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A B S T R A C T   

Measurement of particle motion from an offshore piling event in the North was conducted to determine noise 
levels. For this purpose, a bespoken sensor was developed that was both autonomous and sensitive up to 2 kHz. 
The measurement was undertaken both for unmitigated and mitigated piling. Three different types of mitigation 
techniques were employed. The acceleration zero-to-peak values and the acceleration exposure levels were 
determined. The results show that inferred mitigation techniques reduce the levels significantly as well as de-
creases the power content of higher frequencies. These results suggest that mitigation has an effect and will 
reduce the effect ranges of impact on marine species.   

1. Introduction 

Particle Motion (PM) is a fundamental component of underwater 
sound, which is sensed by fish and invertebrates (Nedelec et al., 2016; 
Popper and Hawkins, 2018). Despite its importance, particle motion has 
rarely been studied in open water conditions as pointed out by Popper 
and Hawkins (2018) and never at an offshore piling event. Historically, 
the focus has been on pressure variations, measured using hydrophones, 
which are inherently sensitive to pressure despite the fact that in certain 
situations sound pressure level cannot be used as a proxy for particle 
motion (Nedelec et al., 2021). The lack of attention on the particle 
motion component of sound, is reflected in very few appropriately 
designed autonomous sensors with enough sensitivity, that can be 
deployed in open sea conditions (Martin et al., 2016; Nedelec et al., 
2021). However, greater appreciation of the importance of particle 
motion in the lives of marine taxa means that sensors are now in demand 
owing to the growing interest in the input of anthropogenic sound into 
the marine environment through offshore activities, with the generation 
of underwater sound predicted to increase even more in the future (Gill 
et al., 2012; Nedelec et al., 2016). In this study a bespoken particle 
motion sensor was used to measure for the particle motion from an 
offshore piling event in the North Sea. The sensing principle is based on a 
near-neutral buoyancy sphere submerged in the sea with a centrically 
placed accelerometer that is sensitive to the particle motion induced by 

sound waves. The near buoyancy makes sphere impedance of the sphere 
close to that of the water and if the wavelength of the sound is larger 
than the diameter of the sphere, the sound wave will not sense the 
presence of the sphere, which will co-oscillate with the surrounding 
water and give a direct measurement of the particle motion of the water 
particles. 

One of the main marine sounds producing activities is impulse pile 
driving, which often is used in constructions of marine infrastructures, 
such as bridges, wind turbines and harbor facilities. The piling technique 
generates impulsive noise with high transient sound levels near the 
piling area at frequencies below 1 kHz (De Jong and Ainslie, 2008; 
Reinhall and Dahl, 2011; Göttsche et al., 2015; Martin and Barclay, 
2019). When a hammer strikes the top of the pile an elastic wave is 
generated, which travels through the structure towards the seabed. As 
the wave transmits down the pile the energy is reflected at the end cap 
and the wave continues to radiate sound into the water column and the 
seabed. The propagating wave in the pile results in an in-water Mach- 
wave. (Massarsch and Fellenius, 2008; Reinhall and Dahl, 2011; 
Hazelwood and Macey, 2016). The overall time for securing piles for 
larger turbines into the sea floor under normal conditions is in the range 
of hours (Juretzek et al., 2021). This is a time span that not only give rise 
to a source of high impulsive sound levels of radiated acoustic energy 
but also to high integrated energy (exposure) over the pile installation 
time in the piling area. Both entities of which can affect the marine 
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animals (i.e. the receptors) negatively. 
The environmental impact from pile driving on marine animals, in 

terms of sound pressure has been investigated to some extent for 
mammals (Madsen et al., 2006; Baily et al., 2010) and fish (Thomsen 
et al., 2006; Debusschere et al., 2014; Martin and Barclay, 2019). Marine 
animals with internal air-filled cavities such as mammals and those fish 
with swim bladders are sensitive to sound pressure. However, sound 
pressure is not the relevant stimulus for most teleost and elasmobranch 
fish, and invertebrates and cannot be used for assessing the impact. 
Instead, the particle motion component of the sound field has to be 
measured (Fay, 1984; Casper and Mann, 2006; Kaifu et al., 2008; Popper 
and Fay, 2011). In particular, the acceleration of the water particles is 
suggested to be the relevant stimuli for these groups of animals (Kalmijn, 
1989; Fay and Edds-Walton, 1997). Few studies have been conducted on 
invertebrates (Solé et al., 2017; Weilgart, 2018). 

