
comparisons may not be possible with other sources measured in deep water.
However, since it is not possible to convert the all the previously reported data to the
desired format, this format has been maintained for Section 3 where a review of
existing data is provided. To distinguish between formats, data derived from simple
spreading formulae are referred to as ‘Effective’ Source Level. Note that for the
acoustic modelling undertaken for this report, data were converted to true monopole
SL for use with the acoustic energy flux model adopted (Section 4).

A.1.21

Source level might be expressed in a number of ways, for example in terms of sound
pressure level (in units of dB re 1 μPa·m), or in terms of energy or sound exposure
level (units: dB re 1 μPa2·s·m2).
Propagation/Transmission loss

A.1.22

Propagation Loss (PL) or Transmission Loss (TL) is the term used to describe the
reduction of the sound level as a function of distance from an acoustics source. The
mechanisms by which the sound intensity reduces are primarily geometrical
spreading, sound absorption in the water and losses into the seabed or other
boundaries. In shallow water, particularly with varying bathymetry, this can be quite
complicated due to multiple interactions with the surface and seabed and is described
further in Section 1.3 of this technical report. In shallow water, the depth can also
restrict the propagation of lower frequency (also described further in Section 1.3 of
this technical report).

A.1.23

It is normal for propagation/transmission loss to be stated as a positive number in dB
representing the loss for the total range between the reference distance (1 m for SL)
and the receiver location. The quantity is a function of frequency, and depends on
seabed type, bathymetry, surface roughness, sound speed profile etc.

It should also be noted that propagation of sound in the ocean rarely corresponds to
simple spreading laws. This is especially true in shallow water typical of offshore wind
farms. In general, SL may be given by:
SL

=

RL + PL ,

where RL is the received level in the acoustic far-field and PL is the propagation loss
(dependent on frequency, seabed, bathymetry, etc.).

Received Level
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A.1.24

The received level (RL) is the acoustic pressure measured by a hydrophone at some
distance away from a sound source. It is also considered to be the sound pressure
which arrives at any acoustic receptor which is exposed to a sound.

A.1.25

The received level might be expressed in a number of ways, for example as a sound
pressure level (dB re 1 μPa) or a sound exposure level (dB re 1 μPa2·s).

A.1.26

A.2

When predicting received levels from estimated source levels for zones of impact, the
received level is simply determined by subtracting the transmission loss in dB from
the source level in dB, RL = SL – TL, where the TL is estimated using a transmission
loss model (see below). When the source level is estimated from measured received
levels then the source level is simply found by addition of received level and
transmission loss, SL = RL + TL. To calculate TL accurately requires an accurate
model for the propagation of the sound and its interaction with the seabed and sea
surface. Sometimes, the TL is empirically estimated from the measured received
level data as a function of range. Ideally the TL should still be estimated by fitting an
appropriate transmission loss model capable of accurately modelling propagation for
a complex environment.

have a strong influence where water layers of different salinity are mixing, for
example at the estuaries of fresh-water rivers.

A.2.2

In shallow water around the UK coast, the sound speed is less likely to vary strongly
with depth due to the shallow conditions, and the often rapid tidal flow which leads to
a mixed isothermal water column.

A.2.4

The sound speed is such an important oceanographic parameter that it is routinely
measured as a function of depth. This may be done using an instrument such as a
velocimeter, which measures the time for a high frequency pulse to travel over a
known path. Alternatively, a measurement is made of the conductivity (to derive
salinity), temperature and depth using a CTD meter with the sound speed calculated
form empirically-derived relationships.
Shallow Water Specific Environmental Dependence

