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1. INTRODUCTION 

1. This technical note provides information as requested by Marine Scotland Science (MSS) and NatureScot 

during the Berwick Bank Wind Farm Marine Mammals Road Map Meeting 2 (held on 20 October 2021) on 

the following topics: 

• noise modelling methodologies which have been utilised on other offshore wind farm underwater noise 

assessments in the UK; and 

• a review of energy conversion factors for determination of piling noise source sound exposure level (SEL). 

2. MODELLING METHODOLOGY 

2. Seiche Marine Technology Southwest (Seiche Ltd.) is a recognised expert in underwater acoustics that 

specialises in underwater acoustics and noise measurement. Seiche Ltd has supported renewables 

developers across the world comply with environmental regulations with respect to the effects of sound in 

water. Seiche Ltd. was commissioned by the Applicant to undertake and report the underwater noise 

modelling for the Berwick Bank Wind Farm that underpins the assessments reported within the EIA topic 

chapters.  

3. Seiche Ltd. proposes to utilise a robust, peer-reviewed noise propagation model for the Berwick Bank Wind 

Farm project in order to assess the effects of sound on marine life. In choosing the propagation model, it 

is important to ensure that it is applicable to the proposed development and surrounding area, including 

consideration of environmental variables, source types and frequency content etc.  

4. There are a number of models available for modelling of underwater noise propagation from a source. 

These include: 

• ray-tracing (e.g. BOUNCE, BELLHOP); 

• normal Modes (e.g. KRAKEN, KRAKENC); 

• parabolic Equation (e.g. RAM, RAMS); 

• fast-Field or Wavenumber Integration (e.g. SCOOTER, OASES); 

• energy Flux (e.g. Weston Energy Flux model); and 

• semi-empirical (e.g. Rogers, Marsh-Schulkin). 

5. The National Physical Laboratory (NPL) Review of Underwater Acoustic Propagation Models (Wang et al., 

2014) provides a useful overview of many of these models and some of the pros and cons of using them 

in different situations, such as different water depths1 and for different frequency ranges over which the 

calculation must be performed2. The suitability of some of the models is summarised in Table 2.1. 

 

 

1 There is no defined transition from deep to shallow water applicable for all situations, Acoustically, shallow water conditions exist 
whenever the propagation is characterised by multiple reflections with both the sea surface and bottom (Etter, 2013). Consequently, 
the depth at which water can be classified as acoustically deep or shallow depends upon numerous factors including the sound 
speed gradient, water depth, frequency of the sound and distance between the source and receiver. 

Table 2.1: Suitability of Various Noise Models for Different Frequency Ranges and at Different Water 
Depths (Wang et al., 2014) 

Shallow Water – Low 

Frequency 

Shallow Water – High 

Frequency 

Deep Water – Low 

Frequency 

Deep Water – High 

Frequency 

Ray theory Ray theory Ray theory Ray theory 

Normal mode Normal mode Normal mode Normal mode 

Wave number integration Wave number integration Wave number integration Wave number integration 

Parabolic equation Parabolic equation Parabolic equation Parabolic equation 

Energy flux Energy flux Energy flux Energy flux 

Green – suitable;      Amber – suitable with limitations;      Red – not suitable or applicable 

 

6. MSS and NatureScot have requested details of underwater noise propagation models which have been 

used on previous offshore wind farm developments in the UK, along with a justification for the choice of 

noise model chosen for the Berwick Bank Wind Farm project. Seiche Ltd. has undertaken a review of 

publicly available offshore wind farm underwater noise assessment reports in order to provide this 

information to Marine Scotland (MS). This information is summarised in Table 2.2. 

7. It should be noted that this review is based on information collated by Seiche Ltd., based on web-based 

searches and known projects. As such, it is likely that a number of additional offshore wind farm noise 

studies have been carried out and this review should not be considered a comprehensive or authoritative 

list. 

8. The consideration of the validity (or otherwise) for use of each noise model used on previous offshore wind 

farm studies for the Berwick Bank Wind Farm project is summarised in sections 2.2 to 2.4. 

2.2. WESTON ENERGY FLUX MODEL 

9. Noise modelling studies were undertaken by the NPL for Greater Gabbard and Hornsea Offshore Wind 

One (HOW01). These studies utilise the Weston Energy Flux model (Weston, 1976; 1980a; 1980b). Some 

of the offshore wind farm noise modelling studies originally modelled by NPL using the Weston Energy 

Flux method were later updated by other consultancies. However, it is understood that the consultants who 

subsequently updated the noise modelling (e.g. in order to address changes in project design envelope, 

or to update the assessment in line with new injury and disturbance criteria) used their own methodology 

for the follow-on work. This is likely because the Weston Energy Flux model requires development of 

proprietary code in order to implement whereas other models are either available publicly (e.g. via the 

Acoustic Toolbox User interface and Post processor, AcTUP V2.2L) or already developed and available 

for use in-house.  

10. Despite requiring development of proprietary code, the Weston Energy Flux methodology is openly 

available through peer-reviewed publications and has been subjected to comparative studies in a number 

2 The frequency range for the calculation will depend on the frequency characteristics of the source and the required frequency range 
for the receiver – for example different hearing groups of marine mammals, fish etc. 
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of peer reviewed-papers (e.g. Etter, 2013; Toso et al., 2014). According to the NPL noise modelling review 

report (Wang et al., 2014) the method is suitable across a wide range of frequencies in shallow waters. 

Given the Weston Energy Flux model’s known provenance and applicability, the water depth at the Berwick 

Bank Wind Farm (32.8 to 68.5 m) as well as its use in previous noise modelling studies for offshore wind 

farms in the UK, Seiche Ltd. has adopted this model as the primary noise modelling methodology for the 

Berwick Bank Wind Farm. In addition, Seiche Ltd. proposes to carry out a comparative calibration against 

other noise models (including the AcTUP based Parabolic Equation solver (RAMGeo), AcTUP based 

Normal Mode solver (KrakenC) and Rogers (1981) semi-empirical model) in order to ensure that the noise 

modelling outputs are robust and consistent.  

2.3. PARABOLIC EQUATION MODELS 

11. The use of Parabolic Equation (PE) models for piling noise propagation modelling is well established in 

peer-reviewed literature as well as in practice, including for the Seagreen 1 and Neart na Gaoithe (NnG) 

offshore wind farms. One limitation of PE modelling is that the high computational requirements at higher 

frequencies means that it is typically limited to frequencies below 1 kHz (Wang et al., 2014). This means 

that use of the PE model alone can miss out the frequencies of most interest in assessing the effects of 

sound on high-frequency (HF) or very high-frequency (VHF) marine mammals when comparing against 

the NMFS (2018) and Southall et al. (2019) hearing-weighted SEL thresholds. Consequently, the model is 

often supplemented at higher frequencies by use of another model such as ray tracing, as was carried out 

for the NnG offshore wind farm. If assessment of HF and VHF cetaceans is an important outcome for the 

noise modelling assessment, then using PE modelling combined with another solver for higher frequencies 

is the more robust method (compared to using PE modelling alone). For this reason, Seiche Ltd. has 

utilised combined PE and ray tracing modelling on a number of occasions for sources including seismic 

source arrays and piling. However, the use of two different models can lead to discontinuities in the 

resultant attenuation terms where the two models meet, at the limits of their frequency validity. It is also 

significantly more time intensive to implement two separate models. 

