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1. Executive summary 

The construction of the Horns Rev II wind farm is accompanied by a marine mammal 
monitoring programme. As a part of that study, underwater noise was measured on the 
installation of pile J2. During pile driving, a maximum peak level of 195 dB and a 
maximum SEL of 176 dB were observed at 720 m distance from the pile. At 2300 m 
distance, respective values were 180 dB for the peak level and 164 dB for the SEL (all 
sound levels re 1 μPa). The spectral maximum of the pile driving noise was in the 
frequency range 80 – 200 Hz. 
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2. Basic principles 

2.1 Sound level definitions 
In sound engineering, the “strength” of a sound is specified by its level in decibels (dB). 
However, a single dB value is not always a sufficient characterisation. In particular, this 
is the case for non-continuous sounds like impulses from pile driving blows. Useful 
quantities are: 

- Equivalent continuous sound pressure level (Leq) 

- Sound exposure level (SEL) 

- Peak level (Lpeak) 

Leq and SEL can be specified as broadband “single number” values, but also frequency-
dependant, e.g. in 3rd octave bands.  

 

Equivalent continuous sound pressure level, Leq 

This is a very common quantity in sound engineering. It is also called time-averaged 
level, or sometimes “RMS level". It is usually abbreviated Leq and is defined as 
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where p(t) is the sound pressure, p0 the reference pressure of 1 μPa and T the averaging 
time. As a numerical recipe, equation 2.3 reads “square observed sound pressure values, 
average them (i.e. multiply each p² by time step dt, add up all products and divide the sum 
by T), divide by p0² and apply 10 log to obtain result in dB.” 

 

Sound exposure level, SEL 

It is obvious that for non-continuous sound like pile driving strikes, the Leq not only 
depends on the averaging time and on the intensity of the impulses, but also on the 
intervals in between them. Hence a better suitable quantity for comparing noise from 
pile drivers is the sound exposure level or SEL (sometimes abbreviated as LE). It is 
defined slightly different from the Leq: 
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The averaging start and stop times T1 and T2 are chosen arbitrarily, but in a way that the 
sound event lays in between T1 and T2, see Figure 2.1. T0 is 1 second. That is, the SEL is 
the level of a continuous sound with 1 s duration and the same sound energy as the 
impulse. It equals the “energy level” (in dB re 1 μPa²s) sometimes found in literature. 
The SEL is more difficult to measure directly than the Leq, but there is a simple relation-
ship between the two quantities: 
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T

nT
log101010log10SEL 010/L10/L beqeq      (2.3) 

where n is the number of events, e.g. pile strikes, within the observation time T. As 
above, T0 = 1 s. Lbeq is the background noise level in between the pile strikes. Applying 
equation 2.3 to a Leq measurement yields the average SEL of n events. If the background 
noise is negligible with respect to the event noise, equation 2.3 can be simplified to 

T

nT
log10LSEL 0

eq        (2.4) 

Note: The SEL function implemented in sound level meters works according to equation 2.4 
with a fixed value of n = 1. 

 

 
Fig. 2.1. Typical underwater sound pressure impulse of a pile driving blow, recorded at several 100 metres 
distance. T1 and T2 are explained in the definition of the sound exposure level, see equation 2.2. The peak 
level in this example is 20 log(2400/10-6) dB  =  187.6 dB (the SEL in this example is approx. 162 dB). 

 

 

Cumulative SEL 

For evaluating the biological impact of pile driving in terms of a noise dose, it may be 
reasonable to consider not only the strength of a single strike, but to define the SEL 
“event” as a series of strikes (up to the whole pile driving process, which may take 
several thousand strikes). This value is sometimes referred to as "cumulative SEL". If the 
strikes are all equal, it can be computed from the single-strike SEL according to 

SELcum  =  SELsingle + 10 log(n) ,     (2.5) 

whereas n is the number of strikes. That is, the SELcum increases by 10 dB with every 
tenfold increase of the number of strikes. 
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Peak level 

Impulsive sounds can have moderate Leq or SEL values, but very high instantaneous 
pressure peaks though. A measure for these peaks is the peak level. Contrary to Leq and 
SEL, there is no averaging: 

Lpeak  =  20 log (|ppeak| / p0) ,     (2.5) 

where ppeak is the highest observed sound pressure (may also be the most negative). An 
example is shown in Figure 2.1. 

