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SEISMIC SOURCE MODELLING REPORT

Executive Summary

Marine seismic surveys consist of a short duration acoustic sound (less than 0.03 seconds) generated
repeatedly approximately every 10-15 seconds, in the water behind a vessel. The acoustic sound is
normally generated by a cluster (array) of up to 40 airguns of mixed sizes with a combined volume of
typically in the range of 1,000 in3 to 5,500 in3. The Sound Pressure Level (SPL) range for these arrays
is typically 240 to 260dB re: 1µPa@1m (Landro & Amundsen, 2010a; NRC, 2003). The surveys also
utilise Ultra Short Base Line (USBL) positioning equipment to ensure the safety of the towed
equipment. This USBL equipment has a SPL range of 194 to 207dB re: 1µPa@1m depending on the
type or model of equipment being used. As towed equipment can move significantly in the water, the
USBL positioning equipment must always remain on for safety reasons.

Latest research in marine mammal auditory sensitivity studies related to sound exposure predicts the
onset of Temporary Threshold Shift (TTS) within very high frequency marine mammals at 196 dB SPL
re: 1µPa@1m; other mammal groups have higher thresholds (Southall et.al. 2019) depending on the
species and characteristics of the mammal in question. The current Guidelines for marine mammal
protection in Ireland (NPWS, 2014) are that during survey line changes of greater than 40 minutes
either:
(a) Seismic sources shall be shut down during the line change, followed by pre-start monitoring
and a Ramp-Up Procedure, or
(b) Seismic sources shall be reduced to a SPL of 165-170 dB re: 1µPa@1m during the line change,
followed by a Ramp-Up Procedure.
Taking as an example a notional seismic airgun array with a SPL of 260dB re: 1µPa@1m, a proposed
reduction of 90dB would equate to a 99.997% reduction in acoustic output compared to full survey
operations. Looking at this another way, correcting for theoretical SPL calculations for arrays (Landro
& Amundsen, 2011b; Fontana & Boukhanfra, 2018; Dragoset, 2000) and natural transmission loss
(Landro & Amundsen, 2012) the acoustic signal of the array would be below 170dB within 3,200m of
the source. This is less than the length of equipment commonly towed during seismic surveys.

There is currently no airgun available to the offshore industry that comes close to achieving the
desired SPL of 165-170 dB re: 1µPa@1m. A review of options to manufacture an airgun to adhere to
the Guidelines found that the air chamber of a reduced size gun would need to be in the order of a
cube with sides of less than 2mm. It was thus concluded that it was not possible to manufacture and
operate an airgun with a SPL of 165-170 dB re: 1µPa@1m.
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Reviewing all other equipment available and relevant scaling laws examined in this report, it is
proposed that a practical solution to the Guidelines (NPWS, 2014) would be:
•

Continue acoustic sources related to USBL positioning systems (SPL values of 194 to 207dB re:
1µPa@1m) and vessel noise (SPL of 166 dB re: 1µPa@1m). These two acoustic sources cannot
be turned off or reduced during line turns.

•

Introduce an acoustic deterrent (pinger) with a SPL of less than 165-170 dB re: 1µPa@1m such
as the AquaMark 100, provided such system did not interfere with USBL positioning systems.

•

As the vessel has a SPL of 166 re: 1µPa@1m at 30-1000 Hz and the acoustic deterrent has a
SPL of less than 165-170 dB re: 1µPa@1m with an operating frequency of >5,000 Hz, it can be
considered that the two acoustic noises would yield the same output (SPL and Frequency) as
an airgun with a SPL of less than 165-170 dB re: 1µPa@1m. It is thus possible to turn off all
airgun acoustic sources during line turns without the requirement for pre-start monitoring.
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1 Definitions
The following definitions are used throughout the document

𝜌 [

𝑘𝑔

𝑚3

], density of sea water

𝐴𝑚 [𝑚], maximum bubble radius
𝑃 [𝑃𝑎], airun operating pressure
𝑃0 [𝑃𝑎], hydrostatic pressure
𝑄 [𝐽], potential energy
𝑇𝑏 [𝑠] , bubble period
𝑉[𝑚3 ], airgun chamber volume
𝑐1 [ ], proportionality constant
𝐶2 [

𝑘𝑔

𝑚

3]

1⁄
2

, proportionality factor.
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2 Introduction
2.1. Seismic Surveys
Seismic surveys consist of a short duration acoustic sound (less than 0.03 seconds) being generated
repeatedly approximately every 10-15 seconds in the water behind a vessel. The acoustic sound is
normally generated by airguns, see section 4.1. The sound travels down below the seabed and
bounces / reflects off different rock layers back up to towards the sea surface where it is detected by
hydrophones. Modern surveys have thousands of hydrophones towed behind the vessel (within
cables called streamers) to maximise the area surveyed in each vessel pass (thus reducing the total
number of passes which reduces the associated costs, environmental footprint and exposure hours
for the crew). The process is repeated in straight lines back and forth over an area to be surveyed,
with the reflected sound continuously recorded. It is common for the towed equipment to be 1,500
meters wide and 10,000 meters long, thus survey line changes require careful wide radius turns, often
several hours in duration, with continuous careful monitoring of equipment positioning. After
extensive processing, the recorded reflections yield an image of the different types of subsurface rock
formations in the survey area and assists in predicting the geological history and potential
hydrocarbon accumulations, including the suitability for infrastructure.

Using modern seismic acquisition and processing techniques seismic surveys can be designed with a
geophysical requirement to acquire data during vessel turns. Some surveys are even acquired as a
sequence of moving circles, or coil shooting. The requirement to acquire seismic data on line turns is
because seismic data acquired at different angles (or azimuths) can assist in obtaining a correct image
of complex geological layers. There are, however, many instances where seismic acquisition may not
required on the line turns; to facilitate equipment maintenance, where existing seismic data already
exists, or a desire to reduce the environmental impact of the survey.
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Figure 2.1 Schematic illustration of a seismic survey (not to scale).

2.2. Regulatory context
Seismic acquisition is a highly regulated activity offshore Ireland. Applications for permission to
conduct a seismic survey must be submitted to the Department of Communications, Climate Action
and Environment (DCCAE) months in advance of the planned activity. The application must be
accompanied by an Environmental Impact Assessment (EIA) Screening Report and Appropriate
Assessment Screening and Natura Impact Statement. These documents provide detailed information
to assist the DCCAE in determining if the proposed survey is likely to have any significant effect on the
environment.

In 2014 the National Parks and Wildlife Service (NPWS), a unit of the Heritage Division of the
Department of Arts, Heritage and the Gaeltacht (DAHG), published a report to provide guidance and
mitigation measures in respect of activities which introduce acoustic noise into the marine
environment, for example dredging, pile driving and acoustic surveys (NPWS, 2014). The DCCAE
require all seismic operations to adhere to this guidance as part of the permitting process. Of
particular relevance to this report are the following sections taken from Section 4.3.4(i) of the
aforementioned NPWS Guidance document-

Where the duration of a survey line or station change will be greater than 40 minutes the
activity shall, on completion of the line/station being surveyed, either
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(a) shut down and undertake full Pre-Start Monitoring, followed by a Ramp-Up Procedure
for recommencement, or
(b) undergo a major reduction in seismic energy output to a lower energy state where the
output peak sound pressure level from any operating source is 165-170 dB re: 1µPa@1m,
and then undertake a full Ramp-Up Procedure for recommencement.
Pre-Start Monitoring
Sound-producing activities shall only commence in daylight hours where effective visual
monitoring, as performed and determined by the MMO, has been achieved. Where
effective visual monitoring, as determined by the MMO, is not possible the sound-producing
activities shall be postponed until effective visual monitoring is possible.

