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INTRODUCTION
The construction and operation of offshore wind turbine generates underwater sound that can potentially have an environmental impact on the marine life in the area. An underwater noise propagation study has been performed to be used to assess the potential environmental impacts on
marine mammals and fish for the proposed Smålandsfarvandet offshore wind farm.
The initial noise propagation study was performed based on the available knowledge for impact
assessments at the commencement of the study. An extension of the initial noise propagation
study was performed to extract the relevant parameters needed to apply the recommendations
newly presented from the working group, initiated by Energinet.dk on behalf of the Danish Energy Agency and the Danish Nature Agency, for marine mammals and underwater noise. This working group has given recommendations on how to regulate underwater noise associated with the
construction of Horns Rev 3 Offshore Wind Farm and future offshore wind farms at Kriegers Flak
and the six nearshore wind farms.
The initial assessment impact threshold limits and are given in Section 6.3 and modelling results
are given in Section 8.3 and 8.4.
The working group’s recommended impact threshold limits are given in Section 6.4 and the underwater propagation values, extracted from the initial propagation modelling, needed for impact
assessment are given in Section 8.5. These site specific acoustic parameters have been used in
the supplemental impact assessment for all six nearshore wind farms (Underwater noise and marine mammals Rev2_4. Marts 2015, Eneriginet.dk) utilizing the method and limits specified in the
working group’s recommendations (Working Group 2014, Marine mammals and underwater noise
in relation to pile driving, Energinet.dk).

2.

PROJECT DESCRIPTION

2.1

Smålandsfarvandet Offshore Wind Farm

2.1.1

The wind farm project

The Smålandsfarvandet OWF project comprises the wind farm with its individual turbines, inter
array cables (between the turbines) and the export cable(s) connecting the OWF to the electricity
grid onshore. The onshore project will require an extension of the electricity grid with underground cables, a possible electricity substation and a connection to the existing transformer station at Stigsnæs.
The project includes all plants and installations on and offshore that are necessary for the connection of the OWF to the Danish national grid. The study area is defined as:




Study area for wind turbines
Cable corridor on land and at sea
Cable stations on land

The OWF will be located within an approximately 60 km2 study area located approximately 8 km
off the coast, south of Stigsnæs, see Figure 2-1. There is an upper limit to the production capacity of the OWF of 200 MW and it must be operational by 2020. The OWF will have an expected 30
year operational lifetime
There is no formal requirement that the OWF must have a production capacity of 200 MW. Therefore the extent of the study area that will be occupied by the potential offshore wind farm in
Smålandsfarvandet is not currently known. It is however decided that the OWF will have a maximum area of 44 km2 within the 60 km2 study area for wind turbines.
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Figure 2-1 Smålandsfarvandet offshore wind farm study area

2.1.2

Offshore installations

The OWF's final location, layout design, turbine types, etc. will be determined by the concession
holder based on the wind energy availability and the conditions set by the permitting authorities.
The concession will be awarded in 2016, after which detailed design and construction works will
be initiated.
The turbine type or size that will be installed is not currently known. There are a number of different solutions available, including having many small turbines e.g. up to 67 three megawatt
turbines or alternatively, fewer larger turbines with the same total output e.g. 20 ten megawatt
turbines. Turbine sizes in between are also a possibility.
The dimensions of the turbines are expected to span between a 3 MW turbine and a 10 MW turbine. Examples of turbines of this size are presented in Table 2-1 and it should be noted that minor differences may occur depending on the manufacturer chosen.
Table 2-1 Turbine size and expected dimensions

Turbine size
3 MW
10 MW

Rotor diameter
112 m
190 m

Total height
137 m
220 m

Nacelle height
81 m
125 m
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UNDERWATER NOISE SOURCES
The underwater noise sources, as part of the construction and operation of the proposed offshore
wind farms, which have potential environmental underwater noise impacts on fish and/or marine
mammals, are listed here:







Monopile pile driving (10 meter diameter/10 MW turbine)
Underwater dredging
Wind turbine operation
Increased ship traffic during construction
Increased ship traffic during service maintenance
Decommissioning