Despite the well-established knowledge of Particle Motion as a 
relevant stimulus of sound, there have been few studies on sound source 
characteristics of a pile driving operation in terms of PM in the water 
column (MacGillivray and Racca, 2005; Miller et al., 2015; Ceraulo 
et al., 2016; Jansen et al., 2019) and no with comparison between 
mitigated and unmitigated piling. Impact studies are also few (Mueller- 
Blenkle et al., 2010; Magnhagen et al., 2017). This knowledge gap was 
identified in reviews and guideline papers and relates both to impact 
studies as well as sound source characteristics (Popper et al., 2014; 
Hawkins et al., 2015; Nedelec et al., 2016; Nedelec et al., 2021). 

A main driver for interest in the impact of underwater sound is to 
meet Environmental Impact Assessment legislative requirements 
particularly relating to conservation designated animals (such as marine 
mammals), which will become even more important as countries 
worldwide look to meet their policy commitments of net zero carbon 
emissions, decarbonisation and promotion of green energy (Juretzek 
et al., 2021). In order to determine environmental impacts, there is a 
need to quantify the anthropogenic sound source and interpret the re-
sults in relation to the impact of the receptor animal of interest. As a first 
step, this requires suitable instruments for measuring both components 
of underwater sound. Sound pressure is relatively easily measured. 
However, technical progress has been slow in terms of developing sen-
sors for particle motion and especially for autonomous use in oceans. 
Compared to sound pressure, few studies have been conducted where 
particle motion have been measured (Zeddies et al., 2010; Sigray and 
Andersson, 2011; Martin et al., 2016). 

The paper starts with a short discussion on the design of an auton-
omous particle motion sensor. Results are presented from particle mo-
tion measurements with the bespoke sensor from an in situ field trial of 

both unmitigated and mitigated pile driving of a pile for an offshore 
wind turbine in the North Sea are presented. Finally, methods for ana-
lysing the data, results of the sound levels established, and the efficiency 
of different mitigation techniques are discussed. 

2. Method 

The particle motion sensor, (henceforth named the “PM-sensor”), is 
based on the design described in Sigray and Andersson (2011). The 
sensor system used in this study was specifically designed to fit open 
ocean conditions such as in the North Sea. It was developed to be 
autonomous, and the frequency range was extended compared to the 
earlier design to cover the frequency range of piling. The PM-sensor 
consisted of two water-proof electronic casings, one with rechargeable 
lithium batteries and the other contained the data acquisitions system 
and a tethered sensing sphere (Fig. 1). The dimension of the PM-sensor 
system was approximately 0.5 m length, 0.5 m width and 0.3 m height 
and 30–35 kg weight in air. The diameter of the nearly neutrally buoyant 
sphere was 0.06 m and when deployed floats 0.5 m above the seabed. A 
PCB Piezotronics, model 356B18, 3-axis accelerometer was mounted 
inside the sphere. The sensitivity of the accelerometer was 0.1 V/(m/s2

) . 
The sampling frequency was 14,400 Hz and the resolution of the Analog- 
to-Digital converter was 24 bits. The recorded data were stored on a 32 
GB SD-card. 

Prior to the field measurement campaign, the sensing sphere was 
mounted on a shaking table for control of frequency response. The 
sphere was attached on the table close to a reference accelerometer and 
the frequency of the table was swept from 1 Hz up to 20 kHz. The results 
showed that the sensor response was constant in the frequency interval 
1 Hz to 2 kHz. To place the sphere in a fix position above the seabed the 
buoyancy of the sphere was made slightly positive, thereby stretching 
the tether between the sphere and the casings and keeping the sphere in 
a fix position relative to the seabed. The difference between sphere and 
water density introduces a deviation factor of the measured amplitude 
(McConnell, 2003). A positively buoyant sphere responds with an 
amplitude that is greater than the acoustic wave, the 6% lighter sphere 
will give an overestimate of the amplitude of 3% (0.6 dB re 1 μm/s2). The 
amplitude of the system will however be dictated by the combination of 
sphere and tether. To determine the correction factor, the PM-sensor was 
cross-compared with gradiometer-coupled hydrophones in a water filled 
tank, following the same procedure as was described in Sigray and 
Andersson (2011) prior to the measurements. The PM-sensor was later 
cross-compared in free field conditions that confirmed the earlier result 
obtained in the tank (Linné and Sigray, 2019). The free field calibration 

Fig. 1. (a) The two waterproof chambers containing batteries and data acquisition system with sensing sphere shown at the front. (b) Close-up view of one-half of the 
sensing sphere with the 3-axis accelerometer mounted inside. 
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was done from 100 Hz to 2 kHz and the 2σ-error was estimated at 100 Hz 
to be 1.6 dB re 1 μm/s2, including the buoyancy, send response, gain, 
distance, and wetting errors (Linné, 2022). Notably, the 2σ-error in-
cludes the deviation from the ideal situation when the sensor is buoy-
antly neutral. The comparison was done for the three axes combined of 
the PM-sensor in the frequency range of 40 Hz – 2000 Hz, which covers 
the relevant frequency range at some hundred meters distance from the 
piling event as was also found by Juretzek et al. (2021). 