Under these Guidelines, if a seismic vessel completed one line of acquisition and was conducting a
standard line turn of greater than 40 minutes to start the next adjacent line, it would need to either
(a) shut down the source or (b) reduce the source sound pressure level to 165-170 dB re: 1µPa@1m.
Furthermore, if the turn happened during poor visibility or at night, then the required Pre-Start
Monitoring procedure could not commence. The vessel would thus be forced to continue waiting
arbitrarily until conditions allowed the Pre-Start Monitoring procedure to begin. The vessel cannot
stop as it is towing equipment, thus it is using fuel and emitting vessel noise while it waits for the
correct conditions to enable the Pre-Start Monitoring procedure to begin.

From April to September in any given year, there is an average of 9 hours of darkness each night, or
over 35% of the hours in a day. If a seismic survey had to shut down during a line turn at night and
was not able to recommence acquisition until dawn there is a potential risk that a survey could take
up to 35% longer and thus emit 35% more related emissions, not to mention exposure hours and
general refuse and water waste for the crew of approximately 50 people.

The Guidelines have been written with a view to marine mammal protection and conservation. The
latest research by Southall et. al. (2019) provides updated information on reductions in marine
mammal auditory sensitivity related to sound exposure, specifically updated levels for predicted
onset of Temporary Threshold Shift (TTS) and Permanent Threshold Shift (PTS). The lowest onset
threshold for TTS is within very high frequency marine mammals, at 196 dB SPL re: 1µPa@1m. The
Guidelines of 165-170 dB re: 1µPa@1m have thus a 20 to 35 times lower amplitude SPL (quieter)
than the lowest onset threshold for TTS at a distance of 1 meter from the acoustic source.
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2.3. Acoustics
The human response to relative loudness of two sounds is non-linear, it is logarithmic, which allows
for the large range of human hearing. Therefore, a logarithmic scale has been adopted by physicists
to describe sound pressure level measurements, the decibel scale, and decibels (dB) are measured on
a base 10 logarithmic scale.

The particular feature of using a logarithmic scale can be summarised as follows (OSPAR, 2009;
DOSITS, 2020)6dB increase = double sound pressure level
20dB increase = 10 times sound intensity
40dB increase = 100 times sound intensity
60dB increase = 1000 times sound intensity

Sound travels in waves, moving away from the source in all directions, the further it moves from the
source the wider the sound wave is and thus the pressure level decreases – a feature knows as
geometric spreading. An excellent example of this is to watch the ripples formed from a raindrop
landing in water. Close to the raindrop impact the energy creates a large ripple and as the energy
spreads outwards in a circular fashion the ripple decreases in size as the same energy spreads around
a bigger circular area. Sound is therefore always expressed relative to a standard reference pressure
and standard distance from the source of the sound. In underwater acoustics this is normally 1µPa
reference pressure, and 1 metre from the source of the sound, or simply written asre: 1µPa@1m

As the sound travels away from the reference point of 1 meter from the source the energy spreads
outwards in all directions, thus the energy level decreases with distance from the source, a process
known as transmission loss (see Section 2.5). The sound will also decrease with distance due to
absorption of the energy by the water and scattering effects causing interference, often cumulatively
referred to as attenuation. Low frequency sounds (analogous to a low musical pitch) can travel over
a long range as there is low attenuation of the signal while high frequency noise becomes attenuated
quickly and travels shorter distances.

The sound pressure level underwater is different to the sound pressure level in air due to the different
density properties of air and water, and the corresponding reference pressure in air is 20 µPa.
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Subtracting 62 dB from underwater sound pressure levels obtains roughly the in-air equivalent sound
pressure level.

2.4. Scope of the report
Complying fully with the Pre-Start Monitoring procedure in the Guidelines (NPWS 2014) during the
hours of darkness is not possible and may also prove difficult during adverse weather or poor visibility.
Being able to reduce the sound pressure level to within the Guidelines of 165-170 dB re: 1µPa@1m is
thus of interest, not only to reduce sound in the marine environment, but also to ensure efficient
seismic operations and thus reduce the environmental footprint of the activity, as well as minimise
the man-hour exposure to potential weather and other operations related risks.

A typical marine seismic survey has an acoustic source of 1,000 in3 to 5,500 in3 with a SPL of between
240 and 260dB re: 1µPa@1m (Landro & Amundsen, 2010a; NRC, 2003). A typical marine seismic
survey is thus 70 to 95dB higher than the Guidelines allow during line turn operations (165-170 dB re:
1µPa@1m). To operate a seismic source within the Guidelines during a line turn operation would
require a source that is approximately 3,000 to 56,000 times quieter energy (on a non-logarithmic
scale) than typical seismic survey operations. This would be equivalent to a source that is 99.96% to
99.99% quieter than the typical marine seismic survey.

A small 60 in3 G-Gun airgun, operated per manufacturer recommended chamber volume and under
typical operating conditions, has a peak sound pressure level of 219.6 dB re: 1µPa@1m (APPENDIX 1).
This is still ~50 to ~55dB higher than the Guidelines suggest for an operating source during line turns.
A source that would satisfy the Guidelines would be a further approximately 300 to 540 times quieter
(on a non-logarithmic scale) than a small 60 in3 G-Gun airgun. Hence, there is currently no airgun
available to the offshore industry that comes close at achieving the desired output level under the
Guidelines.

This report examines the potential to utilise existing airgun technology to manufacture and operate a
seismic source with an output sound pressure level of 165-170 dB re: 1µPa@1m, to be used during
line turns when seismic data is not being acquired and which would satisfy the Guidelines
recommended by the NPWS (2014). The potential suitability of existing equipment available to the
wider maritime industry is also considered.
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2.5. Technical Considerations
Airguns are the most common acoustic source used for marine seismic data acquisition. Their
popularity over other source types is due to several factors such as efficiency, reliability, signal
stability, and most importantly safety aspects. The frequency (analogous to musical pitch) of the
acoustic sound generated by airguns is normally 0 - 200 Hertz (Hz), with output beyond 200Hz limited
to less than 1% of the total energy and magnitudes quieter. It is described as an impulsive (or almost
instantaneous) sound and the sound pressure level is normally expressed as a peak to peak value (SPLpp), meaning the absolute

maximum sound pressure level. Other more continuous acoustic sources are

normally expressed as a root mean squared (SPLrms) value, meaning an average value of the total
sound. For comparison, an airgun SPLrms level is approximately 18 dB lower than the SPLp-p value
(Amundsen & Lasse, 2011).

The acoustic source for a seismic survey consists of several airguns of different sizes in close proximity,
called an airgun array. This design is to direct the sound energy vertically downwards, as well as
optimise the quality of the produced sound. As outlined in section 2.3, the sound pressure level (SPL)
is quoted at a standard 1 meter from the source of the sound, however in practice an airgun array is
commonly 15 meters by 15 meters in size with approximately 40 airguns. Thus, there is no physical
location 1 meter from the combined source of all 40 airguns. The SPL calculation is therefore a
theoretical calculation assuming all airguns were at 1 single point. Experiments have shown that the
actual maximum SPL of a seismic airgun array is approximately 20db lower than the theoretical
calculation, or approximately 10 times quieter, due to destructive interference of the signals between
individual airguns (Landro & Amundsen, 2011b; Fontana & Boukhanfra, 2018; Dragoset, 2000).

It is also important to understand that airguns arrays are designed to transmit energy vertically
downwards, thus the energy transmitted horizontally is 18 – 29 dB lower than the energy transmitted
vertically (Landro & Amundsen, 2011b), or equivalent to approximately 8 to 30 times less energy on a
non-logarithmic scale.