Since underwater noise propagation from monopile pile driving is, currently, considered to be the
only underwater noise source of these identified sources that has a potential significant environmental impact, noise propagation modelling was performed only for monopole pile driving; however, the other underwater noise sources will be qualitatively addressed in the impact assessment.
Underwater noise source levels and frequency data has been collected, analysed and corrected to
be applicable for the specific proposed offshore wind turbine parks. Measured underwater noise
data from pile driving of 10 meter diameter is not available, but has been extrapolated from the
increase in noise levels with available noise level data for various diameter monopiles pile driving.
The noise source’s activity length (time) has been determined in order to predict the cumulative,
and the maximum noise levels. Rambøll has worked together with marine biologists (DHI,
Rambøll) to determine the applicable underwater sound parameters needed to be used to assess
potential impacts on the identified fish and marine mammal species for the proposed offshore
wind farm.
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UNDERWATER SOUND
Underwater sound, like sound in the air, is disturbances from a source in a medium – here water
– travelling in a 3 dimensional manner as the disturbance propagate with the speed of sound.
Sound travels at different speed in different media. The speed of sound is determined by the
density and compressibility of the medium. Density is the amount of material in a given volume,
and compressibility is a measure of how much a substance could be compacted for a given pressure. The denser and the more compressible, the slower the sound waves would travel. Water is
much denser than air, but since it is nearly incompressible the speed of sound is about four times
faster in water than in air. The speed of sound can also be affected by temperature. Sound waves
tend to travel faster at higher temperatures.
Underwater sound can be measured as a change in pressure and is described as sound pressure
and can be measured with a pressure sensitive device (hydrophone).
Because of the large range pressure amplitudes of sound, it is convenient to use a decibel (dB)
logarithmic scale to quantify pressure levels. The underwater sound pressure level in decibels
(dB) is defined in the following equation:
Sound Pressure Level (SPL) = 20log10(P/P0)
P is the pressure and P0 is the reference pressure. The reference pressure is 1 micropascal (µPa)
for underwater sound which is different for sound pressure levels in the air. For this reason sound
pressure levels in the water and air cannot be directly compared.

4.1

Underwater sound source levels
Based on existing measured underwater sound measurements and extrapolation functions we
have estimated the sound source levels and frequency spectrum for the identified significant
sound sources for potential underwater noise impacts.
In order to obtain an equivalent source level at 1 m from the source, for the purpose of acoustic
propagation modelling, we back-propagated the pressure field according to cylindrical spreading
loss, or 10·log(r). The purpose of the back-propagation step is to determine the effective source
level at 1 m that is used in the acoustic propagation model.
Underwater sound levels vary in accordance to the sound source’s time signature and acoustic
environmental conditions and can defined in terms of exposure, average and/or maximum levels.
The following acoustic parameters are commonly used to assess the noise impact from underwater noise sources for the identified local marine life.
The RMS SPL is commonly used to evaluate the effects of continuous noise sources. The RMS
sound pressure level or SPL is the mean square pressure level over a time window containing the
impulse.
The peak sound pressure level (symbol L Peak) is the maximum instantaneous sound pressure
level attained by an impulse.
The sound exposure level (SEL, dB re 1 µPa 2 s) is commonly used to quantifying levels of impulsive sources. It is the time integral of the squared pressure over a fixed-time window containing
the entire pulse event normalized to 1 second. This measure represents the total energy delivered over the duration of an acoustic event at a receiver location. The SEL is related to sound energy (or exposure) rather than sound pressure. SEL can be a metric that describes the sound
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level for a single sound pulse or a cumulative metric, if applied over a period containing multiple
pulses.
The following table shows the estimated overall underwater sound source levels in their applicable acoustic parameters.
Table 4-1 Overall underwater sound source levels, dB re. 1µPa. @ 1 meter

Source

Acoustic parameter

Sound source
level

Units

Monopile pile driving (10 meter diameter)

Peak

245

(dB re. 1 µPa, 1 meter)

Monopile pile driving (10 meter diameter)

SEL

222

(dB re. 1 µPa2s, 1 meter)

Dredging

SPL, rms continuous

172-188

(dB re. 1 µPa, 1 meter)

Operation maximum power 3 MW

SPL, rms continuous
SPL, rms continuous

141

(dB re. 1 µPa, 1 meter)

146

(dB re. 1 µPa, 1 meter)

Operation maximum power 10 MW

UNDERWATER NOISE

5.