2.1. Piling and mitigation techniques 

The in situ PM measurements were carried out in 2015 at an offshore 
wind farm site in the German bight approximately 25 nautical miles 
from the mainland (Fig. 2). This site contained a large number of 
operational as well as on-going constructions of wind turbines. In total, 
the completed windfarm consisted of 42 Siemens SWT turbines with a 
power rating of 6 MW and a blade diameter of 154 m. During the periods 
of construction when PM measurements took place, a heavy-lift jack-up 
vessel was used with a hydraulic hammer (S-3000) to fix the steel piles 
(65.6 m) into the seabed. Three different types of mitigation techniques 
were used in different combinations: an air Isolated Steel Barrier (aISB) 
used in combination with an Internal Bubble Screen (IBS) and a stand- 
alone Bubble Curtain (BC), deployed outside the aISB (Koschinsky and 
Lüdemann, 2020). The aISB consists of two metallic cylinder casings 
concentrically wrapped around the pile all the way from the seabed into 
air with an air-filled outer space and a bubble filled inner space that 
decouples the acoustic radiation from the water. This device thus con-
tains two mitigation systems in one. The BC consist of a hose laid on the 
seabed encircling the whole piling platform. The radius of the bubble 
curtain was about 100 m. Through the hose is air pumped that forms a 
cylindrical wall of bubbles stretching from the seabed to the surface 
thereby acoustically shielding the outer water mass from the acoustic 
source. 

The water depth at the piling site was approximately 30 m and the 
seabed consisted of sand. Measurement of particle motion generated 

from piling was done on two specific piles, denoted as pile A and pile B 
(Fig. 2). The piling was undertaken on two consecutive nights starting in 
the evening of 25th April 2015. Active hammer time was 80 min for pile 
A and 310 min for pile B. Pile A was a standard piling operation using all 
three mitigation techniques (i.e. full mitigation), whilst pile B was an 
experimental piling operation where different combinations of mitiga-
tion techniques were applied. The hammering rate was approximately 
60 strikes per minute during the whole piling operation. The number of 
strikes to reach set depth was 3323, for pile A and 6308 strikes for pile B. 
It is notable that the IBS and BC mitigation were turned on and off and 
the aISB was in place or removed during the piling of pile B. 

The PM-sensor was deployed 580 m from pile A before the piling 
started. The installation of pile A started with a 5-minute soft start and 
the hammer energy was ramped up from 500 kJ to 1600 kJ. The PM- 
sensor was retrieved, and recorded data were downloaded. The PM- 
sensor was re-deployed 880 m from the pile B before piling started 
(Fig. 2). The piling started with a 5-minute soft start and a ramp up to 
500 kJ. Different mitigation techniques were then tested whereafter the 
energy was raised to 800 kJ. The PM-sensor was finally retrieved after 
the piling of pile B was finished. Simultaneous measurements of Sound 
Pressure Level were performed by a private company for the wind farm 
operator, but data were not accessible to this study due to confidential 
restrictions. 

The sequence of the piling events over two days is shown in Table 1. 
Pile A was used as a reference site equipped with full mitigation, which 
included aISB in place, IBS on and BC on, and a nominal hammer energy 
of 1600 kJ, whilst pile B was used to investigate the efficiency of noise 
reduction with different mitigation techniques in place as well as to 
study the influence of hammer energy on the emitted sound field. The 
aim of the two days of piling was to compare different mitigations 
techniques applied on pile B, with the full suite of mitigation applied on 
pile A. 

During the measurements the mean wind direction was northerly, 
and the wind speed varied between 4 and 8 m/s. The wave direction was 
southward and wave height was between 1 and 2 m with a significant 
wave height of 1 m. There were occasionally strong currents up to 1.2 
knots. The water temperature was approximately 7.5 ◦C in the whole 
water column. 

