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Summary 

In connection with proposed seismic survey activities by OX2, in preparation for Triton Offshore Wind Farm in 

the Swedish part of the Baltic Sea 35 km south of Ystad, NIRAS has carried out underwater sound propagation 

modelling.  

All proposed equipment was evaluated with regards to the potential for harmful noise impact on marine mam-

mals, by assessing source level, frequency content, directivity and duty cycle. Detailed underwater noise mod-

elling was carried out for the different types of equipment in dBSea, using detailed knowledge of site specific 

environmental conditions for the wind farm area and surroundings. These include parameters such as bathyme-

try, seabed sediment composition, temperature, salinity and sound speed in the water column for the worst 

case sound propagation scenario.  

Calculations were carried out for three equipment scenarios. The full setup (scenario 1) uses an Innomar 

(Innomar SES-2000 Medium 100 parametric sub bottom profiler), a sparker (Geosource 200-400) and four mini 

airguns of the type MiniG (60 cu. Inch.). The second setup omits the sparker, and the third setup only includes 

the Innomar system. All source specific characteristics (e.g. source level, frequency content, duty cycle and di-

rectivity) were included in the underwater noise model in dBSea. 

Sound propagation modelling was carried out for a representative 24-hour survey to determine distances to 

which avoidance behaviour, Temporary Threshold Shift (TTS) and Permanent Threshold Shift (PTS) would likely 

occur in harbour porpoises and seals.  

The results showed variations between the different equipment setups and different source positions. Below are 

the resulting impact distances in accordance with the proposed threshold criteria for avoidance behaviour, Tem-

porary Threshold Shift (TTS) and Permanent Threshold Shift (PTS).  

Area 
Equipment  
scenario 

Position 

Threshold distance [m] 

Harbour porpoise Seal 

Avoidance  
Behavior 

𝑆𝑃𝐿𝑅𝑀𝑆−𝑓𝑎𝑠𝑡,𝑉𝐻𝐹 

= 
100 𝑑𝐵 

TTS 
𝑆𝐸𝐿𝐶24ℎ,𝑉𝐻𝐹 

= 
140 𝑑𝐵 

PTS 
𝑆𝐸𝐿𝐶24ℎ,𝑉𝐻𝐹 

= 
155 𝑑𝐵 

TTS 
𝑆𝐸𝐿𝐶24ℎ,𝑃𝑊 

= 
170 𝑑𝐵 

PTS 
𝑆𝐸𝐿𝐶24ℎ,𝑃𝑊 

= 
185 𝑑𝐵 

Triton OWF 
site 

1: Sparker 
Airguns & 
Innomar 

1 5050 1200-2700 375-950 100-350 < 25 

2 6550 1300-3000 425-1050 90-350 < 25 

3 4800 1175-2550 400-975 60-300 < 25 

2: Airguns & 
Innomar 

1 3200 1200-2700 375-950 < 50 < 25 

2 3400 1300-3000 425-1050 < 50 < 25 

3 3250 1175-2550 400-975 < 50 < 25 

3: Innomar 

1 3200 1200-2700 375-950 < 50 < 25 

2 3400 1300-3000 425-1050 < 50 < 25 

3 3250 1175-2550 400-975 < 50 < 25 

 

Avoidance behavior distances are based on a single pulse and will therefore represent the avoidance behavior 

throughout the entire survey, relative to the vessel position.  

For PTS and TTS the distances are given as a range from minimum impact distance to maximum impact dis-

tance, representing the dependency on marine mammal position relative to the survey vessel. Minimum dis-

tances represent marine mammals located “behind” or perpendicular to the vessel, while maximum distances 
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represent marine mammals located in front of the vessel. The results can be used to define the minimum dis-

tance, a marine mammal must be deterred to, relative to the survey vessel at the onset of full activities, in or-

der to avoid the respective impact. Sufficient soft start/ramp up procedures should thus be carried out prior to 

the seismic survey. 
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List of abbreviations 

Full name Abbreviation 

Offshore Wind Farm OWF 

Sub-bottom profiler SBP 

Sound Exposure Level SEL 

Cumulative Sound Exposure Level SELC24h 

Sound Pressure Level SPL 

Permanent Threshold Shift PTS 

Temporary Threshold Shift TTS 

National Oceanographic and Atmospheric Administration NOAA 

Low-frequency LF 

High-frequency HF 

Very High-frequency VHF 

World Ocean Atlas 2018 WOA18 

Normal modes NM 

Parabolic Equation PE 
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1 Introduction 
This report documents underwater sound propagation modelling performed in connection with proposed seismic 

survey activities by OX2 for the project Triton offshore wind farm (OWF). Triton OWF is located in the Swedish 

part of the Baltic sea, approximately 35 km south of Ystad, as shown in Figure 1.1. The wind farm site is lo-

cated close to the German EEZ indicated by the red line called “Germany-Sweden” south of the wind farm site, 

see Figure 1.1. The OWF is also relative close to the Danish EEZ (Bornholm-Sweden) indicated by the red line 

to the east of the wind farm. 

Figure 1.1: Overview map of Triton OWF (black). 

 

OX2 has informed NIRAS, that a final decision about the supplier that will conduct the seismic surveys as well 

as equipment that will be used in the surveys, is not yet final. One of the potential suppliers has however pro-

posed a list of equipment that could be used to obtain the necessary geophysical data. 

This report evaluates the proposed survey equipment with regards to underwater noise emission. Detailed noise 

emission calculations are carried out for those sources, that can emit underwater noise levels capable of having 

a negative impact on marine mammals, either on a level of disturbance effects, or in the form of temporary or 

permanent hearing damage. 

2 Purpose 
The purpose of this report is to calculate and document the threshold distances for noise emission in relation to 

harbour porpoises and seals in the Triton OWF area. The analysis covers three types of potential impact (avoid-

ance behaviour, Temporary Threshold Shift (TTS) and Permanent Threshold Shift (PTS)) and is calculated for 

three different equipment setups. 
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3 Background 
This chapter discusses general background knowledge for underwater noise, with definitions of used noise met-

rics, guideline requirements as well as threshold levels for quantifying the impact of noise. 

3.1 Sound level metrics 
In the following, the reader is introduced to the acoustic metrics used throughout the report for quantifying the 

sound levels. 