6 OF 26

UNDERWATER SOUND PROPAGATION MODEL
The underwater sound propagation model calculates estimates of the sound field generated from
underwater sound sources. The modelling results are used to determine the potential impacts
distances (noise maps/contour plots) from the identified significant underwater noise sources for
the various identified marine life for the area. Based on source location and underwater source
sound level, the acoustic field at any range from the source is estimated using Rambøll’s acoustic
propagation model. The sound propagation modelling uses acoustic parameters appropriate for
the specific geographic region of interest, including the expected water column sound speed profile, the bathymetry, and the bottom geo-acoustic properties, to produce site-specific estimates
of the radiated noise field as a function of range and depth. The acoustic model is used to predict
the directional transmission loss from source locations corresponding to receiver locations. The
received level at any 3-dimensional location away from the source is calculated by combining the
source level and transmission loss, both of which are direction dependent. Underwater acoustic
transmission loss and received underwater sound levels are a function of depth, range, bearing,
and environmental properties. The output values can be used to compute or estimate specific
noise metrics relevant to safety criteria filtering for frequency-dependent marine mammal hearing capabilities.
Underwater sound source levels are used as input for the Rambøll’s underwater sound propagation program, which computes the sound field as a function of range, depth, and bearing relative
to the source location. Rambøll’s underwater sound propagation program utilizes a version of the
publicly available Acoustic Model, AcTUP/RAM (Collins et al., 1996). RAM is based on the parabolic equation method using the split-step Padé algorithm to efficiently solve range-dependent
acoustic problems. Selected output from the AcTUP/RAM is used to calibrate Rambøll’s propagation model.
AcTUP/RAM assumes that outgoing energy dominates over scattered energy, and computes the
solution for the outgoing wave equation. An approximation is used to provide two-dimensional
transmission loss values in range and depth, i.e., computation of the transmission loss as a
function of range and depth within a given radial plane is carried out independently of neighbouring radials (reflecting the assumption that sound propagation is predominantly away from
the source).
AcTUP/RAM has been included to model (to a first approximation) shear wave conversion at the
sea floor; the model uses the equivalent fluid complex density approach of Zhang and Tindle
(1995). For reflection from the sea-surface, it is assumed that the surface is smooth (i.e., reflection coefficient with a magnitude of -1). While a rough sea surface would increase scattering (and
hence transmission loss) at higher frequencies, the scale of surface roughness is insufficient to
have a significant effect on sound propagation at the lower frequencies where most of the energy
is.
The received underwater sound levels at any location within the region of interest are computed
from the ⅓-octave band source levels by subtracting the numerically modelled transmission loss
at each ⅓-octave band centre frequency and summing across all frequencies to obtain a broadband value. For this study, transmission loss and received levels were modelled for ⅓-octave
frequency bands between 10 and 10000 Hz. Because the source of underwater noise considered
in this study are predominantly low-frequency sources, this frequency range is sufficient to capture essentially all of the energy output. The received levels will be converted to all the applicable
underwater acoustic parameters.

5.1

Modelling output
The sound propagation model run with the model (maximum (Peak), Single strike (SEL) and cumulative (SEL, 1 hour, max.)) scenarios, source levels, activity time and environmental parame-
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terization and generate in to impact distances to established levels thresholds defined by the marine biologists.
5.2

Marine Mammal Frequency Weighting
The potential for underwater noise to impact marine species depends on how well the species can
hear the sounds produced (Southall et al. 2007). Noises are less likely to disturb or injure animals if they are at frequencies outside the animals’ hearing range. For non-injurious sound levels, frequency weighting based on audiograms may be applied to weight the importance of sound
levels at particular frequencies in a manner reflective of the receiver’s sensitivity to those frequencies (Nedwell and Turnpenny 1998, Nedwell et al. 2007).
Based on a review of literature on marine mammal hearing and on physiological and behavioural
responses to anthropogenic sound (Southall et al. 2007) proposed standard marine mammal frequency weighting (M-weighting) functions for various functional hearing groups of marine mammals:





Low-frequency cetaceans (LFCs) - mysticetes (baleen whales)
Mid-frequency cetaceans (MFCs) - some odontocetes (toothed whales)
High-frequency cetaceans (HFCs) - odontocetes specialized for using high-frequencies
Pinnipeds in water - seals, sea lions and walrus

Table 5-1 Functional hearing groups and associated auditory bandwidths (Southall et al. 2007)

Functional hearing group

Estimated auditory bandwidth
𝐟𝐥𝐨

𝐟𝐡𝐢

Low-frequency Cetaceans (LFC)

7 Hz

22 kHz

Mid-frequency Cetaceans (MFC)

150 Hz

160 kHz

High-frequency Cetaceans (HFC)

200 Hz

180 kHz

Pinnipeds (PINN)

75 Hz

75 kHz

The depicted in the assessment distances will be the maximum predicted level for that location at
any depth down to the bottom and will include the following site (Sejerø) applicable acoustic parameters:





SEL(MFC) Sound Exposure Level (mid- frequency), dB re. 1µPa., 1 sec
SEL(HFC) Sound Exposure Level (high-frequency), dB re. 1µPa., 1 sec
SEL(PINN) Sound Exposure Level (Pinnepeds), dB re. 1µPa., 1 sec
PEAK: Peak levels (linear), dB dB re. 1µPa.