3. Data analysis 

All data sets were processed in two consecutive steps. In the first, a 
bandpass filter with cut-off frequencies at 30 and 2000 Hz was applied to 
remove signal content induced by low frequency wave motion and high 
frequency sound. The high frequency threshold was dictated by the 
limitation set by the sensor response (Sigray and Andersson, 2011). All 
sound levels reported in this study, except spectral levels, refer to 
broadband levels determined in the frequency interval 30 to 2000 Hz. In 
the second step, maximum acceleration for each individual hammer 
strike was localized in time by over-laying a 1-s time window onto the 
recorded sound, for which the start of piling was set to 0.3 s before the 
occurrence of the maximum acceleration and 0.8 s after for the end of 
the window. To estimate the effect of the window length on the derived 
exposure level, the window time length was decreased from 1 s to 0.9 s, 
which resulted in a reduction of received energy of 2%. This test showed 
that most of the energy from a single strike was located inside the 1-s 
window and thus confirmed the extraction of single strike levels can 
be used to estimate total exposure levels. Following standard proced-
ures, measurements of background sound were undertaken before and 
after the piling and sound levels were found to be constant. Hence, to 
take background levels into account, measured acceleration levels for 
pile A and pile B were adjusted by subtracting acceleration level cor-
responding to 1 (re 1 μm/s2) dB. 

To quantify the received signals, the zero-to-peak acceleration levels 
and acceleration exposure levels were derived. For each hammer strike, 
the maximum zero-to-peak level was estimated by using the three axial 

Fig. 2. Map showing the location of the windfarm outside the German coast. 
Pile A and B are marked. Inset, the location of measurement of Pile A is marked 
with T1 and for Pile B with T2. The distance between Pile A and the location for 
the particle motion sensor was 580 m and the distance between Pile B and the 
sensor was 880 m. 
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orthogonal accelerations given by 

â =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ax(t)2 + ay(t)2 + az(t)2
√

m
/

s2, (1)  

where ai(t) is the acceleration vector component for the x, y z axes 
relative to the sensor reference plane. The acceleration exposure level 
for a single strike was estimated by 

(
aE

SS

)2
=

1
fs

∑t1
t=t0

ax(t)2 + ay(t)2 + az(t)2 ( m
/

s2)2s, (2)  

where fs is the sampling frequency. The acceleration exposure level of 
multiple events, referred to as the cumulative acceleration exposure 
level was derived by aE

CUM =
∑M

n=1aE
SS, n, where the index n is the strike 

number summing up to total of M strikes. It is also convenient to express 
the metrics using the decibel scale. In this study the reference levels 
âref = 1 μm/s2 and aE

ref = (1 μm/s2)2s were used. The zero-to-peak ac-

celeration level was derived by Lâ

(
re 1 μm/s2) = 20log

(
â

âref

)
dB. Simi-

larly, the single strike and cumulative acceleration exposure levels were 
derived by LaE

SS
(re (1 μm/s2)2s) = 10 log (aE

SS/aE
ref ) dB, and 

LaE
CUM

(
dB re

(
1 μm/s2)2s

)
= 10log

(
aE

CUM
aE

ref

)

dB.

Using single strike exposure level to estimate the sound exposure 
level of multiple strikes the following equation can be used 

SALcum = SALsingle + 10log(n), (3)  

where SALcum is the cumulative sound acceleration level from n strikes, 
SALsingle is the sound acceleration level from a single strike and n is the 
number of strikes. 

4. Results 

The piling sequence lasted for about 1 h for pile A, and 5 h for pile B, 
before the piles reached their target depth. The extended time for pile B 
was due to assemblage and dismantling of the different mitigation sys-
tems and the lower hammer energy. The acceleration zero-to-peak 
values of each strike using Eq. (1) are depicted in Fig. 3 for pile A and 
B, respectively. The corresponding acceleration exposure levels are 
depicted in Fig. 4. The standard deviation of the sound acceleration 
levels was less than 2 dB for all piling sequences (see Table 1). The ef-
fects of the various mitigations on the particle acceleration levels are 
clearly discernible in Fig. 3. Each trial resulted in significantly different 
acceleration levels depending on the set of mitigation. The analysis 
showed that the fully mitigated pile A, reached an average zero-to-peak 
level (re 1 μm/s2) of about 105 dB when hammer strike energy was 
1600 kJ, whilst piling of pile B, resulted in roughly 20 dB higher levels at 
800 kJ hammer strike energy (trial B6) with all mitigation measures 
turned off and removed. 