As discussed in Section 2.3 acoustic sound radiates outwards from the source in all directions (in a
sphere if unconstrained) and the energy intensity decreases as the sound radiates further and further
from the source. This is commonly referred to as natural transmission loss. In the marine environment
sound will encounter two boundaries, the sea surface and the seabed, thus the transmission loss is
often described as cylindrical rather than spherical, particularly in shallow water environments. Water
depth, water salinity, and seabed type also have implications on transmission of sound. Field data
tests in deeper water suggest the transmission loss is 20LOG(R) where R is the distance from the
source, to distances of 3-4Km and increases to 60LOG(R) beyond this distance out to at least 15Km
(Landro & Amundsen, 2012). This suggests that within 100m from the source the sound pressure level
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has dropped by 40dB (100 times on linear scale) and at 1,000m from the source the sound pressure
level has dropped by 60dB (1,000 times on linear scale).
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3 Sounds in the marine environment
Sounds in the marine environment come from a variety of sources, some natural and some man made
(anthropogenic). Where there is no local shipping noise, natural sources of sound dominate ocean
noise below 5 Hz and from a few hundred hertz to 200,000 Hz. The dominant source of naturally
occurring noise across the frequencies from 1 Hz to 100,000 Hz is associated with ocean surface waves
generated by the wind acting on the sea surface. Noise generation from thermal agitation of the
ocean itself is the dominant contributor above 100,000 Hz (NRC, 2003). Gentle wave action generates
a SPL of approximately 60dB re: 1µPa@1m while storm waves generate a SPL of up to 100dB re
1uPa@1m (NRC, 2003). Cetaceans add to the noise in the marine environment locally when they
vocalise and/or echolocate. The loudest is generated by Sperm Whale vocalisations which have been
documented up to 236dB re: 1µPa@1m (rms) with a range of frequencies centred at 15,000 Hz (Mohl
et. al., 2003).

Anthropogenic noise sources include shipping, fishing, pile driving, seismic surveying, and naval
activity. A table of some common natural and anthropogenic noise is presented in Figure 3.1.

Anthropogenic Noise

Acoustic Source Type
Pile Driving Impact
Dredging activities
Seismic Vessel
Cargo Vessel (173m length, 16 knotts)
USBL (Sonardyne Ranger 2 HPT 3000)
USBL (Kongsberg HiPAP)
Fisheries Sonars
Sub Bottom Profiler (SBP 120)
Multibeam sonar shallow water (EM710)
US Navy 53C ASW Sonar
US Navy SURTASS LFA Sonar
Typical Seismic Airgun Arrays
(theoretical values from far-field calculations, actual values are
found to be 20dB less, see Section 1.5)

Biological & Natural Noise

Pile Driving 1000kJ hammer
Multibeam sonar deep water (EM122)
Ambient Wave Noise
Harbour Porpoise - Echolocation Clicks
Gray Whale - Vocalisations
Right whale - Vocalisations
Blue Whale - Vocalisations
Bowhead Whale - Vocalisations
Humpback Whale - Fluke and Flipper slaps
Fin Whale - Vocalisations
Bottlenose Dolphin - Echolocation Clicks
Sperm Whale - Echolocation Clicks
Lightening Strike on sea surface

Source Level
(dB re 1 µPa @ 1m)
136-262
108-200
165
192
194
up to 207
150-210
230
232
235
235

Frequency
(Hz)
5 - 150,000
20-20,000
10 - 20,000
40-100
19,000-34,000
21,000-30,500
10,000 - 20,000
3,000-7,000
70,000-100,000
2,000-8,000
100-500

240 - 260

5 - 200

237
245

100-1,000
11,500-12,500

Hildebrand, 2009
Hildebrand, 2009

60-100
179
194
196
197
198
201
209
235
up to 236
250

1-100,000
40,000-140,000
20-1000
20-1000
20-1000
20-1000
20-1000
20-1000
40,000-140,000
100 - 30,000 Hz
Varied

NRC, 2003
Seiche, 2008
Seiche, 2008
Seiche, 2008
Seiche, 2008
Seiche, 2008
Seiche, 2008
Seiche, 2008
Seiche, 2008
Mohl et. al ., 2003
APPEA, 2013

Reference
Seiche, 2008
Seiche, 2008
Breitzke, 2008
Hildebrand, 2009
Sonardyne.com
EDF, 2019
MMC, 2007
Hildebrand, 2009
Hildebrand, 2009
Hildebrand, 2009
Hildebrand, 2009
Landro & Amundsen , 2010.
NRC, 2003.

Figure 3.1. Common sources of noise in the marine environment showing SPL, Frequency range and relevant
source reference.
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4 Existing acoustic sources
4.1. Airguns
Airguns are by far the most common acoustic source used for marine seismic data acquisition. Their
popularity over other acoustic source types is due to several factors such as efficiency, reliability, signal
stability, and most importantly safety aspects. Typical airgun sizes in use in offshore exploration are
20 in3 to 800 in3. These airguns are commonly arranged in a cluster (array) of up to 40 airguns of mixed
sizes with a sum of volumes typically in the 1,000 in3 to 5,500 in3 range. The SPL range for these arrays
is 240 to 260dB re: 1µPa@1m (Landro & Amundsen, 2010a; NRC, 2003).

The ‘ideal’ airgun would be a balloon-like container with a strong, thin shell that would hold
compressed air and that would instantly ‘shatter’ on command such that the compressed air could
freely and rapidly expand in all directions. Actual airguns consist of a chamber which holds
compressed air and a release mechanism which attempts to instantaneously release the compressed
air into the surrounding water as a bubble. The acceleration and expansion of the air bubble drives
the water outwards so rapidly that it has no time to flow away and thus builds up pressure that then
radiates away as an acoustic signal. The after flow that arises from the spherical divergence of the
water surrounding the air bubble sets up an oscillation of the air bubble. The real benefit of that
oscillation is that it adds energy at the low frequency end of the signal spectrum - energy that is
extremely useful as it increases the penetration depth of the emitted signal into the subsurface. On
the other hand, the impact of these oscillations on the remaining part of the spectrum is less desirable.
It is possible though to attenuate this impact, realizing that these bubble oscillations can be
‘controlled’ by changing the airgun volume. Combining airguns with different, carefully selected
volumes, it is possible to shape their collective output to produce a seismic signal with a ‘broad’
frequency spectrum from 0 – 200 Hz (for an overview see Landro & Amundsen, 2010a). This so-called
‘tuning’ process is used to optimize the performance of an array of airguns for seismic surveying,
commonly consisting of up to 40 airguns.

An important characteristic of airguns is that 99% of the acoustic energy is emitted below 200Hz and
they are designed to focus the acoustic energy downwards into the subsurface. As mentioned in
Section 2.5, the SPL of an array of airguns (commonly 15m by 15m in extent) is less than the predicted
SPL calculation. This is because SPL is calculated at a reference distance of 1 meter, but there is no
physical location 1 meter from the combined source of all airguns in an array. Instead the SPL
calculation for an airgun array is a theoretical calculation assuming all the airguns were at 1 single
point. Experiments have shown that the actual maximum SPL from an airgun array is approximately
20db lower than the theoretical calculation, or approximately 10 times quieter, due to destructive
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interference of the signals between individual airguns (Landro & Amundsen, 2011b; Fontana &
Boukhanfra, 2018; Dragoset, 2000).

Despite the downward focussing, some energy will ‘leak’ away into the marine environment as arrays
are never perfect. Energy transmitted horizontally is 18 – 29 dB lower than the energy transmitted
vertically (Landro & Amundsen, 2011b), or equivalent to approximately 10 to 30 times less energy on
a non-logarithmic scale. Also, airguns do emit some energy at frequencies beyond 200 Hz and thus
might be audible to marine life even if their hearing was relatively poor at the very low frequencies
used for seismic surveying (0-200Hz).