3.1.1 Sound Pressure Level (𝑺𝑷𝑳𝑹𝑴𝑺) 

In underwater noise modelling, the Sound Pressure Level (SPL) is commonly used to quantify the noise level at 

a specific position, and in impact assessments, is increasingly used for assessing the behavioural avoidance re-

sponse of marine mammals as a result of noise emitting activities. The definition for SPL is shown in Equation 1 

(Erbe, 2011):  

 𝑆𝑃𝐿𝑅𝑀𝑆 = 20 ∗ log10 (√(
1

𝑇
)∫ 𝑝(𝑡)2

𝑇

 )     [𝑑𝐵 𝑟𝑒. 1𝜇𝑃𝑎] Equation 1 

Where 𝑝 is the acoustic pressure of the noise signal during the time of interest, and 𝑇 is the total time. 𝑆𝑃𝐿𝑅𝑀𝑆 is 

the average unweighted SPL over a measured period of time. The time window must be specified. Often, a fixed 

time window of 125 ms, also called “fast”, is used due to the integration time of the ear of mammals (Jakob 

Tougaard, 2018). The metric is then referred to as 𝑆𝑃𝐿𝑅𝑀𝑆−𝑓𝑎𝑠𝑡. 

3.1.2 Sound Exposure Level (𝑺𝑬𝑳) 

Another important metric is the Sound Exposure Level (SEL), which describes the total energy of a noise event 

(Jacobsen & Juhl, 2013). A noise event can for instance be an airgun array or a sparker system firing, or it can 

be a single noise event like an explosion.  

The SEL is normalized to 1 second, and is defined in Equation 2 (Martin, et al., 2019): 

 
𝑆𝐸𝐿 = 10 log10 (

1

𝑇0𝑝0
2  ∫ 𝑝2(𝑡)

𝑇

0

)  [𝑑𝐵 𝑟𝑒. 1𝜇𝑃𝑎2𝑠]  Equation 2 

Where 𝑇0 is 1 second, 0 is the starting time and 𝑇 is end time of the noise event, 𝑝 is the pressure, and 𝑝0 is the 

reference sound pressure which is 1 𝜇𝑃𝑎.  

When the SEL is used to describe the sum of noise from more than a single event, the term Cumulative SEL, or 

𝑆𝐸𝐿𝐶,< 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 >, is typically used. Another term of SEL which is used for reference to a single impulse, is 𝑆𝐸𝐿𝑆𝑆. 

For moving sources in combination with moving receivers, the cumulative SEL is proposed to be calculated us-

ing the approach presented in (Tougaard, 2016). Here the source vessel speed, and its direction relative to a 

moving receiver is used to calculate the cumulative SEL received by the receiver. In Equation 4, the distance 

between the source and receiver at the i’th pulse, 𝑟𝑖 of a specific piece of survey equipment, given a starting 

position of the marine mammal relative to the source defined by the on-axis distance, 𝑙0, corresponding to the 

transect line, and the off-axis distance, 𝑑0, corresponding to the perpendicular distance from the transect line. 

Here, ∆𝑡𝑖 is the time in seconds between the first pulse and the i’th, while 𝑣𝑠ℎ𝑖𝑝 and 𝑣𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 is the ship and re-

ceiver moving speed respectively, in m/s. 



 

 

 OX2    16-06-2021  www.niras.dk 

9 

 𝑟𝑖 = √(𝑙0 − ((𝑖 − 1) ∙ ∆𝑡𝑖) ∙ 𝑣𝑠ℎ𝑖𝑝)
2
+ (𝑑0 + ((𝑖 − 1) ∙ ∆𝑡𝑖) ∙ 𝑣𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟)

2 
Equation 3 

By summing the pulses from the entire survey given the transmission loss for the survey area,  

Equation 4 gives the resulting 𝑆𝐸𝐿𝐶24ℎ. 

 

𝑆𝐸𝐿𝐶24ℎ = 10 ∗ 𝑙𝑜𝑔10 (∑10
(
𝑆𝐸𝐿𝑀𝑎𝑥−𝑋∗log10(𝑟𝑖)−𝐴∗(𝑟𝑖)

10
)

𝑁

𝑖=1

) Equation 4 

Where N is the total number of pulses for that piece of survey equipment, 𝑆𝐸𝐿𝑀𝑎𝑥 is the source level at 1 m 

distance, 𝑋 and 𝐴 describe the sound propagation losses for the specific project site. In the original equation by 

(Tougaard, 2016), it is assumed that the marine mammal moves in a straight line at constant speed directly 

perpendicular to the transect line (source vessel direction). In NIRAS’ adaptation to the (Tougaard, 2016) model, 

it is however assumed that the marine mammal moves in a straight line directly away from the source. For 

surveys using multiple equipment types, the contribution from each source is first normalized into 1 sec. SEL 

based on firing frequency, and then added. 

 

The parameters in Equation 3 and Equation 4 related to the source level, firing frequency, movement speed and 

source direction must be based on realistic assumptions and can be achieved through a site specific survey setup. 

The sound propagation parameters (𝑋 and 𝐴) must be determined through an advanced sound propagation model, 

in which all relevant site specific environmental parameters are taken into account. 

 

Marine mammals can incur hearing loss, either temporarily or permanently as a result of exposure to high noise 

levels. The level of injury depends on both the intensity and duration of noise exposure, and the SEL is therefore 

a commonly used term to assess the risk of hearing impairment as a result of noise emitting activities. (Martin, 

et al., 2019).  

The relationship between 𝑆𝑃𝐿𝑅𝑀𝑆 in Equation 1 and SEL, in Equation 2, is given in Equation 5 (Erbe, 2011).   

 𝑆𝐸𝐿 = 𝑆𝑃𝐿𝑅𝑀𝑆 + 10 ∗ log10(𝑇) Equation 5 

3.2 Underwater noise impact criteria for marine mammals 
The noise related impact for both harbor porpoise and seal, is defined in relation to the PTS and TTS  criteria, 

and is given in Table 3.1 along with avoidance behavior for harbor porpoise. PTS and TTS criteria are based on 

the use of species-dependent frequency weighted cumulative SEL (𝑆𝐸𝐿<𝑆𝑝𝑒𝑐𝑖𝑒𝑠>,24ℎ). The harbour porpoise is clas-

sified as a Very High-Frequency (VHF) Cetacean in this regard (NOAA, April 2018), (Southall, et al., 2019). 