As well, cumulative 1 hour sound exposure levels (SELC) are calculated.
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UNDERWATER NOISE IMPACT ASSESSMENT LEVELS
The following assessment underwater noise levels have been provided by the marine biologists
responsible for performing the impact assessment. This section gives a background for the selection and the assessment threshold levels that the acoustic model calculated to. Actual impact assessment will be performed by the marine biologist as part of the impact assessment.
The initial assessment impact threshold limits are given in Section 6.3 and the working group’s
recommended impact threshold limits are given in Section 6.4.

6.1

Fish
Impacts to fish focus on physical damage and behavioural changes.
Fish behaviour in response to noise is not well understood. Sound pressure levels that may deter
some species, may attract others.
In fish, physical damages to the hearing apparatus rarely lead to permanent changes in the detection threshold (permanent threshold shift, PTS), as the damaged sensory epithelium will regenerate in time (Smith et al 2006, Song et al 2008). However, temporary hearing loss may occur (Popper et al 2006). The sound intensity is an important factor for the degree of hearing loss,
as is the frequency, the exposure duration, and the length of the recovery time.
There is little information available on the hearing abilities of species of particular relevance for
the survey area; Atlantic cod and Atlantic herring therefore serve as models for other fish species
(Halvorsen et al 2011). The criteria for PTS and TTS are presented in section 6.3.
Impact assessment for fish will also use: Carlson et al., T. H. (2007). MEMORANDUM - Update on
recommendations for Revised Interim Sound Exposure Criteria for Fish during Pile Driving Activities. Department of Transportation (California and Washington). Which includes SEL = 213, 189,
185 og 183 dB levels.

6.2

Marine Mammals
Generally, the effect of noise on marine mammals can be divided into four broad categories that
largely depend on the individual’s proximity to the sound source:





Detection
Masking
Behavioural changes
Physical damages

The limits of each zone of impact are not sharp, and there is a large overlap between the zones.
The four categories are described below.
Detection ranges depend on background noise levels as well as hearing thresholds for the animals in question.
Masking is an impact where repeated or long-term underwater sound masks e.g. communication
between individuals
Behavioural changes are difficult to evaluate. They range from very strong reactions, such as
panic or flight, to more moderate reactions where the animal may orient itself towards the sound
or move slowly away. However, the animals’ reaction may vary greatly depending on season, behavioural state, age, sex, as well as the intensity, frequency and time structure of the sound
causing behavioural changes (Southhall et al 2007).
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Physical damage to marine mammals relate to damage to the hearing apparatus. Physical damages to the hearing apparatus may lead to permanent changes in the animals’ detection threshold (permanent threshold shift, PTS). This can be caused by the destruction of sensory cells in
the inner ear, or by metabolic exhaustion of sensory cells, support cells or even auditory nerve
cells. Hearing loss is usually only temporary (temporary threshold shift, TTS) and the animal will
regain its original detection abilities after a recovery period. For PTS and TTS the sound intensity
is an important factor for the degree of hearing loss, as is the frequency, the exposure duration,
and the length of the recovery time.
The criteria for PTS, TTS and behavioural response are presented in section 6.3. Note that for a
single pulse, the criteria for TTS and behavioural response are the same (Southhall et al 2007).
6.3

Marine Mammal and Fish Criteria
Table 6.1 summarizes criteria for assessing impacts to fish and marine mammal. The criteria are
associated with different impacts (e.g. PTS, TTS and behavioural).
Table 6-1 Underwater noise impact assessment thresholds (Permanent threshold shift, PTS, Temporary
threshold shift, TTS and behaviour response
Assessment levels
Marine Mammal group

Pinnipeds

Cetaceans
Mid frequency

Harbor Porpoises

Ref

Peak(unweighted)

SEL(Single
strike/Cum*)

Effect

dB re 1µPa

dB re 1µPa2s

PTS(Mpw)

218

186

Southall et al. 2007

TTS(Mpw)

212

171

Southall et al. 2007

Behaviour response(Mpw)

212

171

Southall et al. 2007

PTS(Mmfc)

230

198

Southall et al. 2007

TTS(Mmfc)

224

183

Southall et al. 2007

Behaviour response

-

145 (only single
strike)