12. For the Berwick Bank Wind Farm project, as discussed previously, Seiche Ltd. has chosen the Weston 

Energy Flux model which it is considered provides the most robust and consistent model for the 

frequencies and water depths of concern. However, it is proposed to use a PE model as part of the 

calibration of the Weston model to ensure that the noise model outputs are robust and consistent 

regardless of the choice of model. 

2.4. INSPIRE 

13. The majority of UK offshore wind farm underwater noise studies accessed were modelled using the 

proprietary underwater noise propagation model “INSPIRE” developed in-house by Subacoustech (Table 

2.2). However, Seiche Ltd. has been unable to find any detailed information relating to the underlying noise 

modelling methodology adopted by INSPIRE. Nevertheless, based on a review of the various offshore 

wind farm reports, it is understood that the model takes into account: 

• the geometrical spreading of sound from the source (based on a N log R relationship); 

• the absorption of the sound by the seawater and sea-bed; and  

• the bathymetry between the source and receiver positions. 

14. As such, it can be concluded that INSPIRE is a semi-empirical model based on basic propagation concepts, 

although it is understood that there is some form of calibration built in (no evidence or calibration results 

could be found in the public domain). It is therefore not possible to comment on the validity or otherwise 

of the model for any of the developments for which it was utilised. Likewise, taking into consideration that 

INSPIRE is not publicly available, not peer reviewed, is of unknown provenance and cannot be 

independently verified in terms of its applicability, it is concluded that this noise model is unlikely to be 

suitable for use by Seiche Ltd. on the Berwick Bank Wind Farm project. 

15. It is worth noting that the INSPIRE model also incorporates a black-box approach to prediction of the pile 

source level which, likewise, is of unknown provenance.  
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Table 2.2: Review of Noise Modelling Methodology used for Previous OWF Developments 

Development  Author Year of Report  Propagation Model Method Comments  

Dogger Bank Subacoustech 2018 INSPIRE (method not stated) Black box approach used – i.e. no quantitative details given regarding piling methodology and source determination.  

Dudgeon Subacoustech 2009 INSPIRE (method not stated) Black box approach used – i.e. no quantitative details given regarding piling methodology and source determination.  

EA1 Subacoustech 2019 INSPIRE (method not stated) Black box approach used – i.e. no quantitative details given regarding piling methodology and source determination.  

EA2 Subacoustech 2019 INSPIRE (method not stated) Black box approach used – i.e. no quantitative details given regarding piling methodology and source determination.  

European Offshore Wind Deployment Centre Subacoustech 2011 INSPIRE (method not stated) Black box approach used – i.e. no quantitative details given regarding piling methodology and source determination.  

Forthwind - 2021 - Appears that they concluded that the significance of their impact on underwater noise was negligible and have no modelling that Seiche 
Ltd. can find. 

Greater Gabbard NPL 2013 Weston Energy Flux Uses peer reviewed methodology suitable across the frequency range of interest. 

Gunfleet Sands 3 Subacoustech 2013 INSPIRE (method not stated) Black box approach used – i.e. no quantitative details given regarding piling methodology and source determination. 

HOW01 NPL 2013 Weston Energy Flux Benchmarked against previous impact piling noise measurement data, including measurement data obtained during the Hornsea met 
mast installation. 

HOW03 Subacoustech 2018 INSPIRE (method not stated) Black box approach used – i.e. no quantitative details given regarding piling methodology and source determination.  

HOW04 Subacoustech 2019 INSPIRE (method not stated) Black box approach used – i.e. no quantitative details given regarding piling methodology and source determination.  

Lincs Subacoustech 2007 INSPIRE (method not stated) Black box approach used – i.e. no quantitative details given regarding piling methodology and source determination.  

Moray East Subacoustech 2012 INSPIRE (method not stated) Black box approach used – i.e. no quantitative details given regarding piling methodology and source determination.  

Moray West Cefas 2018 Parabolic Equation Model unlikely to cover frequencies important for SEL thresholds for HF and VHF cetaceans. 

Neart na Gaoithe Genesis 2018 Parabolic Equation + Ray Tracing PE was used up to 500 Hz - above this Ray Tracing was utilised. 

Neart na Gaoithe Subacoustech 2012 INSPIRE (method not stated) Black box approach used – i.e. no quantitative details given regarding piling methodology and source determination. 

Norfolk Vanguard Subacoustech  Parabolic Equation + Ray Tracing PE was used up to 250 Hz - above this Ray Tracing was utilised. 

Seagreen 1 Cefas 2018 Parabolic Equation Model unlikely to cover frequencies important for SEL thresholds for HF and VHF cetaceans. 

Sofia Subacoustech 2018 INSPIRE (method not stated) Black box approach used – i.e. no quantitative details given regarding piling methodology and source determination.  

Thanet Extension Subacoustech 2018 INSPIRE (method not stated) Black box approach used – i.e. no quantitative details given regarding piling methodology and source determination.  

Triton Knoll Subacoustech 2010 INSPIRE (method not stated) Black box approach used – i.e. no quantitative details given regarding piling methodology and source determination.  
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3. PILE SOURCE NOISE DETERMINATION 

3.1. SUMMARY OF GENERAL CONCEPTS 

16. The sound generated and radiated by a pile as it is driven into the ground is complex, due to the many 

components which make up the generation and radiation mechanisms. Larger pile sizes can require a 

higher energy in order to drive them into the seabed, and different seabed and underlying substrate types 

can require the use of different installation techniques including varying the hammer energies and the 

number of hammer strikes. In addition, the seabed characteristics can affect how ground-borne noise 

propagates from the pile, thus fundamentally affecting the acoustic field around the activity. The type of 

hammer used can also affect the sound characteristics. For example, use of a longer duration hammer 

strike (in relation to the impulse shape) can result in significant reductions to the sound emissions from 

piling (Nehls et al., 2007). Likewise, the BLUE hammer technology uses a combustion chamber and water 

column to significantly reduce the impulsivity of the strike with significant reduction to the noise 

characteristics, compared to steel hammers. As a result, there can be significant variation in the sound 

radiated into the water column depending on the various different parameters particular to a site.  

17. Underwater noise sources are usually quantified using a decibel (dB) scale with values generally 

referenced to 1 μPa pressure amplitude as if measured at a distance of 1 m from a hypothetical, 

infinitesimally small source (called the Source Level). This quantity is often referred to in the literature as 

an equivalent monopole source level. In practice, it is not usually possible to measure at 1 m from a source, 

but the metric allows comparison and reporting of different source levels on a like-for-like basis. In reality, 

for a large sound source such as a pile, this imagined point at 1 m from the (theoretical, infinitesimally 

small) acoustic centre does not exist. Furthermore, the energy is distributed across the source and does 

not all emanate from this imagined acoustic centre point. Therefore, the stated sound pressure level at 

1 m does not occur at any point in space for these large sources. In the acoustic near field (i.e. close to 

the source), the sound pressure level will be significantly lower than the value predicted by the Source 

Level.   