Avoidance behaviour is however evaluated based on the single pulse criteria 𝑆𝑃𝐿𝑅𝑀𝑆−𝑓𝑎𝑠𝑡,𝑉𝐻𝐹 = 100 dB re. 1 µPa 

(Tougaard J, 2015), as the level 45 dB above the hearing threshold for porpoises. Seal (including harbour seals, 

grey seals and ringed seals, the three relevant seals species for the development area for Triton OWF) is classi-

fied as a Phocid Pinniped (PW) in this regard (NOAA, April 2018) and no avoidance behaviour criteria is speci-

fied for this classification. 
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Hearing group 
Representa-
tive species 

Species specific weighted 
thresholds (Non-impulsive) 

Species specific weighted thresholds  
(Impulsive) 

𝑆𝐸𝐿𝐶24ℎ,<𝑤𝑒𝑖𝑔ℎ𝑡𝑖𝑛𝑔> 𝑆𝐸𝐿𝐶24ℎ,<𝑤𝑒𝑖𝑔ℎ𝑡𝑖𝑛𝑔> 𝑆𝑃𝐿𝑅𝑀𝑆−𝑓𝑎𝑠𝑡 

TTS 
[dB] 

PTS 
[dB] 

TTS 
[dB] 

PTS 
[dB] 

Behaviour 
[dB] 

Very High-Fre-
quency Ceta-

ceans 

Harbour por-

poise 
153 173 140 155 100 

Phocid Pinniped Harbour seal 181 201 170 185 - 

“-“ Thresholds is not obtained for this hearing group.  

 

The thresholds in Table 3.1 are for impulsive noise such as airgun arrays, sparkers, boomers and other types of 

sub-bottom profilers (SBP). Different thresholds apply for continuous noise (e.g. ship noise) and whilst impul-

sive noise is expected to transition towards continuous noise over distance from the source, this transition is 

not expected to occur within the distances at which behavioural or temporary and permanent hearing impact 

can potentially occur as a result of these activities. In any case, threshold levels for continuous noise are more 

lenient, than those for impulsive noise, and use of the impulsive noise criteria, therefore provides conservative 

threshold distances. The non-impulsive thresholds will not be considered further in this report. 

3.2.1 Threshold distance representation 

The impact criteria as presented in section 3.2, rely on determining the distances at which the various thresh-

olds are likely to occur.  

As such, threshold distances for PTS and TTS describe the minimum distance from the source, a marine mam-

mal must at least be deterred to, prior to onset of seismic survey, in order to avoid the respective impact. It 

does therefore not represent a specific measurable sound level, but rather a starting distance. It should further-

more be noted, that PTS and TTS distances are given as an interval, indicating the minimum – maximum dis-

tance for the harbour porpoise and seal. The minimum distance will relate to the marine mammals located be-

hind the survey vessel, while the maximum will relate to the marine mammals located in front of the survey 

vessel. This difference is because of the movement of vessel and marine mammal causing the vessel to get 

closer and closer to a marine mammal located in front of the vessel in the beginning of the survey, while 

quickly creating distance to marine mammals located behind the vessel.   

The threshold distance for behaviour, on the other hand, describes the specific distance, up to which, the be-

havioural avoidance responses are likely to occur.   

3.2.2 Frequency weighting functions  

As described in the previous section, the impact assessment for underwater noise includes frequency weighted 

threshold levels. In this section, a brief explanation of the frequency weighting method is given.  

Humans are most sensitive to frequencies in the range of 2 kHz - 5 kHz and for frequencies outside this range, 

the sensitivity decreases. This frequency-dependent sensitivity correlates to a weighting function, for the hu-

man auditory system it is called A-weighting. For marine mammals the same principle applies through the 

weighting function, 𝑊(𝑓), defined through Equation 6. 

Table 3.1: Species specific weighted threshold criteria for marine mammals. This is a revised version of Table AE-1 in (NOAA, April 

2018) to highlight the important species in the project area (NOAA, April 2018). 
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𝑊(𝑓) = 𝐶 + 10 ∗ log10

(

 
 (

𝑓
𝑓1
)
2∗𝑎

[1 + (
𝑓
𝑓1
)
2

]

𝑎

∗ [1 + (
𝑓
𝑓2
)
2

]

𝑏

)

 
 
 [dB] 

Equation 6 

 

Where: 

• a is describing how much the weighting function amplitude is decreasing for the lower frequencies. 

• b is describing how much the weighting function amplitude is decreasing for the higher frequencies. 

• 𝑓1 is the frequency at which the weighting function amplitude begins to decrease at the lower frequencies 

[Hz] 

• 𝑓2 is the frequency at which the weighting function amplitude begins to decrease at the higher frequencies 

[Hz] 

• C is the function gain [dB].   

 

For an illustration of the parameters see Figure 3.1. 

Figure 3.1: Illustration of the 5 parameters in the weighting function (NOAA, April 2018). 

 
The parameters in Equation 6 are defined for the relevant hearing groups and the values are presented in Table 

3.2. 

 

Hearing Group a b 𝑓2 (kHz) 𝑓2(kHz) C (dB) 

Very High-frequency (VHF) cetaceans 1.8 2 12 140 1.36 

Phocid pinnipeds (PW) (underwater) 1.0 2 1.9 30 0.75 

 

By inserting the values in Table 3.2 into Equation 6, the following spectra is obtained for the VHF cetacean (in-

cluding harbour porpoises) and PW hearing groups (including harbour, grey and ringed seals).  

Table 3.2: Parameters for the weighting function for the relevant hearing groups (NOAA, April 2018).   
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Figure 3.2: The weighting functions for the different hearing groups. 

 

4 Evaluation of proposed seismic survey equipment 
The full setup, using all suggested types of equipment (Innomar, Sparker and Mini airguns) is referred to as 

Equipment scenario 1. It is assumed that this equipment setup will be used during the field survey throughout 

the OWF site. There might be parts of the survey within the site that will not require the use of the sparker, and 

calculations for this setup are referred to as Equipment scenario 2. It is also considered a possibility that certain 

parts of the survey within the site will require only the Innomar system. This setup is referred to as Equipment 

scenario 3. All three equipment scenarios are listed in Table 4.1. 

Equipment Scenario Equipment Types Equipment models 

1 

Innomar 
Innomar SES-2000 Medium 100 

Sparker 
GeoSource 200-400 

Mini airguns Sercel Mini G 60 Cu Inch 

2 

Innomar Innomar SES-2000 Medium 100 

Mini airguns Sercel Mini G 60 Cu Inch 

3 Innomar Innomar SES-2000 Medium 100 

 

While Equipment scenario 1 is primarily used throughout the OWF site, Equipment scenario 2 and scenario 3 

might also be used on site e.g. in areas where only the upper few meters of the seabed bottom needs to be ex-

amined.  