Lucke et al. 2009

PTS

209

179

Southall et al. 2007

TTS

194

164

Lucke et al. 2009

Behaviour response

-

145

Lucke et al. 2009

(only single strike)
Fish

PTS

206

187

Woodbury and Stadler
2008

TTS

206

187

Woodbury and Stadler
2008

Injury

-

213

Carlson 2007

PTS

-

189

Carlson 2007

TTS

-

185

Carlson 2007

TTS

-

183

Carlson 2007

* Cumulative SEL ( 1 hour full power)

UNDERWATER NOISE

10 OF 26

*For cumulative modelling of impacts NOAA (National Oceanic and Atmospheric Administration,
USA) recommends now a period of 1 hour for models that don’t include animal fleeing models for
cumulative levels which means it will be 1 hour of piling at full power and with no soft start.
These threshold limits were selected based on the existing relevant research and application and
in agreement with the marine biologists involved with the assessment of all six of the proposed
coastal offshore wind farms. However, since these thresholds have been decided upon, a working
group of marine biologists and acousticians (Underwater Noise and Marine Mammals Task Force,
Energinet.dk, summer/fall 2014) is recommending alternative threshold limits that include species population density (percent allowable impact), pile driving time/power signature and method, species fleeing factor and newly available research results.
Adjusting the threshold limits and distances (contour plots) including the recommendations from
the Underwater Noise and Marine Mammals Task Force would require a significant effort but
could be included in the contractor’s predictions.
6.4

Working group recommendations for thresholds for noise impact on marine mammals
The working group for marine mammals and underwater noise have recommended thresholds for
permanent hearing loss/ threshold shift (PTS), temporary hearing loss/ threshold shift (TTS) as
well as thresholds for behavioural changes in marine mammals in Danish waters (Working Group
2014. Memorandum prepared for Energinet.dk. 2015).
Threshold values for inflicting impact have been determined by the group based on an assessment on available values from the most recent scientific literature.
Table 6-2 Threshold values for PTS, TTS and behavioural effects as recommended by the working group
(Working Group 2014. Memorandum prepared for Energinet.dk. 2015). All levels are unweighted SEL.

Species

Grey seal and harbour
seal
Harbour porpoise

Behavioural response
(dB re 1 µPa SEL)
-

TTS
(dB re 1 µPa SEL
cum)
176

PTS
(dB re 1 µPa SEL
cum)
200

140 (single strike)

≥164

≥183

The threshold values recommended by the working group differ from the historic values used in
the background reports in the EIAs for the six offshore wind farms.
Table 6-3 Threshold values used in the initial EIAs for the six offshore wind farms. All levels are Mweighted SEL (* unweighted SEL).

Species

Grey seal and harbour
seal
Harbour porpoise

Behavioural response
(dB re 1 µPa SEL)
171

TTS
(dB re 1 µPa SEL
cum)
171

PTS
(dB re 1 µPa SEL
cum)
186

145 (single strike)

164*

179

By comparing Table 6-2 and Table 6-3 it is seen that the work has resulted in increased threshold
values for TTS and PTS in seals and harbour porpoise. For an explanation of the different thresholds see (Working Group 2014. Memorandum prepared for Energinet.dk. 2015)
The working group was not able to recommend a threshold value for behavioural effects on seals.
The main reason for this is that there is very limited evidence on how and when seals react to
underwater noise.
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These threshold values used in the impact assessments have been updated according to the
working group guidelines based on the newest scientific knowledge. These threshold values recommended by the working group might by subject to further adjustment in the near future, as
new information emerges.
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UNDERWATER SOUND PROPAGATION MODEL INPUTS
The following parameters were used as input to the underwater sound propagation model.

7.1

Monopile pile driving sound source levels and frequency spectrum
Monopile pile driving input parameters are given in Table 7-1:
Table 7-1 Monopile pile driving input parameters

Input parameters
Turbine size

10 MW

Monopile diameter

10 m

Source Level @ 1m

245 dB re. 1 uPa SPLpeak

Source Level @ 1m

222 dB re. 1 uPa2s SEL

Strike interval

1 strike pr. 2 sec. (30 strikes pr. minute)

Total number of strikes for cumulative

1800 strikes (pr. hour) = 32,6 dB increase

Number of foundations installed simultaneously

7.2

1

Monopile pile driving sound source spectrum

Underwater Sound Source Spectrum Level (SEL) 1 meter
200

190

Underwater sound source levels, re. 1 µPa.,@ 1m

180

170

160

150

140

130

120

110

100

Frequency 1/3 octave band center, Hz.