18. A useful measure of sound used in underwater acoustics is the Sound Exposure Level, or SEL. This 

descriptor is used as a measure of the total sound energy of an event or a number of events (e.g. over the 

course of a day) and is normalised to one second. This allows the total acoustic energy contained in events 

lasting a different amount of time to be compared on a like for like basis. The SEL is defined as:  

 𝑆𝐸𝐿 = 10𝑙𝑜𝑔10 (∫ (
𝑝2(𝑡)

𝑝𝑟𝑒𝑓
2 𝑡𝑟𝑒𝑓

) 𝑑𝑡

𝑇

0

) Equation 1 

19. where T is the integration time of the sound “event”, 𝑝2(𝑡) is the squared sound pressure at a time 𝑡 and 

𝑝𝑟𝑒𝑓
2 𝑡𝑟𝑒𝑓 is the reference time-integrated squared sound pressure of 1 µPa2s. For impulsive sounds it has 

become customary to utilise the T90 time period for calculating and reporting Root-mean sound pressure 

levels (RMS). This is the interval over which the cumulative energy curve rises from 5% to 95% of the total 

energy and therefore contains 90% of the sound energy. 

 

3 Many studies only fit a N log R curve and do not include the linear absorption term, which introduces further uncertainty into the 
fitting and extrapolation of data. 

20. Based on this definition of SEL, and assuming a point source, the total acoustic energy (H) radiating into 

the water can be written as: 

 𝐻 =
4𝜋

𝜌0𝑐0
10(𝑆𝐸𝐿−120) 10⁄  Equation 2 

21. where 𝜌0𝑐0 is the characteristic impedance of seawater (De Jong and Ainslie, 2008). In this equation, the 

value 120 in the exponent bracket represents the reference time-integrated squared sound pressure (i.e. 

20 log 1 x 10-6 = 120). 

22. It is possible to determine the ratio of the hammer strike energy to sound energy which is radiated into the 

water (also referred to as Energy Conversion Factor, β) by dividing the sound energy (H) by the hammer 

energy (E).   

 𝛽 =
𝐻

𝐸
 Equation 3 

23. By rearranging the above formulas, it is possible to state the source SEL in terms of the hammer energy 

(E) and energy conversion factor (β) as follows 

 𝑆𝐸𝐿 = 120 + 10 𝑙𝑜𝑔10 (
𝛽𝐸𝑐0𝜌

4𝜋
) Equation 4 

24. Consequently, if the energy conversion factor can be estimated for any given pile, it is possible to estimate 

the source SEL based on the hammer energy used to install the pile. More detailed consideration of the 

energy conversion factor and its implications for noise modelling are presented in the following sections. 

3.2. DETERMINATION OF SOURCE SEL FROM MEASUREMENT DATA 
(EXTRAPOLATION) 

25. The equivalent source monopole SEL is not a directly measurable quantity. It is therefore usually 

necessary to determine the source SEL from piling by extrapolating a line of best fit through measurements 

undertaken at some distance (usually several hundred metres or more) back to a distance of 1 m from the 

pile’s theoretical central point. This is often done by fitting a curve through the measured data using a N 

log R + αR relationship3, where R is range, N represents the geometrical divergence slope and α represents 

an empirically derived correction for energy loss (e.g. molecular absorption of acoustic energy etc.). This 

methodology is widely used but is rudimentary. Consequently, wide scale errors can (and do) occur in 

determination of source SEL based on even small differences in propagation coefficients which are based 

on more distant measurements.   

26. An illustrative example of how the line of best fit through data can affect the apparent source level is 

presented in Figure 3.1. For this hypothetical example, the green crosses (location X) are higher in 

magnitude than the red diamonds (location Y) at locations further from the pile (10 km), but similar in 

magnitude closer to the pile at distances of up to 2 km. However, variations in sound levels measured at 

the greater range of 10 km result in a different slope and intercept. In this illustrative example, relatively 

small variations in the 10 km SELs (typically 5 dB) result in a difference of 15 dB in the apparent source 

SEL. However, given that the closer “measurements” are of a similar magnitude, this would likely be as a 

result of variations in propagation further from the source, such as due to changes in bathymetry or bottom 
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sediments, geology and sound speed gradient, or due to uncertainty and variability in the more distant 

measurement data. Another important point to note is that the location X values at larger ranges are 

actually higher than location Y, even though the derived source SEL is significantly lower.  

 

 

Figure 3.1: Hypothetical Example Showing How a Small Variation in Propagation at Large Ranges Can 
Significantly Affect the Derived Source SEL when Using Extrapolation 

 

27. It is worth noting that the illustrative example in Figure 3.1 was based on hypothetical noise modelling with 

a source SEL input of 210 dB re 1 µPa2s for both scenarios. The model was run for two scenarios: each 

using different sediment geoacoustic parameters and bathymetry profiles in order to simulate variability in 

received SEL values at larger ranges. 

28. The source SEL for the model was derived based on a 1% energy conversion factor for an 800 kJ hammer 

(i.e. a source level of 210 dB re 1 µPa2s). The source level of 224 dB re 1 µPa2s which was derived by 

extrapolation for Location Y would result in an apparent energy conversion factor of 14%, which is fourteen 

times higher than the known4 energy conversion factor used as an input to the model. Again, it is important 

to reiterate that the lower received SEL values resulted in the higher derived source SEL and energy 

conversion factor. It follows that, since the large-scale errors in determination in source SEL are introduced 

by additional absorption of sound energy at larger ranges, these errors are likely to result in an 

overestimate. Consequently, particular caution should be used for any source SELs or energy conversion 

 

4 The benefit of using modelling to demonstrate the potential errors caused by extrapolation is that it is possible to quantify the “real” 
source energy level, as opposed to in field studies where this can only ever be estimated based on the measured data and is subject 
to potentially widescale uncertainties.  

factors which are unusually high compared to other similar measurements, based on large propagation 

ranges or higher than would be expected based on scientific and theoretical considerations. It should be 

noted that large errors in extrapolation could still be encountered if full acoustic modelling is used, 

particularly where there are uncertainties in the input parameters such as bottom and surface conditions, 

bathymetry and sound speed profile outside of the measurement range. Such errors are likely to be larger 

at greater ranges from the pile and therefore measurements conducted close to the pile are likely to result 

in more robust estimates of source level and conversion factor than more distant measurements. 

Furthermore, there will always be some error introduced into any source derivation caused by variations 

in received SELs due to measurement uncertainty.  

29. It is also worth noting that the higher derivation of source SEL would only be appropriate if this value was 

used as an input to a model which used the same or similar propagation terms as were used in the 

extrapolation. However, even if such a model was constructed it is likely that predicted noise levels at 

distances closer to the source than the nearest measurement point would be overestimated.   

30. In summary, interpolation and extrapolation of measured noise data is only acceptably accurate as long 

as the data is not extrapolated significantly beyond the range of the measured data. By definition, this 

means that this method is not well suited to determining an equivalent monopole source level at 1 m. An 

alternative method of determining the source SEL is to undertake full acoustic modelling, which is 

preferable to the extrapolation method in that it can, to some extent, account for acoustic effects outside 

the measurement data range. In general, studies which utilise a full acoustic model (such as parabolic 

equation or Weston energy flux) will provide more reliable estimates and greater weight should be placed 

on the results of such studies, although some caution still needs to be observed particularly if the model 

input parameters are not very well defined outside of the measurement range. Even where full acoustic 

modelling is used, it is still likely that small differences in attenuation terms could lead to widescale 

overestimates of the source SEL and conversion factor if the study is based on more distant measurements 

(e.g. >300 m) due to differences in real world propagation and the model assumptions.  

31. Based on the considerations discussed above, it is concluded that: 

• Any source SEL or energy conversion factor derived from measurement data needs to be interpreted very 

carefully and cannot be blankly accepted or adopted as if it is a directly measurable quantity. 