It is assumed that the listed equipment models are representative for the equipment setup(s) that will be used 

for carrying out the field survey. If the final equipment setup(s) deviate from the proposed, it might be neces-

sary to re-evaluate the noise emission and the impact before carrying out the seismic surveys.  

Table 4.1: Overview of equipment scenarios. 
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Information, provided by GEO, on possible seismic survey equipment setup, are listed in Table 4.2 - Table 4.4, 

where additional calculated source level and directivity information has been added by NIRAS. 

Type 
Equipment 

model 

Source Noise 

Level 𝑆𝑃𝐿𝑟𝑚𝑠 (dB 

re 1 𝜇Pa @ 1m) 

Primary 

Frequency 

Range (Hz) 

Pulse 

Length 
Beam Width 

Sound Ex-

posure 

Level (dB 

re 1 𝜇𝑃𝑎2/

𝑠 @ 1m 

Duty 

cycle 

over a 

24 hour 

period 

Innomar 

Innomar SES-

2000 Medium 

100 

243 dB 1k - 150k 
0,07 – 2 

ms 
2° 213 dB 4 Hz 

Sparker 
GeoSource 

200-400 

216 dB  

(@1000 J) 
250 - 3.25k 2 ms 

60° @ 1 kHz 

30° @ 2 kHz 

15° @ 4 kHz 

189 dB 0.5 Hz 

Mini  

airguns 

Sercel Mini G 

60 Cu Inch 

140 dB 

(@4x2000 PSI) 
20-2k <100 ms omni 197 dB 0.5 Hz 

 

Type 
Equipment 

model 

Source Noise 

Level 𝑆𝑃𝐿𝑟𝑚𝑠 (dB 

re 1 𝜇Pa @ 1m) 

Primary 

Frequency 

Range (Hz) 

Pulse 

Length 
Beam Width 

Sound Ex-

posure 

Level (dB 

re 1 𝜇𝑃𝑎2/

𝑠 @ 1m 

Duty 

cycle 

over a 

24 hour 

period 

Innomar 

Innomar SES-

2000 Medium 

100 

243 dB 1k - 150k 
0,07 – 2 

ms 
2° 213 dB 4 Hz 

Mini  

airguns 

Sercel Mini G 

60 Cu Inch 

140 dB 

(@4x2000 PSI) 
20-2k <100 ms omni 197 dB 0.5 Hz 

 

Table 4.4: Proposed seismic survey equipment source characteristics for Equipment scenario 3, using Innomar. 

Type Equipment model 

Source Noise 

Level 𝑆𝑃𝐿𝑟𝑚𝑠 (dB 

re 1 𝜇Pa @ 1m) 

Primary Fre-

quency 

Range (Hz) 

Pulse Length 
Beam 

Width 

Sound Exposure 

Level (dB re 1 

𝜇𝑃𝑎2/𝑠 @ 1m 

Duty cycle 

over a 24 

hour period 

Innomar 
Innomar SES-

2000 Medium 100 
243 dB 1k - 150k 0,07 – 2 ms 2° 213 dB 4 Hz 

 

For the Innomar system, a technical note including a frequency spectra (Wunderlich, 2016) was supplied. For 

the Sercel Mini G airguns, a GUNDALF report was supplied by Sercel, however for a single airgun, see Appendix 

1, and from that, a conservative source level for 4 airguns was calculated by NIRAS. For the GeoSource 200-

400 sparker, a source directivity profile derived from sound source verification measurements was used. 

Below, each of the listed equipment models is evaluated with regards to underwater noise emission. 

 

4.1 Innomar SES-2000 Medium 100 
The Innomar SES-2000 Medium 100 system, is a parametric echo sounder with that can give a detailed map-

ping of the upper seabed layers. It emits two closely spaced high primary frequencies of e.g. 90 kHz and 100 

kHz, both with high sound pressure level. When the pulses interact in the water column, a secondary fre-

quency, corresponding to the difference between the two primaries will occur. The primary frequencies will 

quickly dissipate in the water, while the secondary frequency and harmonics persist and can be used for 

Table 4.2: Proposed seismic survey equipment source characteristics for Equipment scenario 1, using Innomar, Sparker and mini air-

guns. 

Table 4.3: Proposed seismic survey equipment source characteristics for Equipment scenario 2, using Innomar and mini airguns. 
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analyzing the seabed. This is explained in greater detail in (Wunderlich, 2016). It is a system with very focused, 

and downward angled directivity, achieving significant sound level reduction at an angle up to approximately -

40 dB in the horizontal direction at the primary frequency. With a per pulse SEL of up to 213 dB re. 1 µPa2s @ 

1m in the downward direction it is the source with the highest acoustic energy output in the proposed equip-

ment setup. The frequency content, however, is predominantly around the primary frequency of 100 kHz 

(Wunderlich, 2016), where especially harbour porpoise have a good hearing. The noise source is therefore in-

cluded in the detailed underwater noise propagation modelling. 

4.2 Sparker, GeoSource 200-400 
The proposed sparker, “GeoSource 200-400” from Geo Marine Survey Systems, is a multi-tip electrode sparker, 

discharging energy through a number of electrodes. The electrodes are arranged in a uniformly spaced planar 

grid of 0.7 x 1.0 m, creating a downward focused beam, the directivity of which is mentioned in Table 4.2 at 

key frequencies where most of the source energy is located. The dominant frequency content for the emitted 

acoustic signals are between 250 Hz to 3.25 kHz, which is outside the frequency-range, where harbour por-

poises have good hearing. Seals on the other hand have a relatively good hearing in this frequency range. Alt-

hough being downward focused, the directivity is limited, and significant sound energy will be emitted at higher 

angles. Thus, the noise source has the potential to cause long impact ranges, and is therefore included in the 

detailed underwater noise propagation modelling. 

4.3 Mini airguns, 4x MiniG 60 Cu Inch 
Four mini airguns of the model, Sercel Mini G 60 Cu Inch mini airguns, are suggested to investigate the seabed 

composition down to approximately 70 m depth below seafloor level. Airguns work by rapidly releasing com-

pressed air, causing a release of a focused pressure pulse towards the seabed. 