Figure 7-1 Monopile pile driving sound source spectrum, Århus bay 2010

7.3

Monopile positions
The following figure shows the proposed positions for the 10MW Windturbines. The underwater
noise modelling used the positions on the edge of the farm in the respective direction of calculation direction as the source locations (red positions).

UNDERWATER NOISE

Figure 7-2 Proposed 10 MW offshore wind turbine positions/ source positions

13 OF 26

UNDERWATER NOISE

7.4

14 OF 26

Bathymetry
The relief of the sea floor is an important parameter affecting the propagation of underwater
sound, and detailed bathymetric data are therefore essential to accurate modelling.
A base-level-resolution bathymetric dataset for the entire study area was obtained from public
domain chart data.

Figure 7-3 Bathymetry for the Smaalandsfarvandet wind farm area
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Geoacoustic properties
Based on seabed information gathered from the Danish Wind Farm Site Surveys, Vol. 3 Results
Report, Site 5, Smålandsfarvandet, April 2014, Energinet.dk, has a seabed conditions been derived and used for the modeling. The layers used in the modelling and the main parameters are
depicted in Table 7-2.
Table 7-2 Overview of seabed geoacoustic profile used for the modelling (Cp = compressed wave speed,
α = compressional attenuation)

Seabed layer (m)
10

Material

Geoacoustic property

Sand/Silt/Clay

Cp = 1600 m/s
α = 1.0 dB/λ

10 - 30

Sandy Clay

Cp = 1500 m/s
α = 1.0 dB/λ

30 -

Chalk

Cp = 2400 m/s
α = 0.2 dB/λ

7.6

Sound speed profiles
Based on data received from Naturstyrelsen (12-06-2014, MARIN CTD) an average yearly temperature, salinity and density depth profile was determined to calculate the sound speed profile
for the proposed Smålandsfarvandet wind farm area and used as input in the underwater sound
propagation model.
Table 7-3 Smålandsfarvandet wind farm depth profile data

Depth

Salinity

Temp.

Speed of sound
m/s

0

15,95

13,22

1480,1

5

15,30

10,55

1469,3

10

16,46

10,02

1468,8

15

19,71

8,86

1468,6

20

23,39

8,32

1471,4

25

25,07

7,51

1470,3

30

26,39

7,77

1473,3
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UNDERWATER NOISE MODELLING RESULTS
The initial underwater noise modelling results are given in Section 8.3 and 8.4. The underwater
propagation values, extracted from the propagation modelling, needed for the working groups
recommended impact assessment method is given in Section 8.5.

8.1

Sound propagation model scenarios
The sound propagation model was run with the model scenario, source levels, and environmental
parameterization described in previous sections. The distances predicted to the various threshold
limits are the maximum at any depth down to the bottom.
Calculations of the distances to the threshold limits were performed in the Northwest, East
southeast and Southwest directions from the proposed Smålandsfarvandet wind farm which are
representative of all the main bathymetric profile/distance types.

8.2

Maximum levels versus average level
Based on transmission loss versus depth profile plots at the various impact threshold distances,
and average difference between the maximum overall level (20 – 10 kHz.) and the energy average level (5 meter over and under the maximum level depth) was determined to be approximately 1 - 2 dB.

Figure 8-1 Example of transmission loss (1000 Hz.) versus depth and distance.

8.3

Distances to applicable assessment threshold level limits
Table 8-1, Table 8-2 and Table 8-3 summarize the results of the acoustic modelling results in
terms of the distances from the monopile pile driving activity to the applicable assessment underwater noise threshold levels specified in Section 6.
Seafloor conditions and sea depth have extremely influence on the underwater sound propagation making it impossible to compare directly with other wind farm sites. However, Rambøll has
performed a comparison study with NIRAS’s propagation model which gave quite similar results.
These distances will be used by the marine biologists to assess potential environmental impact on
the marine life for the proposed Smålandsfarvandet wind farm area.
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Table 8-1 Assessment level limit distances in the Northwest direction

Smålandsfarvandet

10 meter diameter piles
Assessment levels

Northwest

Peak(un-

SEL(Single

Peak(un-

weighted)

strike/Cum*)

weighted)

Effect

dB re 1µPa

dB re 1µPa2-s

PTS(Mpw)

218

TTS(Mpw)
Behaviour response(Mpw)

Marine Life group

Pinnipeds

Cetaceans

Threshold distances

SEL(Single Strike)