Sound Propagation Modelling
Environmental Dependence

A.2.1

A.2.3

Perhaps even more so than for airborne sound, noise levels in the ocean produced
by human activities are determined not only by the acoustic power output of the
source, but equally importantly by the local sound transmission conditions (Urick,
1983). A moderate level source transmitting over an efficient propagation path may
produce the same received sound pressure level as a higher level source transmitting
through a lossy propagation path (i.e., relatively higher TL). In deep water, variations
in water properties strongly affect the sound propagation. In shallow water, effects
due to the surface and bottom become more influential. Variations in bathymetry
(depth) can have a significant effect on the transmission of the sound, and for piling
noise significant proportions of the sound may be transmitted through the seabed
itself.
The sound speed profile may be divided into several layers. Just below the surface is
what is sometimes called the surface layer where the speed is susceptible to daily
changes due to heating, cooling and wind action. This is followed by a seasonal
thermocline, a region characterised by a negative sound speed gradient due to the
decrease in temperature with depth. Below the main thermocline and extending into
the deep ocean is the deep isothermal layer, which is nearly constant in temperature
at about 4 ºC. In this layer, the sound speed increases with depth due to the
increasing hydrostatic pressure. Between the thermocline and the isothermal layer is
a sound speed minimum, toward which sound tends to be bent by the action of
refraction. Some of the sound from a source placed in this channel can be trapped
within the channel and travel great distances without appreciable losses due to
surface or bottom reflections. Whilst spreading losses will still occur, they are reduced
from spherical spreading and in certain cases may approximate to cylindrical
spreading. The variation with salinity is less of an influence in deep water, but can

A.2.5

One effect not always appreciated is that shallow water channels do not allow the
propagation of low frequency signals due to the wave-guide effect of the channel
(Urick, 1983; Jensen et al., 2000). This effect means that there will be a lower cut-off
frequency, below which sound waves will not propagate (instead the sound
generated propagates into the seabed).

A.2.6

For an idealised water channel consisting of a rigid bottom and a pressure-release
surface, the cut-off corresponds to a quarter-wave resonance. However, for a realistic
seabed, a slightly more complicated formula depending on the ratio of sound speed
in the bottom to that in the water can be used (Urick, 1983). The result of plotting this
formula is shown in Figure A.2. The effect of the loss of sound from the water column
due to shallow water is sometimes referred to as ‘mode-stripping’.

Figure A.2
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The lower cut-off frequency as a function of depth for a shallow water
channel with for an exemplar seabed sound speed of 1702 ms-1 (sand) and
water sound speed of 1490 ms-1.

A.2.7

It can be seen from Figure A.2 that for an approximate water depth of 20 m,
representative of water depths in and around Project One, frequencies below around
40 Hz would not be expected to propagate through the water. For piling, most of the
energy in the resulting sound pulse falls between frequencies of around 100 Hz and
400 Hz.

A.2.10

In water deep enough for propagation of ten or more modes, ray theory may be used.
This requires that the sound speed changes slowly, with little change over a distance
of one acoustic wavelength, making it best suited to the higher frequencies (and thus
smaller wavelengths). The sound field is calculated by tracing ray paths, starting from
the source, at uniformly spaced angular intervals. For each increment in range, the
ray direction is determined from the ray equations and the local gradient of sound
speed versus depth. This method is useful in deep water, where a small number of
rays transmit most of the acoustic energy from source to receiver, where there is a
direct path from source to receiver, and where only a limited number of surface and
bottom reflections contribute. For shallow water, the large number of reflected paths
makes the method somewhat impractical (Lurton, 2003; Richardson et al., 1995).

A.2.11

In simple cases, acceptable accuracy may be obtained by use of relatively simple
geometrical spreading models. Commonly used models include spherical spreading
(in decibel notation, this corresponds to a reduction in received level with range, r, of
“20.log(r)”), or cylindrical spreading, (corresponding to a reduction in received level
with range of “10.log(r)”). In practice, the spreading may lie somewhere between
these two geometries and be described by “N.log(r)” where N typically has a value
between 10 and 20. Such simple models do not include the effect of absorption in the
medium. This may be included in a simplified manner by introducing a term which
describes the reduction due to absorption with range (leading to a term of the type
“α.r” where α is the absorption in dB per meter). A composite model of this kind would
then be used to calculate the received level (RL) from the source level (SL) by: RL =
SL – N.log(r) – α.r (Nedwell et al., 2007a). This type of model can also be adapted to
include frequency dependent attenuation (Thiele, 2002; Thomsen et al., 2006).