Unlike the Innomar system, airgun arrays are very low frequent in nature, with the primary frequency content 

between 10 Hz – 1 kHz, and the highest energy level around 20 – 40 Hz. It is therefore partly below the hear-

ing range of harbor porpoise and seal. The low frequency nature of the source however allows the sound to 

propagate with low energy loss over distance. The airgun array is proposed by the supplier to be operated in a 

“flip/flop” operation where airguns fire two at a time every 0.5 sec., meaning each airgun will fire once per sec-

ond, however with a break of 1 sec between a full sequence, in effect resulting in all four airguns firing once 

every 2 seconds. 

Sercel has supplied a GUNDALF report for their Mini GI airgun of 60 Cu inch, (for more details see Appendix 1), 

reporting  a source level of, SEL = 197 dB re. 1 µPa2s @ 1m per pulse, in the proposed “flip/flop” operation 

where 2 airguns fire at a time. Due to the high source level and a omnidirectional beam pattern, this source 

type is included in the detailed underwater noise propagation modelling.  

4.4 Detailed Source Level and Frequency Spectrum 
As discussed in previous sections, the Innomar, sparker and mini airguns need to be considered with regards to 

noise emission and sound propagation distances in relation to the potential impact on marine mammals. The 

detailed sound source levels both species-specific frequency weighting for Very High Frequency (VHF) Ceta-

ceans (NOAA, April 2018), (Southall, et al., 2019) and Phocid Pinniped (PW) are included in the dBSea sound 

propagation modelling, and are presented in Table 4.5. 
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Source 

Fre-

quency 

weighting 

 

Source Level SEL @1m in 1/1 octave bands [dB re. 1 µPa2s] 

Broad-

band 

16 

Hz 

31,5 

Hz 

63 

Hz 

125 

Hz 

250 

Hz 

500 

Hz 

1 

kHz 

2 

kHz 

4 

kHz 

8 

kHz 

16 

kHz 

32 

kHz 

64 

kHz 

128 

kHz 

Innomar 

SES-

2000 

VHF  

Cetaceans 
209,6 15,6 26,4 37,2 48 84,3 111,2 135,2 142,8 149 169,5 160,6 172 201,9 208,8 

Phocid  

Pinniped 
192,3 76,4 82,3 88,4 94,4 125,9 147,7 166,1 166,8 164,6 177 161,4 166,5 189,3 188,9 

Geo 

Source 

200 

Sparker 

VHF  

Cetaceans 
158,8 1,3 31 59,4 85,9 110 135,5 149,9 155 154,5 147,6 138 125,1 109,6 91,4 

Phocid  

Pinniped 
183,5 62,2 87 110,6 132,2 151,6 172 180,8 178,9 170,2 155,1 138,7 119,6 96,9 71,5 

Sercel 

Mini G 

60 Cu 

Inch 

VHF  

Cetaceans 
134,6 92,7 101,9 108,1 113,3 116,6 119,3 120,9 122,6 124,5 128,2 128,5 126,5 124,1 115,4 

Phocid  

Pinniped 
165,9 153,5 157,9 159,3 159,6 158,2 155,7 151,8 146,5 140,2 135,7 129,3 121,1 111,4 95,5 

 

5 Description of activities  
The seismic survey site for the Triton OWF is located in the Baltic sea. More precisely it is located around 35 km 

south from Ystad. Triton covers a total area of 252 km2. In Figure 5.1, the OWF site is shown with black outline  

Table 4.5: Detailed source level information for the Innomar SES-2000 medium 100, Geosource 200-400 Sparker and  4x MiniG 60 Cu. 

Inch airguns. 
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Figure 5.1: Survey site Triton boundaries in black frames.  

 

6 Sound propagation modelling methodology 
The impact of underwater noise on marine mammals is determined using sound propagation modelling software 

and the best available source and environmental data. This chapter provides a brief overview of underwater 

sound propagation theory and the software program used in the modelling, followed by a description of the in-

puts used for the propagation model. This includes environmental site specific and source input parameters. 

6.1 Underwater sound propagation theory 
This section is based on Jensen et al. (Jensen, et al., 2011) chapter 1 and chapter 3 as well as (Porter, 2011), 

and provide a brief introduction to sound propagation in saltwater. For a more detailed and thorough explana-

tion of underwater sound propagation theory, see (Jensen, et al., 2011) chapter 1. 

Sound pressure level generally decreases with increasing distance from the source. However, many parameters 

have an impact on the propagation and makes it a complex process.  

The speed of sound in the sea, and thus the sound propagation, is a function of both pressure, salinity and tem-

perature, depending on depth and the climate above the sea surface. 

The theory behind the sound propagation is not the topic of this report, however it is worth mentioning one as-

pect of the sound speed profile importance, as stated by Snell’s law, Equation 7.  

 
cos(𝜃)

𝑐
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 Equation 7 

Where:  

• 𝜃 is the ray angle [°]  

• c is the speed of sound [
𝑚

𝑠
].  
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This relationship implies that sound waves bend toward regions of low sound speed (Jensen, et al., 2011). The 

implications for sound in water are, that sound that enters a low velocity layer in the water column can get 

trapped there. This results in the sound being able to travel far with very low sound transmission loss. 

When a low velocity layer occurs near the sea surface, with sound speeds increasing with depth, it is referred 

to, as an upward refraction. This causes the sound waves to be reflected by the sea surface more than by the 

seabed. As the sea surface is often modelled as a calm water scenario (no waves), it causes reduced transmis-

sion loss, and thus a minimal loss of sound energy. This scenario will always be the worst case situation in 

terms of sound transmission loss. For some sound propagation models, this can introduce an overestimation of 

the sound propagation, if the surface roughness is not included.   

When a high velocity layer occurs near the sea surface with the sound speed decreasing with depth, it is re-

ferred to, as a downward refraction. This causes the sound waves to be angled steeper towards the seabed ra-

ther than the sea surface, and it will thus be the nature of the seabed that determines the transmission loss. 

Depending on the composition of the seabed part of the sound energy will be absorbed by the seabed and while 

another part will be  reflected. A seabed composed of a relatively thick layer of soft mud will absorb more of the 

sound energy compared to a seabed composed of hard rock, that will cause a relatively high reflection of the 

sound energy. 

In any general scenario, the upward refraction scenario will cause the lowest sound transmission loss and 

thereby the largest sound emission. 

