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Foreword

Geological surveys using marine seismic techniques are widely used in the oil & gas industry 
to detect and quantify accumulations of oil & gas in rock formations and, where hydrocarbon 
deposits are present in economically viable quantities, to assist through the life of the field in 
ensuring optimal recovery of the reserves. Seismic surveys are also used to study structures in 
shallower sediments and rock formations in preparing the ground for deployment and mainte-
nance of facilities including platforms, pipelines and subsea installations.

Seismic data are typically acquired using a number of ‘air-guns’ that collectively provide a source 
of acoustic energy. High pressure compressed air is released from an array which is towed behind 
a seismic or source vessel; the pulsed signals are predominantly composed of low frequency 
energy. The signals are propagated deep into the earth where they are reflected when they 
encounter different geological layers. Reflected signals are recorded and analysed to build up a 
picture of sub-sea geological structures. The length of time needed for a survey is determined by 
the area to be surveyed and the efficiency of the vessel data acquisition operation.

Understanding the potential impacts of sounds generated during marine seismic surveys on 
marine life (and in particular on cetaceans) is a key environmental issue. There are two main 
concerns: physiological impacts on individuals – particularly on marine mammals – and behav-
ioural impacts. In the former, the concern has been damage to or impairment of hearing and the 
impact this might have at the population level if a significant number of individuals are affected. 
In the latter, the consideration ranges from minor changes in behaviour that are not likely to 
cause any significant impact to marine life to significant events that could lead to death, such 
as stranding of animals. To date there is no evidence to show that sounds generated by air-gun 
sources have caused a stranding of animals. In terms of behavioural effects the focus has been on 
changes that potentially affect ‘life functions’ such as feeding, breeding and migrating.

This report focuses on potential physiological impacts on marine mammals

There are no experimental studies that provide specific information on the ‘levels of sound’ that 
can cause harm to marine mammals (harm is usually expressed in terms of permanent impair-
ment of hearing – Permanent Threshold Shift or PTS). No animal has ever been tested to the 
point of PTS and experiments have been limited to generating Temporary Threshold Shifts 
(TTS). There are relatively few experiments that measure TTS as a result of exposure to pulsed 
sounds. In 2008, however, a group of leading scientific experts in the field of bioacoustics con-
ducted a major review of the available scientific (peer-reviewed) literature and derived a series of 
Noise Exposure Criteria for marine mammals (often referred to as the “Southall Noise Expo-
sure Criteria†”). The criteria, whose derivation contained a number of conservative assumptions, 
were expressed both in terms of sound pressure level and sound exposure level (a measure of the 
energy received by an animal). One aim of the work was to provide regulatory authorities with a 
more scientific basis for establishing permit conditions and mitigation requirements.

Marine seismic operations are generally strictly controlled by national regulatory authorities 
who will impose restrictions on operations that are designed in the most part at avoiding physi-
cal harm to animals. Restrictions include ’safety’ or ‘exclusion’ zones around vessels, the use of 
Marine Mammal Observers (MMOs) and acoustic methods for detecting (locating and in some 
cases characterising) marine mammals.

†	 Brandon L. Southall, Ann E. Bowles, William T. Ellison, James J. Finneran, Roger L. Gentry, Charles R . Greene Jr., David 
Kastak, Darlene R . Ketten, James H. Miller, Paul E. Nachtigall, W. John Richardson, Jeanette A. Thomas, & Peter 
L. Tyack (2007). Marine Mammal Noise Exposure Criteria: Initial Scientific Recommendations. Aquatic 
Mammals, Volume 33, Number 4, ISSN 0167-5427
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The Guidelines for minimising acoustic disturbance to marine mammals from seismic surveys, first 
published by the UK Joint Nature Conservation Committee (JNCC) in 1998 and revised in 
2004, have become broadly accepted by a range of regulatory agencies across the world to the 
extent that they are a de facto ‘mitigation standard’ at least in terms of the approach they advo-
cate. The JNCC guidelines were reviewed again in 2008 as part of a wider UK government con-
sultation on ‘disturbance’ (arising from the EU Habitats Directive and its translation into UK 
law). The updated 2010 version of the Guidelines maintains the approach based on exclusion 
zones and Marine Mammal Observers, but made more specific reference to Passive Acoustic 
Monitoring (PAM).