SEL(Cum*)

dB re 1µPa

dB re 1µPa2-s

dB re 1µPa2-s

186

60 meters

100 meters

2000 meters

212

171

160 meters

900 meters

4200 meters

212

171

160 meters

900 meters

4200 meters

PTS(Mmfc)

230

198

< 10 meters

< 10 meters

900 meters

TTS(Mmfc)

224

183

< 10 meters

120 meters

2500 meters

Behaviour response

-

145 (only single

-

3000 meters

Mid frequency
-

strike)
Harbor Porpoises

PTS

209

179

300 meters

350 meters

3000 meters

TTS

194

164

1100 meters

1200 meters

5500 meters

Behaviour response

-

145 (only single

3200 meters

-

-

strike)
Fish

PTS

206

187

500 meters

80 meters

2000 meters

TTS

206

187

500 meters

80 meters

2000 meters

Injury

-

213

-

< 10 meters

280 meters

PTS

-

189

-

60 meters

1900 meters

TTS

-

185

-

120 meters

2200 meters

TTS

-

183

-

180 meters

2600 meters

* Cumulative SEL ( 1 hour full power)
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Table 8-2 Assessment level limit distances in the Southwest direction

Smålandsfarvandet

10 meter diameter piles

Threshold distances
Assessment levels

Southwest

Marine Mammal

Peak(un-

SEL(Single

Peak(un-

group

weighted)

strike/Cum*)

weighted)

Effect

dB re 1µPa

dB re 1µPa2-s

PTS(Mpw)

218

TTS(Mpw)
Behaviour response(Mpw)

Pinnipeds

Cetaceans
Mid frequency

SEL(Single Strike)

SEL(Cum*)

dB re 1µPa

dB re 1µPa2-s

dB re 1µPa2-s

186

40 meters

60 meters

1800 meters

212

171

100 meters

800 meters

3700 meters

212

171

100 meters

800 meters

3700 meters

PTS(Mmfc)

230

198

< 10 meters

< 10 meters

900 meters

TTS(Mmfc)

224

183

< 10 meters

80 meters

2100 meters

Behaviour response

-

145 (only single

-

2800 meters

-

strike)
Harbor Porpoises

PTS

209

179

180 meters

200 meters

2500 meters

TTS

194

164

1000 meters

1100 meters

5000 meters

Behaviour response

-

145 (only single

2700 meters

-

-

strike)
Fish

PTS

206

187

300 meters

50 meters

1800 meters

TTS

206

187

300 meters

50 meters

1800 meters

Injury

-

213

-

< 10 meters

170 meters

PTS

-

189

-

40 meters

1500 meters

TTS

-

185

-

70 meters

1900 meters

TTS

-

183

-

100 meters

2100 meters

* Cumlative SEL ( 1 hour full power)
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Table 8-3 Assessment level limit distances in the East southeast direction

Smålandsfarvandet

10 meter diameter piles

Threshold distances
Assessment levels

East southeast

Marine Mammal

Peak(un-

SEL(Single

Peak(un-

group

weighted)

strike/Cum*)

weighted)

Effect

dB re 1µPa

dB re 1µPa2-s

PTS(Mpw)

218

TTS(Mpw)

212

Behaviour response(Mpw)

Pinnipeds

Cetaceans
Mid frequency

SEL(Single Strike)

SEL(Cum*)

dB re 1µPa

dB re 1µPa2-s

dB re 1µPa2-s

186

50 meters

65 meters

3200 meters

171

150 meters

1000 meters

6050 meters

212

171

150 meters

1000 meters

6050 meters

PTS(Mmfc)

230

198

< 10 meters

< 10 meters

1200 meters

TTS(Mmfc)

224

183

< 10 meters

100 meters

3600 meters

Behaviour response

-

145 (only single

-

4500 meters

-

strike)
Harbor Porpoises

PTS

209

179

250 meters

300 meters

4500 meters

TTS

194

164

1800 meters

1900 meters

7600 meters

Behaviour response

-

145 (only single

4700 meters

-

PTS

206

187

500 meters

70 meters

3300 meters

TTS

206

187

500 meters

-

strike)
Fish

70 meters

3300 meters

Injury

-

213

-

< 10 meters

250 meters

PTS

-

189

-

50 meters

2900 meters

TTS

-

185

-

100 meters

3500 meters

TTS

-

183

-

150 meters

4000 meters

* Cumulative SEL ( 1 hour full power)
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Underwater noise contour plots (TTS)
The following figure shows the area where the permanent threshold limits (PTS), temporary
threshold limits (TTS) and behaviour threshold limits are exceeded during Monopile impact pile
driving (10 MW monopiles) of Smålandsfarvandet wind farm. Screening for land masses is included.