In waters with strong currents, the relationship between temperature and salinity is relatively constant as the 

water is well-mixed throughout the year. 

As an example, in the Swedish waters, as Kattegat, Skagerrak and the Baltic Sea, an estuary-like region with 

melted freshwater on top, and high saline sea water at the bottom, the waters are generally not well-mixed and 

great differences in the relation between temperature and salinity over depth can be observed. Furthermore, 

this relationship depends heavily on the time of year, where the winter months are usually characterized by up-

ward refracting or iso-velocity sound speed profiles. In the opposite end of the scale, the summer months usu-

ally have downward refracting sound speed profiles. In between the two seasons, the sound speed profile grad-

ually changes between upward and downward refracting. 

The physical properties of the sea surface and the seabed further affect the sound propagation by reflecting, 

absorbing and scattering the sound waves. Roughness, density and media sound speed are among the sur-

face/seabed properties that define how the sound propagation is affected by the boundaries. 

The sea surface state is affected mainly by the climate above the sea surface. The bigger the waves, the more 

rough the sea surface, and in turn, the bigger the transmission loss from sound waves hitting the sea surface. 

In calm seas, the sea surface acts as a very reflective medium with very low sound absorption, causing the 

sound to travel relatively far. In rough seas, the sound energy will to a higher degree be reflected backwards 

toward the source location, and thus result in an increased transmission loss. As previously mentioned, this is 

not always possible to include in sound propagation models, and the transmission loss can therefore be under-

estimated, leading to higher noise forecasts than what would actually occur. 

Another parameter that has influence on especially the high frequency transmission loss over distance is the 

volume attenuation, defined as an absorption coefficient reliant on chemical conditions of the water column. 

This parameter has been approximated by Equation 8 (Jensen, et al., 2011): 

 𝛼′ ≅ 3.3 × 10−3 +
0.11𝑓2

1 + 𝑓2
+

44𝑓2

4100 + 𝑓2
+ 3.0 × 10−4𝑓2        (

𝑑𝐵

𝑘𝑚
) Equation 8 

Where 𝑓 is the frequency of the wave in kHz. This infers that increasing frequency also leads to increased ab-

sorption. 
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6.2 Sound propagation models 
There are different algorithms for modelling the sound propagation in the sea, all building on different concepts 

of seabed interaction and sound propagation, however only one that allows for the use of directional sources. 

This algorithm is called dBSeaRay, and is built on Ray tracing theory. 

Ray tracing has a good accuracy when working with frequencies above 200 Hz, however in very shallow waters, 

the minimum frequency would be higher, as the rays need space to properly propagate. Different techniques 

can be applied for ray tracing to improve and counteract certain of its inherent shortcomings (Jensen, et al., 

2011). Ray tracing furthermore, is the only algorithm that inherently supports directional sources, that is, 

sources that do not radiate sound equally in all directions.  

6.3 Underwater sound modelling software 
NIRAS uses the commercial underwater noise modelling tool: dBSea version 2.3.2, developed by Marshall Day 

Acoustics. 

The software uses 3D bathymetry, sediment and sound speed models as input data to build a 3D acoustic 

model of the environment and allows for the use of either individual sound propagation algorithms or combina-

tions of multiple algorithms, based on the scenario and need. For shallow water scenarios, a combination ap-

proach is usually preferred due to the individual algorithm limitations presented. The software furthermore sup-

ports the use of moving source modelling, where the motion is defined for each vessel in terms of speed, turn-

ing points and firing rate.  

6.4 Environmental model 
In this section, the environmental conditions are examined to determine the appropriate input parameters for 

the underwater noise model. The sound propagation depends primarily on the site bathymetry, sediment and 

sound speed conditions. In the following, the input parameters are described in general.   

6.4.1 Bathymetry 

dBSea incorporates range-dependent bathymetry modelling and supports raster and vector bathymetry import.  

Figure 6.1 shows the bathymetry map for Europa, where darker colours indicate deeper areas, and lighter col-

ours indicate more shallow water. The map is obtained from EMODnet and this version was released in Decem-

ber 2020. The resolution of the map is 115 x 115 metres. EMODnet has created the map using Satellite Derived 

Bathymetry (SDB) data products, bathymetric survey data sets, and composite digital terrain models from a 

number of sources. Where no data is available EMODnet has interpolated the bathymetry by integrating the 

GEBCO Digital Bathymetry (EMODnet, 2021).  
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Figure 6.1: Bathymetry map over European waters from Emodnet [EMODnet, 2021]. 

 

6.4.2 Seabed sediment composition 

In dBSea, the sound interaction with the seabed is handled through specifying the thickness and acoustic prop-

erties of the seabed layers all the way to bedrock. It can often be difficult to build a sufficiently accurate seabed 

model as the seabed composition throughout a project area is rarely uniform. The thickness and acoustic prop-

erties of the layers, from seabed all the way to bedrock, is generally obtained thought literature research in 

combination with available site specific seismic survey findings. 

For determining the top layer type, the seabed substrate map (Folk 7) from https://www.emodnet-geology.eu/ 

is generally used. This map is shown in Figure 6.2. 

Figure 6.2: A section of the seabed substrate map, (Folk 7) [EMODnet, 2021]. 

 

https://www.emodnet-geology.eu/
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6.4.3 Sound Speed Profile 

The sound propagation depends not only on bathymetry and sediment but also on the season dependent sound 

speed profile. To create an accurate sound speed profile, the temperature and salinity must be known through-

out the water column for the time of year where the activities take place.  

NIRAS examined NOAAs WOA18, freely available from the “National Oceanic and Atmospheric Administration” 

(NOAA) at https://www.nodc.noaa.gov/OC5/woa18/, (NOAA, 2019) which contains temperature and salinity 

information at multiple depths throughout the water column. 

For each of the sediment model positions, the nearest available sound speed profile, as well as average temper-

ature and salinity was extracted for the different months. 

6.5 dBSea settings and site specific environmental parameters  
In the following, the project specific input parameters are summarized. 

6.5.1 dBSea settings 

For this project, the dBSea settings listed in Table 6.1 were used. 