Assuming a linear dependence between hammer energy and radiated 
energy, the observed difference between mitigated (trial A1) and un-
mitigated piling (trial B6) is estimated to be 3 dB. The scaling of ac-
celeration levels is supported by the observations made in trial B2 and 
B4, for which the difference of received mean acceleration levels (re 1 
um/s2) was 4 dB (Fig. 3b). This result was also observed by Bellmann 
et al. (2020), who noted that a doubling of hammer energy will lead to 
an increase of between 2 and 3 dB. The results showed that mitigation 
had an effect on pile B, for which the fully mitigated (trial B1) “aISB(in 
place) IBS(on) BC(on) 500kJ” strikes resulted in zero-to-peak levels (re 1 
um/s2) of about 104 dB, and the fully unmitigated (trial B6) “aISB 
(removed) BC(off) 800 kJ” strikes resulted in levels (re 1 um/s2) of 128 
dB (Fig. 3). These observations show that the mitigation had an effect 

Table 1 
Sequence of the applied hammer energy and the mitigation techniques that were used during the measurement of piling noise on pile A and B. The air Isolated Steel 
Barrier (aISB) was used in combination with the Internal Bubble Screen (IBS). A Bubble Curtain (BC) was used as well. Trial A1 was done with full mitigation and trial 
B6 was done without any mitigation. The average zero to peak sound particle acceleration level (SAL) and the standard deviation (Std) were estimated for the second 
half of the piling event where the hammer energy had reached its maximum. The pressure components were used to estimate the average and standard deviations.  

Pile A B 

Trial A1 B1 B2 B3 B4 B5 B6 

Date 26/04/2015 26/04/2015 26/04/2015 26/04/2015 27/04/2015 27/04/2015 27/04/2015 
Time of piling 01:24–02:45 22:30–22:40 22:50–22:55 23:05–23:10 23:15–23:30 01:45–01:55 02:00–03:10 
Hammer energy (kJ) 1600 500 500 560 800 800 800 
aISB with In place In place In place In place In place removed removed 
IBS(on/off) on on off off off removed removed 
BC(on/off) on on off on off on off 
Average SAL (re 1 μm/s2) dB 105 104 119 114 123 116 129 
Std SAL (re 1 μm/s2) dB 1.3 1.9 1.2 1.3 0.5 1.4 1.0  

Fig. 3. a) Measured maximum acceleration 
zero-to-peak values for each strike during the 
pile A sequence. The levels were obtained 
with all mitigation techniques in place. The 
left scale shows the dB levels relative to 1 
μm/s2 and the right in SI base units. UTC 
stands for Coordinated Universal Time. b) 
Measured maximum acceleration zero-to- 
peak values for each strike during the pile 
B sequence. Each trial was separated in time 
and is marked with corresponding trial 
number. Refer to Table 1 for details of 
sequence and mitigation combinations.   
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and most likely that the difference between fully mitigated (pile A) and 
unmitigated (pile B6) piling was probably higher than what was 
observed in this study due to the difference in hammer energy. 

Pile A was fully mitigated all the time and thus can be used to study 
the total acceleration exposure level from the start to the end of a piling 
event. Based on Eq. (2) the total acceleration exposure level (re 1 (μm/ 
s2)2s) was 123 dB, which can be compared to a single strike acceleration 
exposure level (re 1 (μm/s2)2s) of 89 dB. The analysis was more complex 
for pile B due to the changes of mitigation techniques, which makes it 
difficult to compare the results with pile A. Nevertheless, it can be stated 
that pile B was less mitigated which resulted in a total acceleration 
exposure level (re 1 (μm/s2)2s) of 145 dB, which was 22 dB higher 
compared to trial A1 but notable the first required twice as many strikes. 
A situation where the same hammer energy is employed is preferred, 
when comparing an unmitigated with a mitigated piling event. How-
ever, the given situation was that the type of mitigation techniques was 
changed during the piling sequence of pile B. Thus, no full sequence of 
unmitigated piling was possible to investigate. To circumpass this situ-
ation, information from the unmitigated part of trial B6 can be used to 
estimate a full unmitigated sequence. The estimate has to compensate 
for scaling of both the hammer energy and the number of strikes as well 
as to make the assumption that the total number of strikes requested for 
a hammer energy of 1600 kJ is half the number of strikes for 800 kJ. To 
correct for the hammer energy (re 1 (μm/s2)2s) 3 dB is added to a single 
strike. To rescale the number of strikes is logarithmically added (see Eq. 
(3)). The total number of strikes for pile B were 6308 and 88% occurred 
with a hammer energy of 800 kJ. Assuming that all strikes were 800 kJ 
results in a total exposure level (re 1 (μm/s2)2s) of 142 dB. Correcting for 
the hammer energy (i.e. adding +3 dB increases the level (re 1 (μm/ 
s2)2s) to 145 dB. The last correction is for the number of strikes, which 
was about twice as many for pile B. Hence, the acceleration exposure 
level (re 1 (μm/s2)2s) for pile B is reduced with 3 dB to 142 dB. With all 
corrections in place, the difference between unmitigated and fully 
mitigated piling at 1600 kJ adds up to 23 dB. 