Establishing safety zones around survey vessels is a common sense measure. Once the designated 
area around a survey vessel has been cleared, by visual observation and in some cases also using 
passive acoustic ‘listening’, the source array is started up over a period of 20 to 30 minutes – a 
soft-start or ramp-up procedure. First, a single air-gun element in the array is started and subse-
quently other elements in the array are added, increasing the sound towards the operating level. 
The idea is that animals are warned of an approaching load sound such that they move away. 
‘Soft start’ has become a standard procedure for many geophysical survey companies as regula-
tory agencies adopt the approach as part of their required mitigation measures.

Recently, there has been growing concern about whether the inability to see animals at night 
or in poor visibility (fog or sea state) could lead to significantly greater risk to marine mammals 
(than soft-start conducted in good visibility) if soft-start is started too close to the animals. Lim-
iting the soft-start procedure to only under ‘good visibility’ would significantly increase the costs 
of operations and could also lead to unintended consequences on marine mammals if feeding or 
migration were disrupted by the presence of survey vessels over extended periods of time.

This modelling study has been conducted to investigate whether soft-start – in a worst case sce-
nario – might result in hearing damage to marine mammals. The initial assumptions included 
placing animals either directly in the path of an approaching vessel undergoing a ‘typical’ soft 
start procedure with source pulses generated every 25 metres, or being placed off to one side of 
the approaching vessel. It is assumed that a nominal 500 metre exclusion zone had been cleared 
before start up. Sound pressure levels and sound exposure levels are calculated at different loca-
tions relative to the source and compared to the relevant criteria published by Southall et al. The 
study was conducted by JASCO Applied Sciences of Victoria, Canada.

Two modelling approaches were used in this study. Initially a parabolic equation (PE) approach 
was used to model the sound field directly below and to the side of a source array, moving in a 
straight line during the initial stages of a soft-start procedure. However, this method was not 
able to predict sound energy propagating at very steep take off angles between the sound source 
and animal location, which represented when an animal was located directly under or close to 
the source array. It was expected the PE prediction would underestimate the exposure directly 
under the ship using this approach. To test this, an alternative wavenumber integration tech-
nique was used to model these high angle cases. With the wavenumber modelling approach, 
estimated sound levels were actually lower than predicted by the PE method for locations close 
to the source array. This suggested that the results derived from the PE modelling would be con-
servative for locations close to the source array. This step was important to validate and improve 
confidence in the results.

No instances were found in which the threshold levels for hearing injury for cetaceans were 
reached during the initial stages of the soft-start sequence. This suggests that the animals are 
not at significantly greater risk of harm when a soft-start is initiated in low visibility conditions. 
The threshold criterion for pinnipeds was approached in the worst case model. Thus, for exam-
ple, where seismic surveys operate in the vicinity of a pinniped ‘haul-out’, additional mitigation 
might be in order to manage potential risks to animals.
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1 Introduction 
This report presents results of an acoustic modelling study that estimates the received sound 

levels at locations in the water column near a towed seismic airgun array during a typical soft-start 
procedure in which the number and total volume of the airguns in the source array increase over time. 
The soft-start approach is a mitigation measure for reducing the risk that marine mammals near an 
airgun array are exposed to harmful sound levels as the seismic source starts to operate. The 
underlying assumption is that an animal will take evasive action and establish a safe distance between 
itself and the source when exposed to lower sound levels during the initial phases of the soft-start 
sequence. The main issue then becomes whether an animal might be exposed to sound levels that 
result in auditory injury from the exposure to sound levels from the reduced source. A modelling 
study was performed to quantify the received sound levels from a representative soft-start sequence, 
in both a shallow 50 m water depth scenario and a deep 2000 m water depth scenario, and to evaluate 
those sound levels in the context of current knowledge about injury thresholds. 

The modelling studies were performed with JASCO's Airgun Array Source Model (AASM) 
and two acoustic propagation models: FWRAM and a custom wavenumber integral model. FWRAM 
is based on a parabolic equation method for fluid propagation media, extended to treat losses from 
compressional-to-shear wave conversions at bottom layer interfaces. It was recognized that the 
parabolic equation (PE) method does not accurately predict very steeply propagating sound energy 
and therefore produces inaccurate results at receiver positions directly under or close to the source 
airgun array. Close-range sound levels are relatively higher than at greater distances and therefore 
contribute more significantly to cumulative sound exposure levels.  A new acoustic propagation 
model based on the wavenumber integration approach was used to improve sound pressure estimates 
for short-range receiver locations. This modelling method is accurate to within a few meters from the 
individual airgun elements in all directions. It was applied to the same deep water scenario for a 
subset of receiver locations, and the results are compared to the original PE model results. The 
shallow water scenario did not require use of the wavenumber integral model because steep angle 
propagation in that environment is less important; only the sound from one source point at most will 
propagate at an angle too steep to be treated correctly using the PE approach. Consequently PE 
modelling was performed for all shallow water scenarios. 
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2 Model Scenarios 