Types of propagation model
A.2.8

A.2.9

The wave equation describing the propagation of an acoustic field is often difficult to
solve in real-world situations. A good model describing the propagation of sound in
the ocean should take into account:


The interaction with the sea surface;



The interaction with (and transmission through) the seabed;



The refraction of the sound due to the sound speed gradient;



Absorption of the sound by the sea water and the seabed;



The geometrical spreading of the sound away from the source; and



Relative source and receiver depth.

One common approach is to use a method of normal modes, often applied in cases
where the sound speed is stratified (changes vertically with depth but not horizontally
with range). The normal mode method is useful to calculate the field in shallow water
where the water column acts as a waveguide for a limited number of propagating
modes. The theory can be expanded to account for different types of seabed
(assuming the properties are known), and variations in sound speed gradients. The
problem of solving the wave equation for range dependent conditions such as sloping
or irregular bottoms and range-varying sound speed profiles has been overcome by
an approximation called the parabolic equation. Here, small incremental changes in
range and depth are used to accommodate changes in propagation parameters
without the occurrence of large errors. However, in deep water with large numbers of
modes propagating, the method is computationally demanding (Lurton 2003;
Richardson et al., 1995). The Parabolic Equation method provides a frequency
domain solution for transmission loss and can provide distance and depth dependent
transmission loss predictions. An alternative approach which can prove useful for
broadband impulsive sounds is to use a time-domain approach such as a finitedifference method. This method has been used extensively in the geophysical
surveying industry.

Comparisons of models
A.2.12
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Simple “lumped parameter” spreading models which incorporate simplified
absorption, and conform to the general type “RL = SL –N.log(r) – α.r”, have been
used in previous UK studies which attempt to estimate the likely noise levels
generated by wind farm construction (Nedwell et al., 2007a). These models have the
advantage that they do not require a large amount of input data (only values of N and
α), are simple to compute for measured values of received level versus range, and
may be set up to replicate the apparent transmission loss of the sound measured
during piling operations at other wind farm sites. However, the limitations of these
models should be considered carefully. Such a model does not account for
transmission loss effects due to changes in bathymetry, and so cannot (for example)
predict the extra reductions in level caused by sand banks and shallow coastal areas
(for example due to the effect of mode stripping). In addition, such models do not
include reverberation or consider the sound transmitted through the sediment, except
in a highly simplistic way (e.g., by use of a composite value of α). Such a model is
also frequency independent if it is applied to a time-domain parameter such as peakto-peak sound pressure. This means it will depend only on range from the source. In

(1991) and CSNAP (Ferla et al., 1996), as well as the RAM parabolic equation
solution (Collins, 1993), and the OASES wave-number integration code (Goh and
Schmidt, 1996). The Weston model decomposes the acoustic field into third-octave
band levels and propagates each frequency band independently, recombining the
frequency bands at a new range to calculate the broadband levels.

practice, the transmission of sound in shallow water will show a strong dependence
on frequency due to the modal nature of the propagation and the frequencydependent absorption in the water and in the sediment. These phenomena will cause
the time waveform to distort during propagation away from the source, typically
causing a dilation of the acoustic pulse (an increase in pulse duration) and a
reduction in high frequency content.
A.2.13

For the very shallow water environments, the normal mode and Parabolic Equation
approach outlined above has the potential to provide good accuracy. This method
can be made to incorporate the effects of variable bathymetry, sound speed profiles
and frequency dependent absorption. However, such models do require a large
amount of input data to describe the bathymetry, sound speed profiles, and sediment
properties in the local area. Such information may not always be available, and any
model is only as accurate as its input data. In addition, to describe the propagation of
short broadband pulses, typically this type of model would be run at a number of
discrete frequencies in order to predict the transmission loss at all the frequencies
present in the pulse, and this requires greater computational power (and time).