Finally, a spectral analysis was made to investigate the influence of 
different mitigation techniques on the spectral content. Power Spectral 
Densities were estimated for piling event A1, B1, B5 and B6 as well as on 
background sound. The results are shown in Fig. 5. In general, the un-
mitigated event (B6) was observed to generate higher levels for all fre-
quencies than the mitigated. It was observed that the mitigation not only 

reduced the broadband levels but also had a reducing effect on the high 
frequency range of the sound. A clear decrease of energy was observed at 
frequencies higher than 200 Hz for the fully mitigated pile (A1 and B1), 
for which frequencies higher than 200 Hz the sound pressure levels were 
comparable with the background noise. With only the BC in place a 
reduction of frequencies higher than 300 Hz was observed. This 
response to mitigation was also observed by Juretzek et al. (2021) for 
sound pressure. 

5. Discussion 

The study showed how PM can be measured in situ on the seafloor 
during two pile driving events and how measured levels of PM change 
depending on mitigation method. This is important when considering 
the environmental impact on PM sensitive animals such as fish and in-
vertebrates (Popper and Hawkins, 2018; Nedelec et al., 2021). 

Even if the sound pressure measurements were not available a coarse 

Fig. 4. a) Measured acceleration exposure levels during the pile A mitigated pile driving sequence. The left scale shows the dB levels relative to 1 (μm/s2)2s and the 
right in SI base units. The black line shows the cumulative acceleration exposure levels and the dotted line the acceleration exposure levels for every individual strike. 
b) Measured acceleration exposure levels during the pile B mitigation test pile driving sequence. Black line shows the cumulative acceleration exposure levels, the 
dotted black line the acceleration exposure levels for every individual strike. The mitigation tested was separated in time and is marked with corresponding 
trial number. 

Fig. 5. Power Spectral Density (PSD) levels based on averages of single strikes. 
The red line shows B6, blue B5, green A1, orange B1 and the yellow line the 
background when there was no on-going piling activity. Applying mitigation 
reduces both the sound levels and the high frequency content. 
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estimate of the sound pressure level can be made using the free field 
relation between particle motion and sound pressure. The unmitigated 
trail B6 was used to calculate the sound pressure level by cumulative 
trapezoidal integration of the PM-data to get the velocity component of 
the particle motion. By assuming that the free field impedance was valid 
the zero-to-peak sound pressure level was estimated to be 170 to 175 dB 
re. 1μPa. This value can be compared to the results presented in Juretzek 
et al. (2021) who obtained 180 dB re. 1μPa at 750 m distance for a 
hammer energy of 2890 kJ, with mitigation in place. They state that 
without mitigation the levels were 12 dB higher, thus 192 dB re. 1μPa. 
Compensating the hammer energy of B6 trial level that was 600 kJ to a 
hammer energy of 2890 kJ adds 7 dB re. 1μPa to the PM deduced sound 
pressure level, which gives an estimate of 177 to 182 dB re. 1μPa. This 
level is lower than what was regularly observed by Juretzek et al. (2021) 
but as was pointed out by Nedelec et al. (2021) it can be expected that 
the PM-levels are attenuated near an interface compared to sound 
pressure levels, and as a result will underestimate the sound pressure 
when deduced from particle motion measurements. In this study the 
sensor sphere was 0.5 m above the seabed, which is near to the seabed. 
This calculation underlines the importance of measuring PM since it 
cannot be deducted from sound pressure levels near to an interface such 
as the seabed. It also shows that the particle motion relation in the water 
column will change as a function of depth and far from an interface the 
sound pressure level might be used as a proxy for particle motion. 