Figure 8-2 Noise contour plots for the threshold limits for Pinnipeds: (RED, PTS, SELC (Mpw), 186 dB)
(ORANGE, TTS/Behavior, SELC (Mpw), 171 dB)
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Figure 8-3 Noise contour plots for the threshold limits for Cetaceans:
(RED, PTS, SELC (Mmfc), 198 dB) (ORANGE, TTS SELC (Mmfc), 183 dB) (YELLOW, Behavior, SEL Single
strike (Mmfc), 145 dB)
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Figure 8-4 Noise contour plots for the threshold limits for Harbor Porpoises:
(RED, PTS, SELC, 179 dB) (ORANGE, TTS SELC, 164 dB) (YELLOW, Behavior, SEL Single strike, 145 dB)
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Figure 8-5 Noise contour plots for the threshold limits for Fish:
(RED, PTS, (RED; PTS, TTS, SELC, 187 dB) (ORANGE, TTS SELC, 183 dB)
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Sound propagation parameters for working group assessment method
The two main components required for the working group’s impact assessment method are the
noise source characteristics and the sound propagation characteristics which is included in the
initial underwater noise propagation modelling.
Based on the initial underwater noise propagation results for Smålandsfarvandet, best-fit curves
were used for approximation of the propagation loss and shall be of the type Xˑlog10(r) + αˑr,
where X and α are positive constants, and r is the distance. The worst case and average sound
propagation and absorption parameters were determined. These site specific underwater sound
propagation parameters are used in the impact assessment methodology described in the working group’s recommendations.
Table 8-4 Site-specific inputs for the working group assessment method for Smålandsfarvandet wind
farm. Sound propagation is given for the direction where the sound is attenuated the least over distance
and an average across all directions.

Offshore wind farm

Smålandsfarvandet

Sound
propagation scenario

Sound propagation
parameters
X

α

Worst-case

20.0

0.0028

Average

20.0

0.0038

These site specific acoustic parameters have been used in the supplemental impact assessment
for all six nearshore wind farms (Underwater noise and marine mammals Rev2_4. Marts 2015,
Eneriginet.dk) utilizing the method and limits specified in the working group’s recommendations
(Working Group 2014, Marine mammals and underwater noise in relation to pile driving, Energinet.dk).
Furthermore, the expected hammer energy the duration of the piling and number of strikes will
have bearing on the cumulated noise and are included as part of the impact assessment report.
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MITIGATION MEASURES
Various approaches can be used to reduce the underwater noise impact from offshore monopile
pile driving, including vibration driving, or using additional mitigation measures such as bubble/air curtains barriers or cofferdam type barriers.
If there are significant underwater noise impacts identified in the impact assessment for marine
mammals these mitigation measures can be considered assessed a possible effective underwater
noise reduction and reduce the impact distance from the pile driving activity. Assessment of proposed mitigation measures should consider the feasibility as well as the frequency range (Hz.)
and expected noise reduction (dB) for the selected mitigation measure specifically with regards to
underwater pile driving.

9.1

Vibration pile driving
Using unbalanced vibrators for pile driving can significantly reduce the underwater noise levels
compared to using a hydraulic hammer, however this method is normally not considered feasible
for large monopiles. Unbalance vibrators operate with continuous vibrations of frequencies between 20 and 40 Hz. Most of the noise is radiated within this frequency range that is not as sensitive to marine mammals. Noise reduction during pile driving when using vibrators compared to
impact driving is about 15 – 20 dB.

9.2

Cofferdam reduction
Dewatered cofferdam noise reduction systems have a removable cofferdam (large pile) in which,
the water is pumped out, so pile driving of the monopile has limited direct contact with the cofferdam and thus the water. This type of noise reduction has been tested for offshore pile driving
with noise reductions up to 22 dB.

9.3

Bubble curtains
Bubble curtains are commonly used to reduce acoustic energy emissions from high-amplitude
sources. Bubble curtains can be generated by releasing air through multiple small holes drilled in
a hose or manifold deployed on the seabed near the source. The resulting curtain of small air
bubbles in the water provides significant attenuation for sound waves propagating through the
curtain. The bubble curtain is often use as a mitigation choice for underwater pile driving and
blasting activities at construction sites. Noise reduction with bubble curtains during pile driving is
about 10 - 13 dB.
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