Taking as an example a notional airgun array with a SPL of 260dB re: 1µPa@1m, calculations of
transmission loss show this SPL would attenuate to below 170dB within 3,200m of the source. This is
less than the length of equipment commonly towed during seismic surveys. Taking a small 60in3 GGun airgun with a SPL of 219.6dB re: 1µPa@1m (APPENDIX 1) calculations of natural transmission loss
show this SPL would attenuate to below 170dB within 300m of the source. These calculations exclude
any absorption losses which may be present.

Naturally, airguns are not the ideal balloon-like structures. Yet, the ones that are designed and
optimized for seismic surveying are pretty close to the ideal when evaluating their performance. This
implies that their output signal can be predicted using modelling tools that are ‘trained’ using
measurements from airguns (Ziolkowski, 1970). The simplest version of modelling is ‘scaling’, a
process where the measured response of an airgun is used to predict the response of an airgun that
has a slightly different airgun volume and/or is operated at a slightly different pressure or depth
(Vaage et. al., 1983). This will be discussed in Section 5.

4.2. USBL
An Ultra-Short Baseline (USBL) is a positioning system widely used by the offshore marine industry
and scientific research vessels to provide accurate positional data for vessels and towed equipment.
The USBL system consists of a transceiver mounted to the survey vessel, and transponders on the
towed equipment. The USBL calculates the precise position of the equipment by measuring the range
and bearing from the vessel mounted transceiver to each transponder. The transceiver emits an
acoustic signal at predetermined periods (often 0.5 seconds) which is returned by the transponder
and allows for the bearing and distance to be calculated. USBL systems are designed for close range
transmission and thus operate at frequencies of 20,000 to 50,000 Hz. Manufacturers report SPL values
of 194 to 207dB re: 1µPa@1m depending on the model used. As seismic surveys commonly tow
equipment of 1,500 meters wide and 10,000 meters long the USBL systems are required for safety
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reasons throughout the entire survey. Taking as an example the higher range of USBL source
(Kongsberg HiPAP) with a SPL of 207dB re: 1µPa@1m, calculations of natural transmission loss show
this SPL would attenuate to below 170dB within 70m of the source. This excludes any absorption
losses or deconstructive interference effects which may be present.

4.3. Acoustic Deterrents
A number of acoustic sources have been specifically designed for mitigation purposes when dealing
with small cetaceans. Generally, these devices are referred to as ‘pingers’ as their signals are typically
at frequencies of a few thousand Hz to a few hundred thousand Hz, while their output is typically
intermittent. They are generally used for the purpose of moving marine mammals away from certain
areas, or by fishermen to discourage unwanted bycatch.

These devices can however be operated at relatively low output level. Also, due to the high frequency
the signal attenuates quickly away from the source due to absorption and scattering effects. There
are several manufactures of such equipment at several price ranges. An example of a high end model
is the AQUAmark 848 (Figure 4.1), according to the specifications, this device provides a source level
of 165 dB re: 1µPa@1m which means it may be a suitable acoustic source, in accordance with the
Guideline requirements, for use during seismic survey line turn operations. Unfortunately, it is
currently a battery-operated device with a battery life of about 1 week. This does prevent integration
with either the seismic source or the streamer, so the potential exists that it could be directly deployed
from a survey vessel.

It should also be noted that there are EU fisheries regulations related to the mandatory use of pingers
by fisheries (Franse, 2005) and EC COUNCIL, REGULATION No 812/2004, ANNEX II indicates that the
pinger source level allowed by the fisheries industry is exceeded by the AQUAmark 848 by about 20
dB. However, EC COUNCIL, REGULATION No 812/2004, article 3.2 states that exemptions are possible,
provided the effectiveness of the device is sufficiently documented although such an exemption is
only valid for a period of two years. A good overview on the research efforts related to the use and
effectiveness of pingers for mitigation is provided by ICES, (2010).

An example of a lower end model is the AQUAmark 100 (Figure 4.2), according to the specifications,
this device provides a source level of 145 dB re: 1µPa@1m which means it complies with fisheries
regulations and may be a suitable acoustic source for use during seismic survey line turn operations.
It is a battery-operated device with a 1 to 2 year battery life and may be suitable to integrate with the
seismic source or the streamer.

The operating frequency of these devices is generally a few thousand Hz to a few hundred thousand
Hz and is thus significantly beyond the frequency of airguns (0 – 200Hz) and would not cause
interference. Care would need to be taken to ensure any acoustic deterrent equipment did not
interfere with USBL equipment.
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Figure 4.1. Data specifications for AQUAmark 848 acoustic deterrent.

Figure 4.2. Data specifications for AQUAmark 100 acoustic deterrent.
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4.4. Vessel Noise
All shipping vessels produce noise that adds to the background noise in the oceans, yet also raises the
noise level above the background noise at close range. To assess the source pressure level of vessel
noise from a seismic survey, data were analysed from a seismic source characterization study in the
Chuckchi Sea (Patterson et. al., 2007). The data recorded when the seismic vessel passed over a
bottom referenced recorder (in 40 meter water depth) were analysed to extract the vessel generated
noise as a function of distance from the recorder and thus calculate the SPL at 1m.
As vessel noise is a relatively constant sound it is measured as a SPLrms thus the noise level created by
the vessel was extracted by selecting 1 second long windows just before the seismic data arrives. Next,
these data were fitted to the following equation to extract the SPL at 1m (Figure 4.4).

RL (dB) = SL (dB) – SP (dB/decade)*log10(Range)-SA(dB/m)*Range(m)

{4.1}

Where:
RL = Received level at the recorder
SL = Source level associated with the vessel
SP = Spreading losses
SA = Scattering and absorption losses

Figure 4.3. Data recorded at a range of 1 km from seismic vessel. The spectrogram (top panel) shows two
consecutive airgun shots. Waterborne noise at frequencies below ~20 Hz does not propagate here as the
water depth is just over 40 m (Green bracket). The seismic data that re-enter the water layer after having
been reflected and refracted in the subsurface do appear in this frequency band (Yellow box). The higher
frequency energy in the ‘seismic’ event is actually an arrival through the water layer (Orange box). The other
conspicuous event is the band of stationary noise from 20 Hz to several thousand Hz (Red bracket). This band
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is dominated here by noise from the survey vessel. Note Amplitude is SPLrms. Modified after Patterson et. al.
2007.

Figure 4.4. Fitting the observations of received SPL from seismic vessel noise to calculate the SPLrms at the
standard reference distance of 1 meter of approximately 166 dB re: 1 µPa @1m.