• Energy conversion factors might only be applicable for use in an acoustic model which uses similar 

propagation terms to those for which it was derived. 

• Particular care needs to be taken when using energy conversion factors based on more distant 

measurements. 

• Use of extrapolation at larger ranges will tend to overestimate the source SEL at 1 m and therefore result 

in a significant overestimate of the energy conversion factor. 

• Greater weight should be placed on studies which utilise full acoustic modelling as opposed to 

extrapolation of measured data significantly beyond the range of that data using a N log R fit or similar. In 

either case, it is important to understand that the source SEL and derived energy conversion factor are 

estimates based on the model used and subject to potential wide-scale errors and uncertainty. 

• In general, estimates of source level based on more distant measurements (e.g. >300 m) will result in 

potentially widescale errors in determination of the pile monopole source SEL and energy conversion 

factor, even in studies using full acoustic modelling. 
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3.3. REVIEW OF ENERGY CONVERSION FACTORS IN LITERATURE 

3.3.1. STUDIES BASED ON THEORETICAL CONSIDERATIONS 

32. Use of an energy conversion factor allows the source SEL of piling to be estimated based on a given 

hammer strike energy. This is desirable because it allows different piling scenarios to be modelled including 

the effects of soft-start, energy ramp-up and use of different hammer energies for different pile types and 

sizes and for different ground conditions (e.g. use of higher hammer energy in harder ground). If this 

approach is used, it is therefore necessary to derive a robust estimate of the energy conversion factor to 

avoid overestimating or underestimating the potential impact. 

33. A detailed numerical study of the sound generating mechanism of impact pile driving is set out in Zampolli 

et al. (2013). Based on the results of theoretical assumptions and calibration against measured noise from 

piling, the paper estimates that the ratio between the energy transferred into the water and the energy 

which is transferred into the pile from the hammer is 0.0213 (2.13%). It is important to understand that the 

energy transferred from the hammer into the pile (which was reported as 54.6 kJ) is not the same as the 

hammer energy (which was reported as 87 kJ). Accounting for losses and inefficiencies in the transfer of 

energy from the hammer to the pile the energy conversion factor between the hammer energy and radiated 

acoustic energy will be lower.   

34. A study by Flynn and McCabe (2019) shows measured real world hammer efficiencies of between 15% 

and 70% with a strong linear relationship with hammer energy (drop height). For hydraulic hammers, there 

is a greater efficiency of energy transfer when it is working towards the upper end of its rated energy. 

Consequently, for a typical piling scenario consisting of soft start followed by low power piling followed by 

a ramp up to a higher energy followed by full pile piling only at the end of the sequence, it is likely that 

energy transfer efficiencies will be at the lower end of this scale for the majority of  the pile installation. For 

a 15% hammer energy efficiency this equates to an energy conversion factor between the hammer energy 

and radiated acoustic energy of β ≈ 0.3% whereas a 70% hammer energy efficiency equates to β ≈ 1.5% 

for full power piling.   

35. Using the reported hammer energy of 87 kJ for the Zampolli et al. (2013) study, the energy conversion 

factor can be calculated to be β ≈ 1.3%, which is within the range predicted by theoretical considerations 

of hammer energy transfer.  

3.3.2. ENERGY CONVERSION FACTORS BASED ON MEASUREMENTS IN PUBLISHED 
LITERATURE 

36. Energy conversion factors have been reported for full scale observational studies in a number of 

publications.  

37. Robinson et al. (2007) undertook controlled measurements on a pile utilising an 800 kJ hammer and a 

range of hammer energies (where the hammer energy was gradually increased from 10% to 100% of the 

full energy level). The study concluded that the energy conversion factor between hammer energy and 

energy radiated into the water column is β ≈ 0.3% based on the observed data over the full range of 

hammer energies. The study also concluded that the approximately linear relationship between the 

hammer energy and SEL demonstrates that it is possible to extrapolate to higher hammer energies with 

reasonable accuracy. A similar linear relationship has been reported in a number of other studies (e.g. 

Bailey et al., 2010; Robinson et al., 2007; Robinson et al., 2009; Lepper et al., 2012; Robinson, Theobald, 

and Lepper, 2013).   

38. Measurements by De Jong and Ainslie (2008) for the Q7 wind farm on 4 m diameter piles using an 800 kJ 

hammer determined that the total acoustic energy radiated into the water column was approximately β ≈ 

0.8% of the hammer energy. The study notes that the distance of the measurements used in the study 

(1 km from the pile) was too large to derive a reliable estimate of source SEL and referred to the Robinson 

et al. (2007) study which took measurements much closer to the pile (57 m). Interestingly, both studies 

measured similar received levels at comparable ranges. It is therefore concluded that the β ≈ 0.8% energy 

conversion factor found by De Jong and Ainslie (2008) was likely an overestimate and that the Robinson 

et al. (2007) study, using closer measurements to the pile, provides a more robust estimate of source SEL 

and energy conversion factor. 

39. Dahl and Reinhall (2013) carried out a detailed study using beamforming from a vertical hydrophone array 

which concluded that β ≈ 1%. This study was based on 0.762 m diameter piles using a 180 kJ hammer. 

Dahl et al. (2015) concluded that β ≈ 0.5% was a representative factor, based on a review of the Robinson 

et al. (2007), Dahl and Reinhall (2013) and Zampolli et al. (2013) papers. 

40. One study for Beatrice Offshore Windfarm Limited (BOWL) using a submersible impact hammer on pin 

piles  found an energy conversion factor of between β ≈ 1% and β ≈ 10% (depending on pile penetration) 

(Thompson et al., 2020). The higher conversion factors were found for longer exposed lengths of pile 

towards the start of the piling and reduced to 1% as the pile penetrated further into the seabed. In contrast 

to the more traditional piling method where the impact hammer remains above water (or remains above 

water for a large proportion of the piling sequence), this was for a method of installing piles where the pile 

is driven using a submersible hammer starting just above the water surface and ends up with an exposed 

length only 2 m above the seabed in water depths of 35 to 45 m. The results of this study showed that for 

submersible hammer piling the source SEL depended on a combination of the hammer energy and 

exposed pile length above the seabed.  

41. It is important to note that for the BOWL study the pile does not penetrate above the water line (or if it does 

this does not occur for more than the first few strikes) and therefore the length of pile exposed to the water 

reduces as the pile penetrates. Consequently, the surface area which can radiate sound into the water 

reduces as the pile penetrates into the seabed resulting in the reduced source SEL levels as piling 

progresses. With the traditional (above water) piling the pile is exposed above water at the end of the piling 

sequence, meaning that the length of pile exposed to the water remains the same throughout. 

Consequently, radiated noise from piles installed using above water hammers is characterised by noise 

levels typically increasing as the pile penetrates the seabed. This is due to increasing hammer energies 

being required to drive the pile as the soil resistance increases with depth of penetration. This is 

corroborated by the majority of piling noise measurements in the literature which clearly demonstrate a 

strong dependence on hammer energy.  

42. A more detailed study of the acoustics of submersible pile hammers is provided in Lippert et al. (2017) 

which compares detailed numerical modelling of submersible pile driving with measured data. This study 

included measurements and detailed source modelling for four skirt piles with an outside diameter of 2.44 

m and a length of 82 m, which were driven into the sandy seabed through the jacket structure, in water 

depths of 40 m. Each of the piles was driven to a final penetration of 65 m below seabed. 