Spectral estimates of the single strike events at pile A (full mitiga-
tion) and pile B (different mitigation combinations) showed that the 
piling energy at measurement range were found in the frequency in-
terval 30 Hz to 2000 Hz. Gravitational waves dominated the motion 
below 30 Hz (Fig. 5). The spectral analysis revealed that the peak ac-
celeration was in the interval 100 to 200 Hz with decreasing accelera-
tion levels both at lower and higher frequencies (Fig. 5), which confirms 
the observation made by Sigray and Andersson (2011). The spectra in 
Fig. 5 also show that with the BC on, an efficient reduction of high 
frequency noise was achieved outside the barrier. Most notable was the 
level of difference obtained by altering between unmitigated and fully 
mitigation, which clearly demonstrated that the mitigation techniques 
had a reductive effect on the radiated particle motion level. A full piling 
sequence was measured from start to set depth (trial A1, pile A). The 
piling of pile A started with a soft start at a hammer energy of 322 kJ, 
which was slowly raised to 1600 kJ, clearly visible in the observed ac-
celeration levels shown in Fig. 3. The gap at the end of the piling 
sequence was due to a planned stop where the inclination of the pile was 
measured. The set depth of pile A was 30.2 m. The number of strikes 
needed per 0.25 m penetration was measured by the construction 
company and varied between 1 and 76, for pile A. It was not possible to 
pair strikes to the time in Fig. 3 since the installation company only 
recorded strikes per penetration depth and not time. The 76-strike event 
could not be attributed to a certain outlier event in Fig. 3. The outliers in 
Fig. 3 were in the order of 2–3 dB, which indicate that the hardness of 
the strata at most raised the acceleration level (re 1 μm/s2) with 2–3 dB. 

We were able to measure different combinations of mitigation 
techniques within the operational schedule dictated by the operator. In 
total six trials were undertaken, including different piles, hammer en-
ergies and mitigation combinations. The trials followed a sequence 
revealed five important conclusions that can be drawn. First, trial B6 
was done with the aISB and IBS removed as well as the BC off, which 
corresponded to fully unmitigated piling. Trial B5 differed only from B6 
in that the BC was on. Consequently, implementation of an external BC 
reduced the observed acceleration level (re 1 μm/s2) with 12 dB 
(broadband). Secondly, with the aISB in place but not activated (trial 
B4) reduced the observed acceleration level (re 1 μm/s2) with 5 dB, 
compared to fully unmitigated piling (trial B6). This implies that the 
steel barrier itself had a reducing effect even if the IBS was turned off. 
Thirdly, keeping the aISB in place and turning the IBS off (trial B4) and 
only activating the BC (trial B3) led to a reduced acceleration level (re 1 
μm/s2) of 9 dB. This result is similar to trial B6 and B5, for which a 

reduction of 12 dB was observed. Fourthly, the difference in acceleration 
level between fully mitigated piling at 1600 kJ and unmitigated at 1600 
kJ (based on 800 kJ measurement) was 26 dB. The BC was solely 
responsible for a reduction of about 12 dB the remaining part, 14 dB, 
was due to the combination of BC, aISB and IBS. It could be argued that 
the observed levels were influenced by location and measurement sites 
for the two piles. However, the distance to pile A was shorter than the 
distance to pile B and the hammer energy was also higher on pile A. Both 
these circumstances suggest that actual difference in acceleration levels 
between pile A and pile B was probably higher than observed. Finally, 
the introduction of full mitigation (trial A1 and B1) reduced not only the 
broadband noise levels in but specifically lowered the frequency content 
above 300 Hz to levels comparable to the background. 

The results for time integrated acceleration exposure follow the 
observed results on acceleration levels, i.e. higher acceleration levels 
gave rise to higher exposure levels (Fig. 4). The observed acceleration 
levels were fairly constant during one trial, which suggests that the 
single strike acceleration exposure levels can be used to derive total 
acceleration exposure levels (Fig. 4) by using the relation between 
number of strikes and single strike exposure given in Eq. (3). 

The total acceleration exposure level (re 1 (μm/s2)2s) for pile A was 
observed to be 123 dB. The corrected acceleration exposure level (re 1 
(μm/s2)2s) for pile B without any mitigation in place based on single 
strike exposure was found to be 142 dB. 