Table 6.1: dBSea Settings 

Technical Specification 

Octave bands 1/1-octave 

Grid resolution (range, depth) 50 m x 1 m 

Number of transects 180 (2° resolution) 

Sound Propagation Model Settings 

Model Start frequency band End frequency band 

dBSeaRay  

(Ray tracing) 
16 Hz 128 kHz 

 

6.5.2 Bathymetry 

The bathymetry implemented for this project, is shown in Figure 6.3, and includes the wind farm site and around 

125 km to each side (extracted from the bathymetry map in Figure 6.1). In the area of relevance, the bathymetry 

ranges from a depth of 100 m, indicated by the darker colours, to a depth of 0 m (land), indicated by the lighter 

colours.  

https://www.nodc.noaa.gov/OC5/woa18/
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Figure 6.3: Bathymetry map for the Triton site and surroundings. 

 

6.5.3 Sediment 

It can often be difficult to build a sufficiently accurate seabed model as the seabed composition throughout a 

project area is rarely uniform and the information available is often scarce. The thickness of the layers, from 

seabed all the way to bedrock, is obtained through literature research, where the following source, (COWI, 

2020), was found. Therefore, Figure 6.4 from (COWI, 2020) provided information on local layer depths through 

sediment profiles. The profiles are from seismic survey transects obtained near the project area, and are there-

fore included in the sediment model layer composition. 
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Figure 6.4: Interpreted geological profile from (COWI, 2020). 

To be able to make a detailed model that takes the seabed substrate into account as well as the varying ba-

thymetry, a 1348 point sediment model was built. Figure 6.5 shows the distribution of the sediments points 

with the corresponding seabed sediment from Folk 7 (EMODnet, 2021). 

The sediment model uses the information from the seabed substrate map to determine the top layer type, while 

the literature was used to determine average thickness at the different positions. The top sediment layer thick-

ness varies throughout the area and literature indicates that below the top sediment Chalk is reached. By look-

ing at Figure 6.4 it can be noted that there are very local valleys of moraine, these are not consider in the sedi-

ment profile since they are very local and obtained from over 20 km from the wind farm site. 
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Figure 6.5: Sediment model for Triton project area and surroundings. 

 

6.5.4 Sound speed profile 

 Figure 6.6 shows the extracted sound speed profiles at the available positions. Note that the gridded layout of 

the sound speed profiles indicate their respective position geographically. 

Examining Figure 6.6, this would indicate March as the worst case month and June-July as the best case. As no 

specific installation time is yet known, it was decided, in cooperation with OX2, to work with the worst case ap-

proach. In Figure 6.7 the sound speed profiles for the worst case month of march is shown. 
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Figure 6.6: Historic averages for Sound speed profiles for Triton project area for all months of the year. 
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Figure 6.7: Historic averages for Sound speed profile for the worst case month in the project area of Triton. 

 

6.6 Source modelling 
In order to determine impact distances to each of the threshold levels listed in section 3.2, underwater sound 

propagation modelling is performed for each equipment setup scenario, as identified in section 4. For Equip-

ment scenario 1 this comprise the Innomar system as well as the sparker and mini airguns. For Equipment sce-

nario 2, the Innomar system and the mini airguns are included in the underwater noise propagation model. 

Whereas for Equipment scenario 3, only the Innomar system is included in the underwater noise propagation 

model.  

The surveys are carried out by a single source vessel sailing at 4 knots in a straight line (source vessel tran-

sect) until it reaches the boundary of the survey site, where it performs a turn and continues on the next tran-

sect. The source vessel will be equipped with the equipment listed in section 4, some of it mounted on the ves-

sel itself, some of it towed behind the vessel. 

To model cumulative sound levels, the following approach to source modelling has been agreed with OX2.  
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Technical specification for source modelling Note 

Vessel speed 4 knots  

Time duration of the survey 24 h  

Fleeing behaviour 
Included with 1.5 m/s fleeing 

speed 

Fleeing behaviour considered is 
“negative phonotaxy” (Tougaard, 

2016) 

Number of transects 180 (2° resolution)  

Survey vessel route 
Final routes not decided. Differ-

ent likely worst-case options cho-
sen for different areas of site. 

 

 

For calculating the threshold distances for PTS and TTS, all equipment within each of the equipment setup sce-

narios are considered operational in accordance with the operational parameters outlined in Table 4.2 - Table 

4.4. 

6.6.1 Source positions 

Figure 6.8 shows the Triton OWF area and the surrounding Natura 2000 areas with a dimmed pink. In order to 

represent seismic survey activities within the site, four worst-case source positions were selected for underwa-

ter sound propagation modelling.  

Positions 1 - 3 are located within the OWF site, and given the relatively flat bathymetry and similar sediment 

composition, within the entire OWF site, the chosen positions are expected to provide a good representation of 

the area. All positions are shown in Figure 6.8 as yellow stars. With the selected source positions, it is expected 

that the results will be representative for any position within the site. 

Table 6.2: Technical specification for source modelling. 
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Figure 6.8: Overview over the selected source starting positions indicated by the yellow stars. 

 

6.7 Background noise 
There will be several sources of noise, which are not included in the underwater sound propagation modelling. 

These include: 

• Any biological sources, such as shrimps, whales and other marine mammals. 

• Anthropogenic noise source e.g. from ships, both those towing the equipment, follower ships etc. 

• Environmental noise, such as waves, currents, natural seismic activities. 

 

It is not expected that any of these noise sources will be significant in terms of impact distances compared to 

the seismic sources used in the survey. 

7 Results 
Sound propagation modelling was carried out for three positions within the site for each of the three Equipment 

setup scenarios.  

7.1 Impact distances 
Worst case position sound propagation modelling was undertaken for likely avoidance behaviour, as repre-

sented by the threshold 𝑆𝑃𝐿𝑅𝑀𝑆−𝑓𝑎𝑠𝑡,𝑉𝐻𝐹  =  100 𝑑𝐵 𝑟𝑒 1 𝜇𝑃𝑎, while cumulative 24 hour modelling was undertaken 

for TTS and PTS. For harbour porpoise this is represented by the thresholds 𝑆𝐸𝐿𝐶24ℎ,𝑉𝐻𝐹  =  140 𝑑𝐵 𝑟𝑒 1 𝜇𝑃𝑎
2𝑠 for 

TTS and 𝑆𝐸𝐿𝐶24ℎ,𝑉𝐻𝐹  =  155 𝑑𝐵 𝑟𝑒 1 𝜇𝑃𝑎
2𝑠 for PTS. In regard to harbour seal it is represented by the thresholds 

𝑆𝐸𝐿𝐶24ℎ,𝑃𝑊  =  170 𝑑𝐵 𝑟𝑒 1 𝜇𝑃𝑎
2𝑠 for TTS and 𝑆𝐸𝐿𝐶24ℎ,𝑃𝑊  =  185 𝑑𝐵 𝑟𝑒 1 𝜇𝑃𝑎

2𝑠 for PTS. Both TTS and PTS threshold cal-

culations are based on marine mammals fleeing (negative phonotaxy) behaviour as described in section 3.1.2.  