In this shallow water environment (40 m), we would expect to find close to cylindrical spreading
transmission losses (10 LogR ) which is characterised by spreading losses of 10 dB per decade of range.
Even though no constraints were provided to the curve fitting, very reasonable results were found.
The vessel noise SPLrms is thus found to be approximately 166 dB re: 1µPa@1m (Figure 4.4) with a
dominant frequency range of approximately 30Hz to 1000Hz (Figure 4.3).
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5 Airgun Modelling
As discussed in Section 4.1, an ideal airgun would be a balloon-like structure, which clearly isn’t
achievable, but airguns are designed and optimised to achieve an output acoustic signal that is pretty
close to the ideal. Enough is known about airguns that their performance can be predicted using
modelling tools that are “trained” using measurements from airgun tests (Ziolkowski, 1970).
The modelling tools are typically proprietary; however, there are a number available that can forward
model existing airguns. All the modelling tools work reasonably well at modelling different airgun
designs, or array of airguns, up to approximately 300Hz and can “tune” to match a model to an actual
observation.
Some tools can also account for mild interaction effects that arise from airguns being operated in
relatively close proximity (Ziolkowski, 1982) to other airguns or acoustic interfaces like the sea surface
or seabed and indeed detailed fluid dynamics. Beyond approximately 300Hz the modelling is poorer,
mainly due to repeatability limitations of individual airguns (wear and tear, see also section 5.5.2 and
Groenaas et. al., 2016) and airgun positioning/movement or seawater property changes. Watson et.
al. (2016) present an example of forward modelling capabilities.
The recording of acoustic signals close to airguns (nearfield) is now common, thus providing an actual
rather than modelled nearfield signature and the ability to predict the farfield signature. This
somewhat reduces the requirement of acoustic modelling for designing the output of an airgun array
using existing airguns.
The simplest version of modelling is “scaling”, where the measured output of an existing airgun is used
to predict the response of an airgun with slightly different volume, pressure or operational depth
(Vaage et. al. 1983).

5.1

Scaling

To review the feasibility of manufacturing an airgun with a peak sound pressure level of less than 170
dB re: 1µPa@1m we can use a phased modelling approach, with each phase providing more realistic
results as more accurate tools and techniques are deployed. In such studies, the next phase is not
started before the previous one is completed with promising results (for a recent example see Watson
et. al., 2016).
Unlike modelling, scaling could provide some insight into frequencies beyond 300 Hz provided a
suitable “reference” is used. Naturally, there are limits to scaling. If the scaling factor 𝑠 is becoming
significant it is more and more likely that the predicted response will deviate from the actual, as not
all processes that make up an airgun will scale in the same way. In the following sections we will
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introduce scaling by investigating the output from a 1:2 scale model of an airgun with that of one as
used in the seismic industry. This will be followed up by an attempt (using scaling) to review the
feasibility of manufacturing and operating an airgun SPL output level in the range from 165 to 170 dB
re: 1µPa@1m (Section 5.6).

5.2 Scaling - The Rayleigh-Willis relation
Fundamental for airgun scaling is the work by Rayleigh and Willis. Rayleigh documented his work on
sounds emitted by steam cavities collapsing in boiling water (Rayleigh, 1917). He derived that the
period of the bubble oscillation that occurs when steam cavities collapse, is proportional to the
maximum size of the cavity and the square root of the density of the fluid, over the hydrostatic
pressure:
1⁄
2

𝜌
𝑇𝑏 = 𝑐1 𝐴𝑚 ( ⁄𝑃 )
0

{5.1}

Willis later combined this relationship with the formula for the potential energy 𝑄 of a spherical void
in a fluid with radius 𝐴𝑚 at hydrostatic pressure 𝑃0 :
𝑄 = 4⁄3 𝜋𝐴𝑚 3 𝑃0

{5.2}

Arriving at what is now referred to as the Rayleigh-Willis relation (Willis, 1941):
𝑇𝑏 = 𝑐2

1
𝑄 ⁄3
5
(𝑃0 ) ⁄6

{5.3}

And where
𝐶2 = 𝐶1

1
𝜌 ⁄2
1⁄
(4⁄3𝜋) 3

{5.4}

It is further important to note that the potential energy Q for airguns is essentially the product of the
chamber volume V that is released upon activation of the airgun and the airgun operating pressure P
that the chamber is pressured up to:
𝑄 = 𝑃𝑉

{5.2}
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5.3 Airgun scaling laws
As described in Section 4.1, when air is released from an airgun the resulting bubble expands and
collapses in an oscillation. The time from the initial bubble, the collapse and bubble again is called the
bubble period. The bubble period of an airgun is a good measure for the volume of air and energy
released on firing. Suppose we have a single airgun operated at different operation pressures, 𝑃1 and
𝑃2 , while assuming that the operating depth remains the same, we then find (using equation {5.3} ) a
relationship between the two airgun releases:
1⁄

𝑇𝑏2
𝑇𝑏1

=

3
𝑄
𝑐2 2 5
⁄

(𝑃0 ) 6
1
𝑄 ⁄3
𝑐2 1 5
(𝑃0 ) ⁄6

𝑄

1⁄
3

= (𝑄2 )
1

𝑃 𝑉

1⁄
3

= (𝑃2 𝑉)
1

𝑃

1⁄
3

= (𝑃2 )

{5.3}

1

Likewise, suppose we have two airguns- one with chamber volume 𝑉1 and the second one, being a
scaled model where all dimensions have been scaled by a factor 𝑠, such that the second airgun has a
chamber volume 𝑉2 = 𝑠 3 𝑉1. Then, and under the assumption that both airguns are operated at the
same operating pressure 𝑃 and depth (such that also the hydrostatic pressure 𝑃0 is the same), we find
that the bubble periods are scaled by the same factor s since, using equation {5.3} and equation {5.5},
we find:
1⁄

𝑇𝑏2
𝑇𝑏1

=

3
𝑄
𝑐2 2 5
⁄

(𝑃0 ) 6
1
𝑄 ⁄3
𝑐2 1 5
(𝑃0 ) ⁄6

𝑄

1⁄
3

= (𝑄2 )
1

𝑃𝑉

1⁄
3

= (𝑃 𝑉2 )
1

1⁄
3
𝑠3 𝑉1
)
𝑉1

=(

=𝑠

{5.4}

In fact, it is not just that the bubble period has been scaled by a factor 𝑠. The whole signal response
has been “stretched” in the time domain by that factor. Notice also that Bubble period scaling with 𝑠
is linear.
But what about the amplitude of the signal response? The change in energy should in the ideal case
also be reflected in the signal amplitude such that:
𝐴2(t/s)
𝐴1(t)

=𝑠

{5.5}

Applying the scaling theorem (or similarity theorem), a general Fourier duality relationship that states
that if a signal is “stretched'' by the factor 𝑠 in time, its Fourier transform is squeezed in frequency and
amplified by the same factor 𝑠 such that:
𝐴2(fs)
𝐴1(f)

= 𝑠2

{5.6}
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5.4 Airgun scaling – considerations and limitations
The above-mentioned scaling laws assume ideal (i.e. ‘balloon-like’) airguns. The scaling discussed
above only holds when there are no bandwidth limitations in the observations of the responses. Such
limitations could occur due to transmission effects induced by the environment and or the
listener/instrumentation response.
Comparing measurements on actual airguns and evaluating if these support the scaling laws, it is
found that the ideal scaling factor 𝑠 may need to be adjusted slightly (see for instance Haavik & Landro,
2015; Vaage et. al., 1983).
Scaling in general works well for relatively small changes in 𝑠 and for the same airgun type and model.
The reason for this is that not all aspects of the airgun that influence its performance scale with 𝑠 (or
𝑠 2 or 𝑠 3). Also, the scaling model proposed here is a simple version that does not account for many
of the aspects that also influence performance like material properties, friction, the fact an airgun in
not an ideal ‘balloon’ etc.