A.2.14

It should also be noted that the accuracy of any model depends on accurate
representation of the source. The source in the case of marine piling is very complex,
with noise being radiated from the surface of the pile itself, and with noise also being
launched directly into the sea-bed by the impact of the pile through the sediment.
Currently, a perfect model does not exist for such a complex distributed source, and
representations of the source in terms of simplified idealised sources such as point
sources and line sources will inevitably limit the accuracy of predictions. This is
particularly true for the acoustic field close to the pile (in the near-field), and possibly
for greater ranges where sound propagating through the sea-bed re-enters the water
column.
Choice of model

A.2.15

A propagation model must be adopted in order to make any attempt to estimate the
acoustic field at ranges other than those where measurements have been made. For
example, to estimate the acoustic field within a few hundred metres of the source
from measurements made at greater ranges. Similarly, if the source is to be
described in terms of simplified concepts such as source level (useful, for example, if
there is a desire to make comparisons with other sources), a propagation loss model
is needed in order to estimate the transmission loss required to derive the source
level. For the work described here, the model adopted is the Energy flux model
described by Weston (Weston, 1976). This propagates the sound energy in the water
column, and takes full account of geometric spreading, interaction with boundaries,
modal propagation in shallow-water, frequency-dependent absorption in the water
and seabed, and scattering from the sea-surface (caused by wave agitation). The
implementation of this model has been has benchmarked by NPL against several
other standard models such as methods based on normal modes such as Kraken
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APPENDIX B - MODEL VALIDATION

APPENDIX C - PILE LOCATIONS

B.1

Model Validation with Actual Measurements from the Hornsea Zone

C.1

B.1.1

To compare model outputs with measured data from the Hornsea Zone (data from
met mast installation monitoring) sound propagation was modelled for a met mast
location, assuming a 300 kJ hammer blow energy during pile driving. Methodology
described in Section 4 of this technical report was followed. Sound propagation for
High Tide (HT) and Lowest Astronomical Tide (LAT) was modelled along the easterly
transect radiating away from the met mast location and the results compared to
measured data (see Table B.1).

Single Pile Locations (Project Two)

Table C.1

Foundation positions modelled with the aim to illustrate sound the
variability in underwater sound propagation across Project Two and obtain
an estimate of the likely spread of impact ranges for relevant marine
receptors.
Position coordinates (WGS84)

Location ID
Latitude

Table B.1

Comparison of measured data from Hornsea Zone met mast installation
with results of numerical propagation modelling along the measured
transect.

Longitude

1

53° 58.5450'N

02° 04.9041'E

2

53° 50.1420'N

01° 28.0440'E

3

54° 00.4740'N

01° 27.5700'E

Range
(m)

Measured data ± data
spread (dB re 1 µPa)

Modelled data –
Lowest Astronomical
Tide (dB re 1 µPa)

Modelled data – High
Tide (dB re 1 µPa)

4

53° 59.7654'N

01° 51.0399'E

5

53° 58.3620'N

01° 41.6580'E

690

188 ±2

188

187

6 (HVAC 1)

53° 37.9050'N

00° 55.9955'E

1,200

182 ±0.5

184

184

7 (HVAC 2)

53° 38.1552'N

00° 55.8263'E

2,000

179 ±0.5

180

180

4,000

174 ±0.5

175

175

7,000

169 ±0.5

170

171

14,000

162 ± 0.5

163

163

30,000

149± 6

153

154

C.2

Concurrent piling (Subzone 2)

Table C.3

Foundation positions modelled assuming two concurrently operating piling
vessels within Subzone 2.
Position coordinates (WGS84)

Location ID
Latitude
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Longitude

2

53° 50.1420'N

01° 28.0440'E

3

54° 00.4740'N

01° 27.5700'E