Whilst this study shows the changes to PM associated with mitigation 
of pile driving sound, the question of how the mitigation could be 
effective in the context of affecting PM-sensitive species remains unan-
swered. It has been shown that elasmobranch fish (the sharks and rays, 
Casper and Mann, 2006, 2007) have hearing thresholds in terms of 
particle acceleration about 40 dB higher than teleost fish, such as cod, 
plaice and salmon (Chapman and Hawkins, 1973; Chapman and Sand, 
1974; Hawkins and Johnstone, 1978). There is an issue with comparing 
thresholds of species with piling sound levels from field conditions. 
Hearing thresholds for fish are usually obtained using sinusoidal sound 
in quiet laboratory environment, whilst the sounds associated with 
piling are transient in character and obtained in noisy environment. Few 
studies have reported fish reactions to noise in terms of particle motion 
and even fewer have undertaken dose-response studies. Hawkins et al. 
(2014) noticed a 50% response level in free swimming sprat (Sprattus 
sprattus) and mackerel (Scomber scombrus) when exposing the fish to 
airgun noise in terms of peak-to peak particle velocity (re 1 m/s) of 
− 80.4 dB. However, they did not measure velocity directly but calcu-
lated it from pressure values using the plane wave equation which makes 
it difficult to compare their results with results from this study, per-
formed in shallow water, as was pointed out by Nedelec et al. (2016). 
Mueller-Blenkle et al. (2010) exposed cod (Gadus morhua, with a swim 
bladder, sensitive to PM and pressure) and sole (Solea solea, without a 
swim bladder, sensitive to PM only) to sound play backs from pile 
driving noise using an underwater speaker system in large net pens and 
observed significant behaviour reaction when the measured zero-to- 
peak levels (re 1 μm/s2) were in the range of 60 dB to 76 dB. A more 
recent study showed that cod exhibited reduced heart rate (brady-
cardia), which is an initial flight reaction, in response to sounds from an 
air gun with zero-to-peak levels (re 1 μm/s2) of 57–76 dB (Davidsen 
et al., 2019). These values should be compared to zero-to-peak levels (re 
1 μm/s2) of 128 dB obtained in this study and the measured reduction 
(re 1 μm/s2) of about 26 dB due to mitigation techniques. At 580 m 
distance from the piling event the animals will still sense the impulsive 
noise from fully mitigated pile A. However, the difference between the 
fully mitigated pile A and background noise levels (re 1 μm/s2) was only 
10 dB, which is a significant reduction compared to the unmitigated pile 
B. This implies that the zone of potential impact on species is substan-
tially decreased due to the applied mitigation. It should be underlined 
that despite the applied mitigation techniques, the PM levels are still 
elevated at some hundred metres distance from the piling event and as a 
result sensed by many animals, especially immobile organisms. 
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Behavioural reaction cannot solely be established based on hearing 
threshold and acceleration levels. However, it can be stated with some 
confidence that the range where elasmobranch and teleost fish will 
detect the piling will differ. Further the observed reduction of the ac-
celeration levels (re 1 μm/s2) of 26 dB will most likely have an effect on 
response ranges and might even reduce the levels nearer to hearing 
thresholds of response for sharks and rays not far from the piling event. 

6. Conclusions 

In this study a bespoke autonomous PM-sensor was used for obser-
vation of particle motion generated from pile driving of an offshore wind 
turbine foundation in the North Sea. The aim was to investigate the 
reduction of particle motion levels for different mitigation techniques 
and hammer energies. 

The most striking result was that a reduction of the broadband level 
(re 1 μm/s2) of 26 dB was achieved by employing full mitigation, which 
consisted of an external BC and an aISB to which an IBS was mounted. 
The results suggest that the external BC reduced the particle motion (re 1 
μms− 2) with 12 dB and with the BC, aISB and the IBS in place with (re 1 
μm/s2) additional 14 dB. The exposure acceleration levels (re 1 (μm/ 
s2)2s) for fully mitigated piling was 118 dB and for unmitigated 142 dB. 
The observed reductions of the particle acceleration levels highlight that 
mitigation decreased the extent of the radiated PM and therefore will 
effectively reduce the potential zone of impact to PM-sensitive receptors, 
with the extent of this zone dependent on the type of mitigation applied. 

The spectral analysis of the particle motion for the different miti-
gation techniques shows that the BC efficiently reduced sound in the 
range 30 to 1000 Hz with a reduction of high frequency noise starting at 
500 Hz. Combined with the aISB and the ISB the range reduced further, 
to 30 to 300 Hz in line with findings by Juretzek et al. (2021), whose 
study was based on hydrophones. This reduction of spectral range might 
have important implications when estimating the impact on animals. 

Whilst the results reported here will assist in the consideration of the 
potential impact of piling noise to PM-sensitive receptors, the apparent 
mismatch between hearing threshold and impulsive sound underlines 
the need to derive thresholds using piling-like sound. Further, it is 
recognized that more studies on particle motion and its impact on ma-
rine species should be undertaken and especially in shelf and shallow 
water areas where a PM cannot be estimated using measurement of 
sound pressure variation. 
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