Note: Some authors prefer the peak-to-peak level (see Figure 2.1). At some distance from an underwater 
sound source, however, after the signal has been reflected several times at the sea bottom and the sea 
surface, the magnitudes of the positive and negative maximum are almost equal. Thus, Lpeak-to-peak = Lpeak + 6 dB 
is an adequate approximation for converting peak levels to peak-to-peak levels and vice versa. In the example 
in Figure 2.1, the difference between them is 5.8 dB. 

 

M-weighting 

Broadband single-number Leq or SEL values do not account for the frequency-specific 
hearing capability of the species in question. Hence Southall et al. (2007) have 
introduced a frequency weighting function. This M-weighting moderately attenuates high 
and low frequency components of the signal, similar to the A- and C-weighting curves 
implemented in common sound level meters. The letter M stands for marine mammals. 

There are different M weighting curves; the two relevant ones for the North Sea and the 
Baltic Sea are shown in Figure 2.2. For pile driving noise, sound levels weighted with the 
MHF cetaceans curve are typically 5 to 7 dB lower than unweighted levels. Mpinnipeds weighted 
levels fall in between unweighted and MHF cetaceans levels. 

 

  
Fig. 2.2. M-weighting curves for “high frequency” cetaceans, e.g. harbour porpoises, and for pinnipeds (after 
Southall et al. 2007) 
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2.2 Sound propagation effects 
Sound propagation in the sea is affected by the water depth; below a certain frequency, 
no sound propagation is possible. This limiting frequency f0 is also a function of the 
speed of sound c in the sediment (Urick 1983 p. 175): 

f0    cwater
4 h

1

1 –  cwater – csediment
2      (2.6) 

In this formula, h is the water depth. The speed of sound in the sediment is slightly 
larger than in water, where it is approximately 1500 m/s. With csediment = 1600 m/s and 
3 m depth, for example, f0 is about 350 Hz. 

At this frequency, significant parts of pile driving sound energy would be cut off, see for 
example the spectrum in Figure 4.4. Pile driving noise from Horns Rev II travelling across 
the Rev (Figure 2.3) is thus subject to a stronger attenuation than sound propagating in 
northern and western directions.  

 

  
Fig. 2.3. Construction noise emanating from Horns Rev II and travelling across Horns Rev is subject to larger 
transmission loss than in other directions 

 

 

Table 2.1 lists the approximate level reduction that can be expected if the pile driver 
noise travels across a shallow water path. The computation is based on a speed of sound 
in the sediment of 1600 m/s to 1700 m/s and a spectrum in Figure 4.4. Example: If the 
pile driving noise was 155 dB SEL at 10 km distance in "deep" water (10 m depth or 
more), a level of 145 – 150 dB can be estimated at the same distance, but in a direction 
with a 3 m shallow zone in between construction site and receiver. 
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Water depth in shallow zone Broadband level reduction of pile driver 
sound passing a shallow zone, compared 
to sound travelling in "deep" water only 

2 m 8 – 13 dB 

3 m 5 – 10 dB 

4 m 3 – 8 dB 

5 m 1 – 6 dB 

Table. 4.2. Approximate effect of shallow water paths on pile driving noise 

 

 

 

3. Measurement procedure 

The measurements were done on 07 September 2008 during installation of pile #71, or 
J2. There were two measurement points: An autonomous recording buoy was deployed at 
about 700 m distance from the pile, while manual recordings were made aboard M/V Tine 
Bødker at 2300 m, see Figure 3.1 and Table 3.1. The buoy is shown in Figure 3.2. 
Equipment is listed in Table 3.2. 