The resulting impact distances for the different thresholds are listed in Table 7.1. 
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Table 7.1: Threshold impact distances for the seismic survey activities divided by equipment setup scenarios. The distances for PTS and 

TTS indicate, at which range of distances, in meters, from the survey vessel, a marine mammal must at least be at the onset of full 

survey activities in order to avoid each of the given impacts. Results represent worst case survey month of march. 

Area 
Equipment  
scenario 

Position 

Threshold distance [m] 

Harbour porpoise Seal 

Avoidance  
Behavior 

𝑆𝑃𝐿𝑅𝑀𝑆−𝑓𝑎𝑠𝑡,𝑉𝐻𝐹 

= 
100 𝑑𝐵 

TTS 
𝑆𝐸𝐿𝐶24ℎ,𝑉𝐻𝐹 

= 
140 𝑑𝐵 

PTS 
𝑆𝐸𝐿𝐶24ℎ,𝑉𝐻𝐹 

= 
155 𝑑𝐵 

TTS 
𝑆𝐸𝐿𝐶24ℎ,𝑃𝑊 

= 
170 𝑑𝐵 

PTS 
𝑆𝐸𝐿𝐶24ℎ,𝑃𝑊 

= 
185 𝑑𝐵 

Triton OWF 
site 

1: Sparker 
Airguns & 
Innomar 

1 5050 1200-2700 375-950 100-350 < 25 

2 6550 1300-3000 425-1050 90-350 < 25 

3 4800 1175-2550 400-975 60-300 < 25 

2: Airguns & 
Innomar 

1 3200 1200-2700 375-950 < 50 < 25 

2 3400 1300-3000 425-1050 < 50 < 25 

3 3250 1175-2550 400-975 < 50 < 25 

3: Innomar 

1 3200 1200-2700 375-950 < 50 < 25 

2 3400 1300-3000 425-1050 < 50 < 25 

3 3250 1175-2550 400-975 < 50 < 25 

 

For PTS and TTS, distances range from minimum impact distance to maximum impact distance, representing 

the dependency on marine mammal position relative to the survey vessel. Minimum distances represent marine 

mammals located “behind” or perpendicular to the vessel, while maximum distances represent marine mam-

mals located in front of the vessel. The results can be used to define the minimum distance, a marine mammal 

must be deterred to, relative to the survey vessel at the onset of full activities, in order to avoid the respective 

impact. Sufficient soft start/ramp up procedures should thus be carried out prior to the seismic survey. 

It should be noted, that impact distances for Equipment scenario 2 and scenario 3 are identical. This is due to 

the airguns having an insignificant effect on the overall noise levels with the frequency weightings applied, 

compared to the effect of the Innomar system. 

It is also worth noting, that PTS and TTS distances for Equipment setup 1, 2 and 3, in position  1, 2 and 3, are 

very similar. This is due to the Innomar system being by far the dominant noise source with the VHF weighting, 

at distances up to 3-4 km from source, after which the sparker begins to contribute significantly to the overall 

noise level. 

8 Recommended mitigation 
The isolated ship noise from the seismic survey vessel (engine and propeller etc.) is expected to have a deter-

ring effect on harbour porpoises (without any seismic survey equipment running). During visual boat surveys 

harbour porpoises have been shown to swim away when the boat is less than 50 m away (Sveegaard, et al., 

2017).  

As impact ranges are expected to exceed 50 m, the vessel noise alone will not ensure that marine mammals 

are deterred to a sufficient distance. It is therefore recommended that any seismic survey includes a soft start 

with ramp up to full power over a sufficiently long duration. As an example, a 30 minute soft start would allow a 

marine mammal swimming at 1.5 m/s to reach a distance of 2.7 km. Add to that the vessel speed of 4 knots 

(2.0 m/s), and the resulting distance between fleeing marine mammals and survey vessel will be over 5 km. 

This would be sufficient to avoid PTS and TTS effects for all equipment setups, with the 30 minute soft start 

procedure. This will allow marine mammals in the potentially hazardous zone near the seismic survey vessel to 

swim away, before the seismic survey is running at full power. 
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9 Conclusion 
For harbour porpoise, it is concluded that all Equipment scenarios cause around the same impact distances with 

regards to Temporary Threshold Shift (TTS) and Permanent Threshold Shift (PTS). This is due to the Innomar 

system being the dominant noise source at distances out to 3-4 km from the survey vessel, when VHF 

weighting is applied. PTS is therefore likely to occur in harbour porpoise present at distances out to 1050 m 

from the survey vessel at the onset of seismic survey activities, while for TTS, the distance is 3 km.  

For seals, where PW weighting is applied, the sparker is the most significant noise source, and the threshold 

distances therefore differ between the Equipment scenarios. While PTS in seal is unlikely to occur beyond 25 m 

from source vessel in all Equipment scenarios, TTS is likely to occur for seals located at distances up to 350 m 

from the vessel for Equipment scenario 1, but only up to 50 m for Equipment scenario 2 and 3.  

It should be noted, that the maximum impact distances represent marine mammals located directly in the path 

of the survey vessel, whereas those marine mammals located perpendicular to, or behind the survey vessel 

path, have significant lower impact distances.  

It is assessed, that a 30 minute soft start procedure where non harmful sound is emitted from the survey ves-

sel, or separate equipment deployed at the starting position for the survey, will be sufficient to deter harbour 

porpoise and seal from distances at which PTS and TTS can potentially be incurred. 

For harbour porpoise avoidance behaviour, the impact distance was found to be up to ~ 6.55 km from the sur-

vey vessel with Equipment scenario 1 active, and up to ~3.4 km with equipment scenario 2 or 3 active. Con-

trary to the PTS and TTS, the behaviour distance disregards the duty cycle of the equipment types, and only 

considers a single pulse from each. This makes the sparker the dominant noise contributor for VHF behaviour 

distances, as it has a very low duty cycle (0.5 Hz) compared to the Innomar system (4 Hz). 
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Appendix 1: Mini GI 60 Cu. Inch. Airgun, Gundalf Report 
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