43. According to Lippert et al. (2017) the source level of the pile is approximately proportional to both the 

hammer energy and, once the pile is below the water line, the length of pile exposed. The study found that 

the highest sound levels are typically encountered at the point when the pile is approximately flush with 

the sea surface (i.e. has already penetrated by some distance from above the water line) and then reduces 

by approximately 2.5 dB per halving of exposed length once below the surface. Seiche Ltd. has carried 

out further analysis of the Lippert et al. (2017) data in order to derive a conversion factor for the piling 

sequence, as shown in Figure 3.2. Seiche Ltd. converted the reported broadband source SEL into total 

acoustic energy (H) using equation 2, and the conversion factor (β) was determined using equation 3 and 

the normalised pile hammer energy (E). 
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Figure 3.2: Analysis of the Relationship Between Conversion Factor and Pile Penetration for a 
Submersible Hammer Based on Data from Lippert et al. (2017) 

 

44. The Lippert et al. (2017) study also notes that there is a brief period at the start of piling where the source 

sound level strongly decreases over the first few meters of penetration caused by the change in pile ‐soil 

interaction. These are important aspects to consider for the Thompson et al. (2020) study where piling 

started with the pile at this most critical location in terms of noise emissions and this needs to be factored 

into any understanding of the applicability or otherwise of the piling noise characteristics. In o ther words, 

the piling for the BOWL foundations suffered from a combination of factors at the start of piling which are 

unlikely to occur in situations other than where the pile hammering commences when the pile head is 

approximately flush with the water surface.  

45. It is a well established principal that the size of the pile being installed will affect the way that sound is 

radiated into the water (e.g. Nehls et al., 2007). For a given blow energy, when the pile diameter increases, 

the radiating surface increases, but as long as the pile driver energy is not raised the amplitude decreases. 

This is because the available exciting force has to excite a larger number of surface elements. Hence a 

larger diameter for any given hammer energy is more likely to produce lower sound levels than for a smaller 

diameter with the same energy (Nehls et al., 2007). It is therefore likely that larger piles will result in a 

lower energy conversion factor than for installation of smaller piles of the same energy. This provides 

additional difficulties with regards to the application of energy conversion factors from studies on smaller 

pin piles (such as those in the Thompson et al., 2020 study of up to 2.2 m diameter) to installation of large 

piles (such as those proposed for the Berwick Bank Wind Farm which are up to 5.5 m diameter).  

46. Seiche Ltd. has contacted the primary author of the BOWL study , who has expressed concern with respect 

to the validity of adopting the results from the BOWL study to different piling techniques or to different sites 

(i.e. other than the specific case of applying the conversion factors to the site and model used at BOWL)  

(Prof. P. Thompson, University of Aberdeen, pers. comm.).  

47. Notwithstanding the question of the validity of using the study findings at other sites or as a proxy for 

different piling techniques, there a number of concerns about applying the derived energy conversion 

factors from the study to any other study, whether using a submersible hammer, above water hammer, pin 

piles or monopiles. The methodology used to derive the source levels and conversion factors in the study 

can be summarised as follows: 

1. Use acoustic model to predict the expected broadband transmission loss each monitoring location based 

on generic piling spectrum shape. 

2. Add the modelled broadband transmission loss value at each location to the measured broadband SEL in 

order to derive the apparent source SEL. 

3. Use the derived source SEL and logged hammer energy to determine the apparent energy conversion 

factor. 

48. The inherent assumption in the above methodology is that the modelled broadband transmission loss can 

be added to the measured SEL (which might have a different spectrum shape) in order to accurately 

determine the source SEL. However, given that the measurements used in the analysis were all taken at 

a relatively large range for the pile (between 770 m and 11 km) it is likely that potentially significant 

differences could occur between the modelled and real world transmission loss. It is also noted that the 

noise modelling undertaken does not account for the change in source location as the pile penetrates the 

substrate. What starts off as a line source generating a Mach wave throughout the entire length of the 

water column becomes a much smaller source and constrained to a lower part of the water column as 

piling progresses. If the modelling did not take this into account, then this could result in further errors in 

determining the source SEL and energy conversion factor. 

49. To investigate potential differences between the modelled transmission loss and real-world transmission 

loss further, Seiche Ltd. has undertaken a more detailed analysis of the raw data provided as supporting 

information for the study. Inspection of the data shows a strong variation in the derived source SEL 

depending on the location of the monitor for any given blow. For example, pile B2 at turbine F13 shows 

significant variation for the same blow number (blow 10) which has a conversion factor of 6% or 13% 

depending on which measurement location is used. For turbine F13, pile B2, blow 11 the analysis likewise 

results in a conversion factor of 5% and 12% for the same blow depending on which measurement point 

is analysed. This same pattern where the conversion factor is dependent on measurement range is 

apparent throughout the dataset, demonstrating that the quoted conversion factor is as much if not more 

an indication of differences between the model and real-world propagation as it is of acoustic energy 

emitted into the water.   

50. To progress this analysis further, Seiche Ltd. has plotted the difference between measured and modelled 

SEL against range in Figure 3.3. The results show higher differences between the measured and modelled 

SELs at larger ranges compared to the closer measurements which is strongly indicative of errors in the 

modelling compared to real world propagation. The analysis shows that the differences are smaller closer 

to the pile and, therefore, the method used would determine a lower source level (and therefore lower 

conversion factor) using closer data. As an example, the difference of 3 dB in the mean values between 

using the “all data” dataset (i.e. the data used for the analysis presented in the Thompson et al., 2020 

paper) and data at distances of less than 1 km would result in a halving of the average energy conversion 

factors (i.e. 5% rather than 10%). In other words, the apparent energy conversion factors found in the 

study are a manifestation of differences between the modelled transmission loss versus real world 

transmission loss rather than a measure of the true acoustic energy radiated into the water by the pile.  
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Figure 3.3: Analysis of the Relationship between Distance and the Difference between the Modelled and 
Measured SEL for BOWL Piling Based on Raw Data from Thompson et al. (2020) 

 

51. It should be noted that whilst the trend shown in Figure 3.3 can be seen when looking at data from all piles 

(which is the way that the data was analysed in the Thompson et al., 2020 study) the picture becomes 

more complex when investigating individual pile measurements within the data set. For many piles (e.g. 

pile F11-A2 as shown in the left of Figure 3.4) there is a significant difference between the conversion 

factors calculated based on different measurement positions. In the case of this pile (F11-A2), 

measurements at ∼4 km resulted in significantly higher conversion factor estimates than measurements 

at ∼11 km. In other cases (e.g. pile G13-A1 in the lower half of Figure 3.4) there is much closer correlation 

between datasets which is based on measurements at <1 km and ∼11 km. For some reason, most likely 

due to a characteristic of the noise modelling, the results at ∼4 km tend to result in a significantly higher 

conversion factor for the majority of piles, compared to measurements at circa 1 km, 2 km or 11 km (which 

reflects the overall trend seen in Figure 3.3). In this respect the data definitively highlights the problematic 

nature of quoting conversion factors derived from the study as if they are a “real” quantity (whilst at the 

same time it is important to note that the amount of sound radiated into the water is not dependent on the 

measurement range). In any case, the fact that the measurements which show the closest correlation 

between different measurement ranges (i.e. pile G13-A1 in the lower half of Figure 3.4) also show lower 

conversion factors leads to the likely conclusion that the conversion factors quoted from the study are 

overestimated. 