At both positions, time signals were recorded. These data were evaluated later with 
MATLAB programs. Spectral analyses are based on Fast Fourier Transform (FFT) of signal 
intervals with a duration of at least 5 seconds and containing at least 8 pile driving 
strikes. In addition, a HP 35760A spectrum analyzer was used for verification and for 
calibration purposes. 

 

  
Fig. 3.1. Underwater sound during the installation of pile J2 was measured at two positions: MP Ship at 
2300 m distance and MP Buoy at 720 m distance from the pile  
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Measurement position MP Ship MP Buoy 

Geographical position 
(Pile J2: 55°36.978’n  07°36.507’e) 

55°37.959’n  07°37.888’e 55°37.342’n  07°36.735’e 

Distance from pile J2 2300 m 720 m 

Water depth 11 - 13 m 10 – 12 m 

Hydrophone depth 7 – 8 m 1.5 m above sea bottom 

Recording bandwidth 20 kHz 40 kHz 

Table 3.1. Details for the two measurement positions 

 

 

  
Fig. 3.2. Sound measurement buoy aboard M/V Tine Bødker, shortly before deployment (the hydrophone is still 
wrapped in protective foam) 

 

 

Device Manufacturer 

Hydrophone 8105 (ship) Brüel & Kjær 

Charge amplifier 2635 (ship) Brüel & Kjær 

Recorder HD-P2 (ship) Tascam 

Hydrophone ITC-1001 (buoy) International Transducer Corp. 

Recorder PMD 670 (buoy) Marantz 

Calibration source 1 Vrms and 100 pCrms itap 

Pressure chamber for hydrophone calibration itap 

Microphone 4189 (in calibration chamber) Brüel & Kjær 

Dynamic Signal Analyzer HP35670a Hewlett-Packard 

Table 3.2. Equipment used for the measurements 
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4. Results 

4.1 General 
The pile driving process was relatively short; according to the pile driver record file, only 
449 blows were necessary to reach the final penetration of 21 m. The time from the first 
to the last blow was about half an hour. 

The peak levels in Figure 4.1 reflect the working process. After a number of single and 
short groups of blows around 04:55, most blows were between 05:05 and 05:15, followed 
by a pause and a final block of 22 blows at 05:24. The peak level reached 195 dB at 
720 m distance from the pile and 180 dB at 2300 m. 

The highest blow energy of approx. 850 kJ was applied around 05:12. The time function 
of a blow recorded at this time is shown in Figure 4.2. Here, SEL values of 176 dB at 
720 m and 164 dB at 2300 m distance were observed (Figure 4.3). 

The spectra in Figure 4.4 exhibit the typical pattern of underwater pile driving noise, 
which is a maximum between 75 Hz and a 500 Hz, a soft decay of 6 – 12 dB/octave to 
higher frequencies and a slope of 18 dB/octave or steeper towards low frequencies. 

 

  
Fig. 4.1. Peak levels measured at 720 m distance (upper curve) and 2300 m in the course of the whole pile 
driving process. Time resolution of this analysis is 5 s. 
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Fig. 4.2. Typical time signal of a pile driving strike, recorded at 05:12 CEST 

 

 
Fig. 4.3. Broadband single-strike SEl and Leq (30 s averages). At the beginning of the work around 04:55, the 
difference between SEL and Leq was relatively large because of only few irregular strikes within the averaging 
intervals (see equation 2.5). Later, the blow rate increased to 40/min to 60/min; hence the difference 
between SEL and Leq reduced to less than 2 dB.  
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Fig. 4.4. SEL spectra (average of 24 strikes with 850 kJ). Background level at 2300 m is higher due to the 
measurement vessel's self noise. 

 

Broadband levels measured at 720 m and 2300 m differ by about 12 dB. This suggests a 
level decrease of 24 log(R2/R1) dB for an increase of distance from R1 to R2. Typical 
values measured in the North Sea are 15…17 log(R2/R1). The reason for this higher-than-
average decrease is unknown. 