5.5 Airgun scaling – an example
To illustrate scaling, we are fortunate to have access to an unpublished dataset, provided by Peter van
der Sman, from a 1:2 scale model (a 50% reduction in dimensions) based on a 40 in3 External Sleeve
airgun.
This scale model airgun has been specifically adapted to support Temporary Threshold Shift (TTS)
exposure experiments (Reichmuth et. al., 2016; Kastelein et. al., 2017). A TTS is a temporary shift in
the auditory threshold experienced after exposure to a loud acoustic signal. In these carefully
designed experiments, trained animals are exposed to sounds and an assessment is made at what
sound level the onset of TTS can be demonstrated. This information is then available to assist
regulators in designing legislation that intends to mitigate against the adverse impact of
anthropogenic activities that induce sounds.
In the design of the 1:2 scale prototype model, all dimensions are scaled such that 𝑠 =0.5 when
considering the scaling. Scaling the dimensions thus reduces the volume of the air chamber by 𝑠3, or
(0.5)3 = 0.125. The original 40in3 airgun is thus scaled to 5in3. However, the scaled prototype airgun is
also operated at lower operating pressure of 3 to 7.2 bar (43.5 to 104.4 psi) versus 138 bar (2000psi)
for the External Sleeve airgun such that the scaling factor will be further reduced.
The measurements were recorded at Seamarco’s test facilities in the Netherlands. The prototype
airgun was deployed in the middle of a 2 m deep tank (Figure 5.1). The dimensions of the tank were
large enough to acquire the initial, impulsive part of the signal without distortion but have distortion
beyond this due to resonance of the tank itself beyond 400Hz (Figure 5.2). Note the results of this
5in3 prototype airgun operated at low pressures demonstrate an output level range of 190 to 207 dB
re: 1µPa@1m SPLp-p (Reichmuth et. al., 2016; Kastelein et. al., 2017).
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Figure 5.1. Prototype testing at Seamarco’s facilities of a 5 in3 scale model airgun specifically adapted to
provide an output level range of 190 to 207 dB re: 1µPa@1m SPLp-p in a small 2 m deep tank. The airgun and
hydrophone are deployed in the centre of the tank at 1 m depth, while the hydrophone distance to the
airgun is 0.8 m. Note, the scaled airgun is operated upside-down to prevent water from entering the air
chamber (which is on top).
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Figure 5.2. Miniature airgun measurements of a 5 in3 scale model airgun at operating pressures from 3 to 7.2
bar in a small, 2m deep tank, shown in Figure 5.1. The top panel shows the various spectra. Note the
resonance mode of the tank starting at just over 400 Hz which agrees with the depth of the tank. The middle
panel shows the first 50 milliseconds of the responses in the time domain. The tank resonances really
obscure the responses and therefore also a low-pass filter results are shown in the bottom panel.
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Figure 5.3. Attributes extracted from the data in Figure 5.2.
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5.5.1 Bubble period scaling
Examining the effects of scaling on the bubble period measurements for three possible airgun volumes
(2.5, 5 and 10 in3) over the whole pressure range, we would expect to find a linear response when
1

plotting log(𝑇𝑏 ) vs log(P) with slope 3 for each of the configurations, since from equation {5.3}:
log(𝑇𝑏 ) = log (𝑐2

1
𝑄 ⁄3
5
(𝑃0 ) ⁄6

1

) = offset + 3 log(P)

{5.7}

And where
offset = (

C2
5
(𝑃0 ) ⁄6

1

) + 3 log(V)

{5.8}

Analysis of the data indeed confirms that the volume of air that is being released follows the scaling
1
3

law with Figure 5.4 demonstrating a slope of for each of the configurations.

Figure 5.4. Bubble period for a scaled model airgun as a function of operating pressure (in the log-log
domain) and for the 3 nominal airgun chamber volumes of 2.5, 5 and 10 cu.in. By plotting the logarithm of
the bubble period versus the logarithm of the operating pressure we expect and observe the data to conform
to a linear trend with slope 1/3.

However, given the nominal chamber volume of 2.5, 5 and 10 in3, we would also expect the responses
between the 2.5 in3 and 5 in3 and the 5 in3 and 10 in3 respectively to be equidistant as:
1

1

1

V

offset1 − offset 2 = 3 log(V1 ) − 3 log(V2 ) = 3 log (V1 )
2

{5.9}
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This implies that the effective chamber volume ratios differ from the nominal scaling factor of 0.5 and
are approximately:
0.4048 for the 5 in3 versus the 2.5 in3 volume, and
0.5435 for the 10 in3 versus 5 in3 volume.
When assuming that the 10 in3 nominal volume is indeed equal to a 10 in3 effective volume, we can
calculate that to get scaled bubble periods of 0.5 the effective volumes appear to be 5.4 and 2.2 cu.in
for the other volumes.

5.5.2 Amplitude scaling
1

Evaluating the amplitude scaling for these scale model airguns we might also expect to find a factor 3
according to equation {5.8}. In reality though, the relationship observed is linear rather than cubic
(Figure 5.5).

Figure 5.5. Amplitude (0-peak) versus operating pressure in the log-log domain to illustrate that the slope
significantly deviates from the factor 1/3 expected for an ideal airgun.
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5.5.3 Scaling aspects when comparing the scale model airgun to a ‘real’ airgun
The main reason for the observed deviations in bubble period and amplitude scaling is that at such
small airgun sizes and low operating pressures scaling cannot account for items such as friction or
material properties which do not scale proportionally, as discussed in Section 5.4.

In relation to the actual purpose of this report, it makes sense to look at how the scale model airgun
compared to a typical non-scaled airgun under operational conditions. Unfortunately, there is no
access to a wide-band recording of a 40 in3 External Sleeve airgun operated at shallow depth and
typical operating pressure (the original reference for the scaled airgun, Section 5.5). However, a wideband recording of a 60 in3 G-gun airgun operated at 6 m depth and operating pressure of 138 bar
(2000 psi) is available. The scale factor for a 5 in3 scale model airgun operated at 1 m depth and 7.2
bar (104psi) relative to the reference would then be expressed using the following:
1
𝑄2 ⁄3
5
(𝑃02 ) ⁄6
1⁄
3
𝑄
c 1 5
(𝑃01 ) ⁄6

c

s=

=

−5⁄6
1
D
P2 V2 ⁄3 1+ 1⁄10
(P V ) ( D2 )
1 1
1+ ⁄10

=0.22

Note, here it is assumed that the reference airgun, the G-gun, has comparable performance to the
External Sleeve airgun although that is unlikely for unfiltered observations of the peak amplitude for
different airgun types. A scaling factor of 0.22 is equivalent to 78% reduction.

Description
Units
G-Gun Reference
Prototype @ Seamarco

Type

Volume

G-gun
Miniature

in3 (nominal)
60
5

Pressure
bar
138
7.2

Depth Scale factor
SPL
Bubble period
m
dB re: 1µPa@1m
ms
6
219.6
71.5
1
0.22
201.4
14.5

Scale G-gun to 5 in3

G-gun

5

7.2

1

0.22

206.6

Scale factor to match Amplitude
Scale factor to match Bubble Period

G-gun
G-gun

0.85
3.76

7.2
7.2

1
1

0.12
0.20

201.4

8.8

205.7

14.5

15.9

Table 5.1. Recorded Amplitude and Bubble Period for G-Gun and 5 in3 Prototype External Sleeve Airgun
presented in rows 1 & 2. Computed mathematical scaling between the guns of 0.22 presented in row 3
showing how scaling is effective, yet not perfect when comparing against different airgun types. Row 4 & 5
show back-calculated scaling factors to match recorded amplitude and bubble period.

Inspecting the results in Table 5.1 we observe that to match the bubble period the effective volume
of the scale model airgun is about 75 percent of the expected volume when compared to the G-gun
under the tabled operating conditions, nominal volumes and scaling factor. More importantly, the
drop in peak amplitude is much more than anticipated based on the scaling laws. An important
consideration here is that the airgun design deviates from the ideal ‘balloon’ described earlier in that
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the air from the chamber is released by a ‘valve’ and is certainly not instantaneous. Hence, chamber
volume, shape and airgun design will all influence how the air is released and this has obvious
influences on the signal amplitude over time (see for instance Watson et. al., 2016; Ziolkowski, 1982).
Signal amplitude and shape are therefore less well described by scaling when compared to bubble
period. To illustrate this let us have a look at the initial acceleration of the bubble volume (which is
responsible for the peak acoustic output).