 

Figure 3.4: Conversion Factors Derived for Two Different Piles (F11-A2 Using Measurement Data at ∼4 km 
and ∼11 km and G13-A1 Using Measurement Data at <1 km and ∼11 km) Based on Raw Data 

from Thompson et al. (2020) 

 

52. It is notable (and regrettable) that all of the closer measurements to the pile (<780 m) overloaded and 

could not therefore be used in the analysis since it is likely that this would have demonstrated even smaller 

differences between modelled and measured levels and it follows that these would have provided a much 

better indication of the source SEL. Using this closer measurement data set is likely to have found that the 
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energy conversion was significantly lower than reported in the paper and even lower than, for example, 

the ∼5% figure derived by reanalysing the data at <1 km.   

53. It is therefore concluded that the source SEL and conversion factors reported in Thompson et al. (2020) 

are not a measure of “real” conversion factors, but are a reflection of differences between measured data 

and the noise modelling. The quoted conversion factors are likely to be a gross overestimate of the amount 

of energy radiated into the water and should not form the basis of source level estimations for other studies. 

Furthermore, the methodology and assumptions used in the study mean that even if the conversion factors 

could be corrected or estimated based on a reanalysis of the raw data, it is unlikely that the findings would 

be directly applicable to other sites or situations. 

54. Nevertheless, the study (along with the robust modelling and measurements set out in Lippert et al., 2017) 

provides a useful indication of how noise from piling using a submersible pile hammer varies depending 

on pile penetration depth. 

3.3.3. REVIEW OF MEASURED UK OWF PILING NOISE DATA 

55. In order to supplement the published literature on energy conversion factors, Seiche Ltd. has undertaken 

a review of publicly available noise measurements for offshore wind farm construction on the marine data 

exchange website. This review only includes the measurements for which the report authors included an 

estimate of the source SEL as well as details of the hammer energies used. The source SELs in many of 

the reports were based on an extrapolation of measured data using a line of best fit between data points. 

As such, the source SELs in the reports are potentially significantly affected by var iations in propagation 

characteristics at each site and it is important that caution is used when using these values in any analysis.  

56. It is noted that a large number of the uploaded reports did not report the SEL metric (or the source SEL) 

and instead report only peak-to-peak and the now depreciated dBht metrics. Consequently, a large number 

of monitoring studies could not be included in the review.  

57. In order to determine the energy conversion factor, Seiche Ltd. converted the reported broadband source 

SEL into total acoustic energy (H) using equation 2, and the conversion factor (β) was determined using 

equation 3 and the reported pile hammer energy (E). The results of the review are shown in Table 3.1. 
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Table 3.1: Review of UK Offshore Wind Farm Source SELs and Hammer Energies 

Development Pile Pile Diameter, 
m 

Hammer Energy, 

kJ 

 

Source SEL, 

dB re 1 µPa2s re 1 m 

Energy 
Conversion Factor, 
β 

Comments 

Sheringham Shoal 

 

I4 5.2 1157 205 0.2% The authors noted that small differences in propagation coefficients were thought to lead to large variation in source level - however noise from 
the loudest pile produced similar levels at distance to other piles. H6 5.2 1130 212 1.1% 

E1 5.2 1335 216 2.4% 

G6 5.2 1367 221 7.4% 

Greater Gabbard 

 

Substation 1.3 604 188 0.01% Similar levels were measured at 100 m or more despite marked differences in derived source level. This was due to differences in estimations 
of source level introduced by propagation calculations and variations at greater distances from the pile. Source levels were estimated based on 
simplistic extrapolation of data and therefore likely to be subject to significant errors outside the measurement range. 

IGI05 6 822 218 6.2% 

IGJ02 6.2 780 223 20.6% 

IGH03 6.1 1073 199 0.1% 

IGH03 6.1 1073 211 0.9% 

IGJ04 6.3 1051 219 6.1% 

Rampion 

 

G04 5 584 214 3.5% Based on 5th percentile of measured SEL values – i.e. 95% of measured SELs were lower than this value. Source SEL determination based on 
simple 15 log R relationship rather than fitting to the measurement data or undertaking full acoustic modelling.   J02 5 568 213 2.8% 

I04 5 707 215 3.6% 

F04 5 993 212 1.3% 

J04 5 588 211 1.7% 

Westermost Rough 

 

B04 6.5 842 200 0.1% Source levels estimated using a model based on the site characteristics, shallow water and the source characteristics. Propagation loss was 
predicted using the parabolic equation solution to the wave equation, based on AcTUP V2.2L. The source SELs are therefore considered to 
have a high level of confidence in comparison to those derived from simplistic modelling or extrapolation. 

C06 6.5 1607 203 0.1% 

E04 6.5 986 203 0.2% 

B05 6.5 1398 196 0.02% 

Teesside 

 

C26 5.5 950 218 5.3% The maximum source SEL was reported across each transect measured and estimated based on propagation modelling using the Weston 
Energy Flux method. Measurement data shows significant attenuation at relatively short ranges (e.g. 6 dB reduction from 500 m to 750 m) 
which implies unusual propagation conditions. Use of the maximum measured SEL could therefore lead to overestimation of source SEL, 
although it is difficult to reach a firm conclusion based on the data presented in the report. In addition, the study excluded measurements 
based on shorter transects which paradoxically introduces additional errors due to long range propagation effects. 

C27 5.5 1255 220 6.4% 

C22 4.6 1416 221 7.1% 

C23 4.6 1270 218 4.0% 
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58. As discussed previously in this report, it is important to understand that the source SEL level is not a 

directly measurable quantity. Wide scale errors can (and do) occur in determination of source SEL based 

on even small differences in propagation coefficients, especially those which are based on more distant 

measurements. 

59. Many of the studies estimated widely different source SEL levels based on measurements of very similar 

received levels at short to medium ranges (e.g. 100 m to 500 m). Where there were widely different source 

estimates these are considered to be primarily due to variations in propagation at larger ranges from the 

pile and widescale errors introduced by extrapolating data well beyond the measurement range. One such 

example is Greater Gabbard where a high reported source level of 223 dB re 1 µPa2s for pile IGJ02 was 

some 24 dB higher than the source level reported for pile IGH03. However, inspection of the data shows 

that the measured SEL at ranges of 100 m to 750 m differed by only 2 to 4 dB. The significantly higher 

source level at pile IGJ02 was therefore an artifact of the propagation coefficients (e.g. 18 log R for IGJ02 

vs 9.5 log R for IGH03) which led to a wide variation in source SEL and therefore significant variations in 

the apparent energy conversion factors. This is an excellent example of the issues with reporting SEL 

source levels based on extrapolated data and how it is important to exercise caution when interpreting 

quoted source SELs and conversion factors. To be clear, the quoted source level of 223 dB re 1 µPa2s for 

pile IGK02 in this study can only be considered an accurate estimate if it is used in noise modelling which 

uses the same propagation method and associated coefficients as were used to derive the source SEL, 

and even then only within the measurement range itself. Using this source level in a full acoustic model 

(or any other model) would lead to widescale errors and the derived energy conversion factor of 20% is 

therefore highly misleading and little weight should be attached to this number.   

60. A similar effect can be seen in the data for Sheringham Shoal OWF where the highest source SEL and 

conversion factor (pile G6) resulted in a lower received SEL at 500 m than the lowest source SEL and 

conversion factor (pile I4). Again, the higher source level (and subsequent energy conversion factor 

derived from those measurements) was an artifact of the propagation terms derived using more distant 

measurements, and was therefore more a reflection of distant propagation than the source energy per se. 