 

 

4.2 Cumulative M-weighted level 
Figure 4.5 shows the cumulative, M-weighted SELs according to Southall et al. (2007) 
and as described in chapter 2 of this report. The Mhf cetaceans weighting curve was used, 
which is valid for e.g. harbour porpoises. At the end of the pile driving process, the M-
weighted SELcum reached 194 dB at 720 m distance and 182 dB at 2300 m distance. 
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Fig. 4.5. M-weighted and unweighted cumulative SELs for both measurement distances 

 

 

4.3 Sound level versus blow energy 
The sound level increases with blow energy. From the pile driver log file, a number of 
recording periods with different blow energies were selected (Table 4.1). Broadband SELs 
for these periods in Figure 4.6 suggest a level increase of 7…9 log(E2/E1) dB, if the blow 
energy is raised from E1 to E2. This is lower than the value of 12 log(E2/E1) found by 
Schultz-von Glahn et al. (2006), however with a different type of pile driver (free fall 
hammer). Note: If the radiated sound energy was exactly proportional to the applied 
blow energy, the level increase would be 10 log(E2/E1) dB. 

The increase of sound level with blow energy is frequency-dependent and varies from the 
above-mentioned 7…9 log(E2/E1) in the frequency range of maximum sound radiation, to 
about 15 log(E2/E1) at 10 kHz, see Figure 4.7. 

 

Blow energy, kJ 90 130 330 390 500 850 

Number of blows averaged 8 22 16 26 16 24 

Recording time, CEST 05:06:24 05:07:05 05:24:00 05:13:30 05:08:30 05:12:15 

Table 4.1. Recording periods selected to examine the effect of pile driving energy on sound level 
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Fig. 4.6. Sound level versus blow energy 

 

 

 
Fig. 4.7. Spectral representation of sound level versus blow energy 
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4.4 Comparison to other offshore pile driving operations 
Figure 4.8 shows peak levels and SELs measured at pile driving works in the North Sea 
and the Baltic Sea; data sources are listed in Table 4.2. The pile diameter reflects pile 
driving energy as an implicit parameter. For better comparability, all levels are norma-
lised to 750 m distance by adding 15 log(Dmeas/750 m) to the measured values. The levels 
observed at Horns Rev II are well within the level range measured in comparable 
situations elsewhere. 

 
Fig. 4.8. Maximum SEL and peak level at Horns Rev II, compared to pile driving noise measured elsewhere 
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Port construction, 2005 0.9 11 340 188 162 183 157 1  

Port construction, 2005 1 11 340 190 164 185 159 2  

FINO 1, 2003 1.6 30 400 188 166 184 162 3  

Alpha Ventus, 2008 2.7 28 1100 197 167 199 170 3  

Utgrunden, 2000 3 10 720 n/a 166 n/a 166 5  

SKY 2000, 2002 3 21 260 196 170 189 163 4  

FINO 2, 2006 3.3 24 530 190 170 189 169 1  

Amrumbank West, 2005 3.5 23 850 196 174 191 171 1  

Horns Rev II, 2008 3.9 12 720 195 176 195 176   

North Hoyle, 2003 4 9 (7-11) 955 192 n/a 194 n/a 6 a 

Q7, 2007 4 20 750 200 177 200 177 7  

Barrow, 2005 4.7 17 (15-20) 500 198 n/a 195 n/a 8 a 

FINO 3, 2008 4.7 23 900 195 171 196 172 2 b 

References: 1) ISD/DEWI/ITAP 2007, 2) ITAP, unpublished, 3) Betke & Matuschek 2008, 
4) CRI/DEWI/ITAP 2004, 5)°McKenzie Maxon 2000, 6) Nedwell et al. 2003, 7) De Jong & Ainslie 
2008, 8) Parvin et al. 2006a 

Remarks: a) Peak level converted from published peak-to-peak value by subtracting von 6 dB; 
b) Measured levels increased by 10 log(80% / 20%)  6 dB to compensate for reduced blow energy 
during measurement 

Table 4.2. Details for the data plotted in Figure 4.8 
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6. Appendix: 

Pile driver log file for pile #71, supplied by IHC Hydrohammer 
 
Note: Times listed in the file are approx. 1 minute fast with respect to standard time. 
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