One of the key elements in the initial acceleration of the bubble volume is how quickly the airgun ports
open. Using the simple schematic of Figure 5.6 we can define that, at the moment of firing the airgun,
the shuttle will accelerate with
𝑎 = (𝑃 − 𝑃ℎ )

𝑂
𝑀

In the case of the scaled 5 in3 prototype airgun, the chamber pressure is regulated and relative to the
ambient pressure such that
𝑃 = 𝑃𝑟 + 𝑃𝑎
And

𝑃 − 𝑃ℎ = 𝑃𝑟 + 𝑃𝑎 − 𝑃ℎ

Figure 5.6 Schematic model for an airgun to explain the relevance of the port surface area with time for the
development of the airgun bubble and the initial peak amplitude with the operating depth D, ambient
pressure Pa, hydrostatic pressure Ph, chamber pressure P, shuttle surface area O, shuttle mass M, shuttle
acceleration a and shuttle displacement x.
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Comparing the acceleration of the scaled 5 in3 prototype airgun to the reference 60 in3 G-gun we find:
𝑎
(𝑃 − 𝑃ℎ ) 𝑂 𝑀
=
𝑎𝑟 (𝑃𝑟 − 𝑃ℎ,𝑟 ) 𝑂𝑟 𝑀𝑟

The ratio of the shuttle surfaces then becomes (note the different scaling, as we are dealing with
surface area and not volume):
𝑂
= 𝑠2
𝑂𝑟
Since the scaled 5 in3 prototype airgun shuttle is manufactured from Delrin1 at 1180 kg/m3 rather than
steel at 7850 kg/m3 we find the ratio of the mass:
𝑀
= 0.15𝑠 3
𝑀𝑟

This results in:
(7.2 − 1/10)
𝑎
(𝑃 − 𝑃ℎ ) 𝑂 𝑀𝑟
0.222
=
=
= ~1.5
(138 − 6/10) 0.15 ∗ 0.223
𝑎𝑟 (𝑃𝑟 − 𝑃ℎ,𝑟 ) 𝑂𝑟 𝑀

Considering that:
𝑥(𝑡) = 1⁄2 𝑎𝑡 2
And assuming the port opening 𝑅 spans the whole circumference of the shuttle with surface 𝑂, then:
𝑅
=𝑠
𝑅𝑟

And the ratio of surface area 𝐴(𝑡) of the ports that control the rate of the airflow and hence also the
acceleration of the bubble growth:

𝐴(𝑡)
𝑎
= 𝑠 = ~0.33
𝐴𝑟(𝑡) 𝑎𝑟

1

Delrin is a synthetic polymer with properties that bridge the gap between metals and plastics. It has high tensile strength, creep
resistance and toughness.
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All these are all very reasonable values; however, they would be lower if things like friction, that have
not been accounted for, play a significant role. Having used Delrin instead of steel really boosted the
shuttle acceleration of the scaled 5 in3 prototype airgun and the development of the port opening to
achieve reasonable output levels. This nicely shows the limitations of scaling. Additional measures
are typically required if scaling factors become as significant as shown in this example and this is the
realm of those modelling tools that include the fluid dynamics (Gerez et. al., 2015).

5.5.4 Scaling Practicalities
As we have illustrated, scaling works really well for relatively moderate changes in airgun design and
or operation parameters. The scaling rule as proposed above, where the whole source (chamber and
body) is being scaled, is not very practical as only the chamber volume needs to be adjusted for small
scaling factors. Manufacturers therefore generally offer a few different airgun models (typically 2 or
3), each with a recommended range for the chamber volume such that the overall volume range
needed, is covered.

5.6 Airgun Manufacture Review
As discussed in Section 2.2, during seismic survey line change operations there is a desire to reduce
the source SPL to 165-170 dB re: 1µPa@1m (NPWS, 2014). We can examine scaling laws from Section
5.5 to review how to manufacture a “mitigation airgun” with a SPL of 167.5 dB re: 1µPa@1m. Two
options are considered as reference airguns for potential scaling to achieve the reduced SPL.
1. A G-gun with a volume of 60 in3, operated at 138 bar (2000 psi) delivering a source level of
219.6 dB re: 1µPa@1m (Table 5.1, APPENDIX 1).
2. The prototype airgun tested at Seamarco, with a volume of 5 in3, operated at 7.2 bar
(104psi) and delivering a source level of 201.4 dB re: 1µPa@1m (Table 5.1, Figure 5.2, Figure
5.3)
Earlier we showed that the prototype airgun was a scaled version of the reference G-Gun airgun by a
combination of factors to achieve the overall scaling factor of 0.22 (i.e. a 78% reduction):
1.
2.
3.
4.

Reducing the chamber volume from 60 in3 to 5 in3, contributing a factor 0.44.
Lowering the operating pressure from 138 to 8 bar, contributing a factor 0.37.
Reducing the airgun depth from 6m to 1m, contributing a factor 1.37.
Using Delrin instead of steel. This does not directly factor into the scaling equation, yet is
essential in achieving the desired output level (Section 5.5.3)
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For the mitigation airgun, it makes most sense to use the prototype airgun as the reference as this
limits the scaling factor required and thus we have a better chance at achieving realistic results.

So, what scaling factor do we need?

𝑠 = 10

(

167.5−201.4
)
20

= ~ 0.02

The equation above demonstrates that a scaling factor of 0.02 is required, or a 98% reduction. A
scaling factor of 0.02 is an extremely small scale factor when comparing it to the factor 0.22 used to
arrive at the prototype airgun. As discussed the manufacture of the prototype airgun was not straight
forward as even at a scaling factor of 0.22 there was a requirement to reduce the weight of the shuttle,
which was achieved by selecting Delrin. Note also that the starting point is a small prototype airgun
not currently available in the market.

One of the first things to consider is to propose operating the mitigation airgun deeper than the
prototype airgun, which was at 1m depth. The operating depth of the mitigation airgun would be
limited to what can be achieved operationally and ultimately to the water depth. A ‘safe’ operating
depth would be the depth that seismic equipment is normally operated, typically in the range of 5m
to 15m. An operational depth of 10m is suggested here as a realistic possibility. This is a scaling factor
of 0.61. Removing this from the required scaling of ~0.02, this leaves a scaling of ~0.033 to be achieved
by other means.

The pressure of the prototype airgun is already very low, thus the options open to significantly reduce
this within the operating limits of equipment are limited. It might just be possible to achieve a
reduction in pressure from 7.2 bar to 4 bar without affecting the operational stability of the airgun
itself. This is a scaling factor of 0.82. Removing this from the required scaling of ~0.033 (above),
leaving a scaling of ~0.04 to be achieved by other means. As with the prototype airgun, we would
probably need to reduce the shuttle weight, however the prototype already uses Delrin and
alternative lighter materials suitable for use in seawater are currently not available. The shuttle weight
reduction can thus only be achieved by reducing the volume of the airgun.

Hence, it looks like the remaining required scaling factor of ~0.04 needs to come from a volume
reduction. This implies that all dimensions need to be scaled down by a factor of 1/25th. This is not
a realistic option, as this would reduce the overall size of the airgun to centimetre scale. To illustrate
the impact of this scaling factor, the 5 in3 (82 cm3 / 82 ml) chamber volume of the prototype airgun
would instead become 0.0003 in3 (0.005 cm3 / 0.005 ml). This would be the equivalent of a cube with
sides less than 2 mm.