A similar effect can be seen in the Rampion noise monitoring data where the derived source SEL (and the 

energy conversions derived from them) based on more distant measurements of received SEL resulted in 

a higher derivation of source level. Likewise, measurements at Teeside OWF show highly unusual 

propagation conditions (e.g. a 6 dB difference between the derived SEL at 500 m and 750 m) which would 

also result in potentially largescale errors in the determination of source SEL.  

61. Another important factor to consider when interpreting results is whether the quoted source SELs (and 

therefore the derived energy conversion factors) are based on percentile, average or maximum received 

levels. Some of the reports reviewed (e.g. Teeside OWF) used the maximum received levels in order to 

derive the source SEL. Given the large variation in received sound levels, especially at larger ranges from 

the pile, this could lead to a widescale overestimate of the average or typical energy conversion factors.  

62. In conclusion, it is important to understand that the studies reviewed in this section were undertaken for 

the primary purpose of complying with permit conditions on monitoring and were not designed to provide 

robust estimates of the source SEL or conversion factor. Indeed, none of the reports mentioned or 

attempted to derive a conversion factor as part of the analysis. The significant range of derived source 

SELs in the studies is not typically reflected by the measured data at more distant measurement locations 

and potentially gross errors and uncertainties in the derivation of source SEL are therefore concluded to 

be too great to form any consensus view on a conversion factor.  

3.3.4. CONCLUSIONS ON ENERGY CONVERSION FACTOR AND APPLICATION TO BERWICK 
BANK WIND FARM 

63. Taking the above analysis into account, it is important to understand that the source SEL is a theoretical 

construct which is useful in noise modelling to estimate the SEL in the far-field. In general, higher source 

SELs found in the various reports, and the conversion factors derived from them, are associated with (and 

indeed caused by) higher propagation coefficients as a result of extrapolating measurement data well 

beyond the measurement range, or simply due to errors introduced by measurements at larger ranges. 

Taking this into account, it is difficult to determine a preferred site or receiver location independent energy 

conversion factor for use in modelling a wide range of scenarios. Nevertheless, it is considered that greater 

emphasis should be placed on peer reviewed studies, theoretical scientif ic considerations and studies 

which utilise full acoustic modelling to determine the source SEL since these are less prone to errors 

introduced by extrapolating measured data beyond its range of validity. 

64. Given the higher conversion factors are generally significantly affected by long range propagation factors, 

it is considered that use of these higher numbers could lead to significant overprediction of the far -field 

sound levels when using propagation models which do not correspond to the propagation coefficients used 

in the determination of the source SEL in the first place. High source SELs and energy conversion factors 

derived from these would only be appropriate if used in the same model as was used to derive the source 

level. In this respect, it is important to take into account that the Berwick Bank Wind Farm will be modelled 

using a full acoustic model (as opposed to a N log R relationship).   

65. Based on the peer reviewed literature which considers theoretical concepts, and is therefore less prone to 

measurement uncertainty,  it is concluded that a representative energy conversion factor using an above 

water hammer is likely to be in the range β ≈ 0.3% to 1.5% (Zampolli et al., 2013), whereas Dahl et al. 

(2015) concluded that β ≈ 0.5% based on a review of both theoretical considerations and measurement 

data by others. The theoretical upper limit of the energy conversion factor is therefore approximately 1.5%, 

although this is only likely to apply when the hammer is operating at the very top end of its power rating 

(maximum drop height), with lower efficiencies being more likely throughout the majority of the piling period 

(and importantly when the marine mammal is closer to the pile). It is therefore concluded that a hammer 

energy conversion factor of β ≈ 1% is a representative and precautionary value across the range of hammer 

energies used during a pile installation. Nevertheless, it is important to note that this is a potentially over-

precautionary estimate and that the current scientific consensus is that the typical conversion factor is β ≈ 

0.5%.   

66. Peer reviewed studies based on empirical measurements on above water piling hammers determined real 

world energy conversion factors of β = 0.3% (Robinson et al., 2007), β = 0.8% (De Jong and Ainslie, 2008) 

and β ≈ 1% (Dahl and Reinhall, 2013). The larger of these three numbers (β ≈ 1%) is consistent with the 

1% average hammer energy conversion factor based on the theoretical considerations. Taking into account 

the various factors discussed previously, including importantly the effect of large propagation ranges on 

source determination and errors in extrapolation, it is concluded that the measured data from UK offshore 

wind farms generally supports this conclusion.  

67. However, it is recognised that use of a submersible hammer can result in the conversion factor varying 

depending on pile penetration depth. Both measurement data and detailed source modelling presented for 

a partially submersible hammer in Lippert et al. (2017) supports a varying conversion factor of between β 

≈ 2% and 0.5% depending on penetration depth and the length of pile above water. Thompson et al. (2020) 

whilst ostensibly indicating conversion factors ranging between β ≈ 10% and 1% for a fully submersible 

hammer is considered to be a gross overestimate of the true energy radiated into the water caused by 

discrepancies between the noise modelling and real world propagation. True conversion factors (i.e. in 

relation to the total acoustic energy radiated into the water column) are thought likely to be in the order of 

half these values, or less. Of the two studies, the Lippert et al. (2017) study is considered more scientifically 
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robust because of the very strong correlation between the detailed finite element modelling and measured 

data, compared to the Thompson et al. (2020) study where the conversion factors are a reflection of the 

discrepancy between measured data and modelled data.  

68. Nevertheless, it is recognised that for the Lippert et al. (2017) study a significant proportion of the pile was 

above water at the start of the piling sequence which could have reduced the apparent conversion factor 

compared to a situation where the pile starts just above the water line. The 82 m length piles were driven 

to approximately 17 m above the seafloor in 40 m water depth for the Lippert et al. (2017) study. Assuming 

that the energy radiated into the water is approximately proportional to the length of pile which is  exposed 

to the water then the conversion factor at the start of piling in the Lippert et al. (2017) study can be 

estimated to be approximately 3.5% had the water been deeper (i.e. approximately 80 m deep, such that 

the pile just penetrated above the water line at the start of piling). For the Berwick Bank Wind Farm, 

although no detailed piling methodology is available at this point in time, it is likely that in the deepest 

waters the piles will start off just above (or just below) the water line, ending up penetrating just above the 

seafloor in water depths of up to 68.5 m. Consequently, and in light of Marine Scotland Science and 

NatureScot’s request to use a conversion factor of 4% at the start of piling, a conversion factor of β ≈ 4% 

has been used for the Berwick Bank Wind Farm at the start of the piling sequence. This 4% conversion 

factor is higher than that derived in the Lippert et al. (2017) study and is therefore considered conservative. 

Furthermore, it should be noted that any piles installed in shallower waters within the Berwick Bank Wind 

Farm are likely to result in lower source levels than derived for the start of piling here because a sign ificant 

proportion of the pile could penetrate above the water line, meaning much of the energy would radiate into 

the air rather than water.  

69. In the Lippert et al. (2017) study the piles remained approximately 17 m above the seafloor (i.e. 42.5% of 

the water depth) at the end of piling which, using the same logic, means that the β ≈ 1% conversion factor 

at the end of the piling sequence is likely to be an overestimate compared to the Berwick Bank Wind Farm 

case where a greater proportion of the pile will penetrate the seabed. Since the final pile position in the 

Lippert et al. (2017) study was a little below mid-water depth (and since, when the pile is subsea, the falloff 

in acoustic energy cited by Lippert et al. (2017) is ~2.5 dB per halving of exposed pile above the seabed), 

a final conversion factor of 0.5% or less at the end of piling can be inferred.   