It is also worth noting that scaling is associated with a ‘shift’ in frequency of the airgun (see APPENDIX
2 for an example that illustrates this). In fact, it is a stretch of the spectrum that when displayed on a
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logarithmic scale will appear as a shift (by a factor 24 here). The prototype airgun as specified above
has a dominant frequency of almost 70 Hz. The scaled mitigation airgun would thus have a frequency
of 1,700 Hz which is significantly beyond the 0-200Hz normal range for an airgun. While this is beyond
the range of a normal airgun, most marine mammals can hear at this frequency, and it is not
considered a design problem.

Description
Units
Prototype
Scaling Depth
Scaling Pressure
Scaling Volume

Volume
in3
5
5
5
0.00033

Pressure
psi
104
104
58
58

Depth
m
1
10
10
10

SPL
Scaling Factor
dB re: 1µPa@1m
201.4
- Reference
197.1
0.61
195.4
0.50
167.5
0.02

Table 5.2. Results of scaling the 5in3 prototype airgun to attempt to achieve a mitigation airgun with a SPL
of 167.5 dB re: 1µPa@1m.

A key conclusion is that scaling laws have demonstrated that to achieve an airgun with an SPL of 165170 dB re: 1µPa@1m would require an airgun manufactured with a Delrin shuttle (currently not
standard), an air chamber equivalent to a cube with sides of 2mm, operated at 4 bar (58 psi) and
towed at a depth of 10 metres. This airgun would also be required to operate as a “balloon” and
release the air instantaneously. It is thus not currently possible to manufacture and operate such and
airgun in the marine environment.

It also seems appropriate to examine the overall reductions in SPL that could be achieved using
existing airguns currently available to the industry. A typical seismic array has a theoretically
calculated SPL of 240 to 260 dB re: 1µPa@1m (Landro & Amundsen, 2010a; NRC, 2003). It has further
been shown by experiments that theoretical array SPL calculations are overestimated by 20 dB re:
1µPa@1m (Landro & Lasse, 2011b; Fontana & Boukhanfra, 2018; Dragoset, 2000). Considering also
natural transmission loss of 20LOG(R) where R is the distance from the source (Section 2.5) a quoted
SPL of 260 dB re: 1µPa@1m for a large seismic array will naturally decay to less than 170 dB re:
1µPa@1m within 3,200 meters of the source.

If during line changes the array was reduced to just one active airgun, the smallest available in the
array, this would significantly reduce the SPL output. Typically, the smallest airguns available within
an array are 40in3 to 70in3. Taking a standard 50 in3 airgun at standard operating conditions with a
nominal SPL of 231.3 dB re: 1µPa@1m we can calculate the scaling achieved and the distance at which
the acoustic signal will have naturally decayed to less than 170dB (Table 5.3). We can also further use
scaling laws to predict the SPL achieved by reducing the pressure and increasing the depth.
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Table 5.3 shows that reducing a nominal seismic array of 260dB re: 1µPa@1m to a small single airgun
of 50in3 and operating it at reduced pressure and increased depth yields a scaling factor of 0.011, or a
98.9% reduction in SPL. This is still above the targeted 165 to 170dB re: 1µPa@1m outlined in the
Guidelines however the signal will have naturally decayed by transmission loss of 20LOG(R) to less
than 170dB within 356m radius (R) of the airgun.

Description
Units
Full Array
Single 50 in3
Scaling Pressure
Scaling Depth

Pressure
psi
2000

Depth
m
6

2000
100
100

6
6
10

SPL
Scaling Factor Scaling Factor
dB re: 1µPa@1m
Combined
260
- Reference - Reference
231.33
222.65
221.04

0.037
0.368
0.830

0.037
0.014
0.011

Distance till SPL is
below 170 dB (m)
3162
1165
429
356

Table 5.3. Results of scaling a typical large seismic array (260 dB re: 1µPa@1m) to a 50in3 airgun, and
lowering the pressure and increasing the depth. Total scaling achieved is 0.011 (98.9% reduction). The
distance at which the acoustic signal will naturally decay to less than 170dB is shown.
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6 Discussion & Conclusions
Scaling laws have clearly demonstrated that to achieve an airgun with an SPL of 165-170 dB re:
1µPa@1m would require an airgun with an air chamber equivalent to a cube with sides of 2mm,
operated at 4 bar (58 psi) and towed at a depth of 10 metres. Attempting to operate an airgun of
these dimensions in the marine environment would not be possible due to the forces exerted upon
it by wave action upon deployment and towing speed. It is currently not possible to manufacture
and operate a new airgun with a SPL of 165-170 dB re: 1µPa@1m which would meet the Guidelines
for reduced output during line turn operations.

Reviewing all other equipment available and relevant scaling laws examined here, it is proposed that
a practical solution to the requirements set out in the Guidelines (NPWS, 2014) would be as follows:

•

Continue with the deployment and use of acoustic sources related to USBL vessel and
equipment positioning systems (SPL values of 194 to 207dB re: 1µPa@1m) along with vessel
noise (SPL of 166 dB re: 1µPa@1m). These two acoustic sources cannot be turned off or
reduced during line turns or at any time during vessel operations.

•

As the vessel has a SPL of 166 re: 1µPa@1m at 30-1000 Hz and the acoustic deterrent has a
SPL of less than 165-170 dB re: 1µPa@1m with an operating frequency of >5,000 Hz, it can be
considered that the two acoustic noises would yield the same output (SPL and Frequency) as
an airgun with a SPL of less than 165-170 dB re: 1µPa@1m. It is thus possible to turn off all
airgun acoustic sources during line turns without the requirement for pre-start monitoring.

•

As an alternative, consider the introduction of an acoustic deterrent (pinger) with a SPL of less
than 165-170 dB re: 1µPa@1m such as the AquaMark 100, on the proviso that this does not
interfere with the functioning of the USBL positioning system onboard the vessel.
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APPENDIX 1.

REFERENCE SOURCE

To scale a source, a reference is needed. The reference data used here is from a set of
measurements that were conducted on behalf of The E&P SOUND & MARINE LIFE JOINT INDUSTRY
PROGRAMME, a Joint Industry Programme that supports research to help increase understanding of
the effect of sound on marine life generated by oil and gas exploration and production activity
(http://www.soundandmarinelife.org/).

The relevant programme can be found at: http://www.soundandmarinelife.org/researchcategories/sound-source-characterisation-and-propagation/single-gunguncluster-measurementsand-source-modelling.aspx.

The following source level reference signature was selected:
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APPENDIX 2.

A SCALING EXAMPLE

The following examples illustrate the behaviour of source scaling compared to using multiple sources
to obtain the same output amplitude. Here we show that the peak output level of a source with
volume 8*V (Figure A2.1) is identical to that of two sources, each with a volume V (Figure A2.2).
Note that the reference wavelet shown here is not that of an airgun. Yet, a wavelet is selected here
that better illustrates the scaling effects as the airgun response (see Figure 5.2 % Figure 5.3) would
‘confuse’ the interpretation.

Figure A2.1:

Figure A2.2:

Source scaling by a factor s = 2.

Increasing source output by using two identical sources.

Notice here that the input energy to achieve the same output level differs by a factor 4. This energy
difference is also visible in the frequency domain by comparing the responses (Figure A2.3).
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Figure A2.3:
Comparing an airgun with volume 8*V (red) with the response of 2 airguns with volume V
(black) relative to the reference with volume V (green) (top panel). The difference is also visualized in the
bottom panel where we observe that the airgun with volume 8V adds a lot of energy below 100 Hz.

Figure A2.4:
The perception of a sound may be altered by reducing the bandwidth. Here the situation is
mimicked of a cetacean and where the dual airgun option would be louder than the scaled version. Ambient
noise may partially ‘mask’ the data. Transmission effects may distort the data further.
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