70. Consequently, based on this review, the assumption that piling is likely to use a submersible hammer, best  

available scientific evidence, professional judgement, and taking into account the advice of Marine 

Scotland Science and NatureScot, it is proposed to utilise a varying energy conversion factor of β = 4% at 

the start of piling to 0.5% at the end of piling for noise modelling at the Berwick Bank Wind Farm. However, 

in light of potential uncertainties in the derivation of source level it is also proposed to carry out a sensitivity 

analysis using a conversion factor of β = 10% at the start of piling to 1% at the end of  piling as well as a 

scenario utilising a conversion factor of 1% throughout the piling sequence for comparison purposes.  The 

latter conversion factor of 1% throughout is considered representative of a scenario where above-water 

hammers are used, although it is considered unlikely to be the case at the Berwick Bank Wind Farm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Berwick Bank Wind Farm 13 

Offshore Environmental Impact Assessment 

4. REFERENCES 

Apostolos, T. (2020). “Underwater Noise Emission Due to Offshore Pile Installation: A Review.” Energies 13 (12): 

3037. 

Bailey, H., Senior, B., Simmons, D., Rusin, J., Picken, G., and Thompson, P.M. 2010. “Assessing Underwater Noise 

Levels during Pile-Driving at an Offshore Windfarm and Its Potential Effects on Marine Mammals.” Marine Pollution 

Bulletin 60 (6): 888–97. 

Dahl, P.H., de Jong, C.A.F., and Popper, A.N. 2015. “The Underwater Sound Field from Impact Pile Driving and Its 

Potential Effects on Marine Life.” Acoustics Today, 2, 11, 18-25.  

De Jong, C.A.F, and Michael A.A. 2008. “Underwater Radiated Noise Due to the Piling for the Q7 Offshore Wind 

Park.” Journal of the Acoustical Society of America 123 (5): 2987. 

Etter, P.C. 2013. Underwater Acoustic Modeling and Simulation. CRC Press.  

Flynn, K.N., and McCabe, B.A. 2019. “Driven Cast-in-Situ Piles Installed Using Hydraulic Hammers: Installation 

Energy Transfer and Driveability Assessment.” Soils and Foundations 59 (6): 1946–59. 

Fricke, M.B., and Raimund R. 2015. “Towards a Complete Physically Based Forecast Model for Underwater Noise 

Related to Impact Pile Driving.” The Journal of the Acoustical Society of America 137 (3): 1564–75. 

Lepper, P.A., Robinson, S.P, Michael A.A., Theobald, P.D., and de Jong, C.A.F. 2012. “Assessment of Cumulative 

Sound Exposure Levels for Marine Piling Events.” In The Effects of Noise on Aquatic Life, 453–57. Springer.  

Lippert, S., o Huisman, M., l Ruhnau, M., Estorff, O and van Zandwijk, K. 2017. “Prognosis of Underwater Pile Driving 

Noise for Submerged Skirt Piles of Jacket Structures.” In 4th Underwater Acoustics Conference and Exhibition (UACE 

2017), Skiathos, Greece. 

Lippert, S., Nijhof, M., Lippert, T., Wilkes, D., r Gavrilov, A., Heitmann, K., Ruhnau, M., Estorff, O.V., Schäfke, A and 

Schäfer, I. 2016. “COMPILE—A Generic Benchmark Case for Predictions of Marine Pile-Driving Noise.” IEEE Journal 

of Oceanic Engineering 41 (4): 1061–71. 

Nehls, G., Betke, K., Eckelmann, S., and Ros, M. (2007). “Assessment and Costs of Potential Engineering Solutions 

for the Mitigation of the Impacts of Underwater Noise Arising from the Construction of Offshore Windfarms.” 

BioConsult SH Report, Husum, Germany. On Behalf of COWRIE Ltd. 

NMFS. (2018). “2018 Revision to: Technical Guidance for Assessing the Effects of Anthropogenic Sound on Marine 

Mammal Hearing (Version 2.0).” NOAA Technical Memorandum NMFS-OPR-59. National Oceanic and Atmospheric 

Administration. 

Robinson, S.P., Lepper, P.A., and Ablitt, J. (2007). “The Measurement of the Underwater Radiated Noise from Marine 

Piling Including Characterisation of a" Soft Start" Period.” In Oceans 2007-Europe, 1–6. IEEE.  

Robinson, S.P., Lepper, P.A., Ablitt, J., Hayman, G., Beamiss, G.A, Theobald, P.D., and Dible, S. (2009). “A 

Methodology for the Measurement of Radiated Noise from Marine Piling.” In Proceedings of the 3rd International 

Conference & Exhibition on" Underwater Acoustic Measurements: Technologies & Results.  

Robinson, S.P., Theobald, P.D and Lepper, P.A. (2013). “Underwater Noise Generated from Marine Piling.” In 

Proceedings of Meetings on Acoustics, 17:070080. http://link.aip.org/link/?PMARCW/17/070080/1. 

Southall, B.L., Finneran, J.J., Reichmuth, C., Nachtigall, P.E., Ketten, D.R., Bowles, A.E. Ellison, W.T., Nowacek, 

D.P., and Tyack, P.L. (2019). “Marine Mammal Noise Exposure Criteria: Updated Scientific Recommendations for 

Residual Hearing Effects.” Aquatic Mammals 45 (2): 125–232. 

Thompson, P.M., Graham, I.M., Cheney, B., Barton, T.R., Farcas, A. and Merchant, N.D. (2020). “Balancing Risks of 

Injury and Disturbance to Marine Mammals When Pile Driving at Offshore Windfarms.” Ecological Solutions and 

Evidence 1 (2): e12034. 

Toso, G, Casari, P and Zorzi, M. (2014). “The Effect of Different Attenuation Models on the Performance of Routing in 

Shallow-Water Networks.” In Underwater Communications and Networking (UComms), 2014, 1–5. IEEE. 

http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=7017152. 

Tsouvalas, A., and Metrikine, A.V. (2014). “A Three-Dimensional Vibroacoustic Model for the Prediction of 

Underwater Noise from Offshore Pile Driving.” Journal of Sound and Vibration 333 (8): 2283–2311. 

Wang, L.D., Heaney, T.P, Robinson, T.S. and Ainslie. M.A. (2014). “Review of Underwater Acoustic Propagation 

Models.” AIR (RES) 086. NPL. 

Weston, D. E. (1976). “Propagation in Water with Uniform Sound Velocity but Variable-Depth Lossy Bottom.” Journal 

of Sound and Vibration 47 (4): 473–83. 

Weston. (1980a.) “Acoustic Flux Formulas for Range-Dependent Ocean Ducts.” The Journal of the Acoustical Society 

of America 68 (1): 269–81. 

Weston. (1980b.) “Acoustic Flux Methods for Oceanic Guided Waves.” The Journal of the Acoustical Society of 

America 68 (1): 287–96. 

Zampolli, M, Marten J.J.N, de Jong, C.A.F., Ainslie, M.A., Jansen, E.H.W. and Quesson, B.A.J. (2013). “Validation of 

Finite Element Computations for the Quantitative Prediction of Underwater Noise from Impact Pile Driving.” The 

Journal of the Acoustical Society of America 133 (1): 72–81. 



 

 

 

 

 