2.1 Source–Receiver Geometry 
A planar arrangement of receiver locations relative to the straight line of source points (source 

line) is considered as shown in Figure 1 below. Receivers are arranged to provide seven profiles 
spaced along a section of source line where soft-start is performed. Each profile has five co-linear 
receiver stations at increasing perpendicular distance from the source line: directly on the source line, 
and at 100, 250, 500, and 1000 m away (in the y-direction in Figure 1).  Seven primary profiles are 
spaced 750 m apart along the source line (x-direction) to provide sound level predictions at different 
steps of the soft-start sequence, with the first profile being 175 m from the start of the sequence. Two 
secondary profiles (1A and 2A in Figure 1) are inserted at the mid-points of the first three primary 
profiles to increase sampling near the start of the soft-start procedure. These intermediate profiles are 
only considered for wavenumber integral modeling in the deep environment scenario. The source-
point interval is 25 m (in the x-direction), so that the 8th source point and every 30th source point 
thereafter are directly abeam of a primary receiver profile. The gradual increase in the number of 
active airguns (discussed in Section 2.2) occurs over 12 steps of 15 source points each, or 350 m. The 
receiver profiles, therefore, are located at the midpoint of Step 1 and every other step thereafter. The 
full airgun array is activated during the 13th and final step, which includes extra source points beyond 
the last receiver profile for a total of 230 points along the source line. 

 
Figure 1: Plan view of receiver locations (grey circles) relative to the line of source points (source line) 
and the progression of airgun array soft-start steps in the model scenarios. Profiles are numbered at 

the bottom of the figure. Spacing between source points is 25 m. 

The receiver depths for the FWRAM modelling span the water depth since that model 
calculates acoustic pressure on a dense depth grid. The FWRAM results are evaluated at several 
specified depths and the maximum value over depth is also output. The wavenumber integral model 
calculates pressures only at specified depths.  The source was located always 6 m below the surface, 
the assumed operational depth of the array. 

2.2 Soft-Start Sequence Progression 
An industry standard airgun array configuration of 28 active airgun elements, of varying 

sizes, totalling approximately 3100 in3 of volume was modelled. As described in the UK JNCC 
Guidelines, a soft-start sequence begins with the smallest airgun, with additional airgun elements 
introduced at each step of the soft-start according to the sequence shown in Table 1. As mentioned 
previously, each of the twelve steps consists of 15 source points. Since source points are separated by 
25 m, each step corresponds with a 350 m segment along the line between the first and last source 
points. 

Table 1: Airgun array soft-start sequence for the modelling study. 

 

x 

Depth 
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y 
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Step Add-in 
airguns 

Total volume 
(% final) 

1 1 0.65 
2 1 1.9 
3 1 3.2 
4 3 7.1 
5 3 12.0 
6 3 19.7 
7 2 26.5 
8 2 32.0 
9 1 40.1 

10 3 49.8 
11 3 62.8 
12 3 75.7 
13 2 100.0 
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3 Modelling Approach 

3.1 Airgun Array Source Levels 
The apparent far-field pressure commonly specified for seismic airgun arrays is generally not 

relevant for estimating potential impacts on marine mammals and fish for the following reasons: 
• Peak source levels for seismic survey airgun array sources are usually quoted relative to the 

vertical direction; however, due to the directional dependence of the radiated sound field, 
source levels off to the sides of the array are generally lower. 

• Far field source levels do not apply in the near field of the array where pressures of the 
individual airguns do not add coherently; sound levels in the near field are, in fact, lower than 
would be calculated from far field estimates which assume coherent summation from all array 
elements. 
The acoustic source level of seismic airgun arrays varies considerably in both the horizontal 

and vertical directions due to complex interactions between the signals from the component airguns. 
These differences in array output with respect to direction and angle from the vertical are referred to 
as the array response or directivity. The interactions must be accounted for to correctly predict the 
sound field generated by an airgun array in a given direction. If the source signatures of the individual 
airguns are known, then it is possible to estimate the array source level in any direction by summing 
the contributions of the airgun elements with the appropriate time delays, according to their relative 
positions. 

JASCO has developed the full-waveform airgun array source signature model AASM 
(MacGillivray 2006) to compute the source level and directivity of airgun arrays. The source model is 
based on the physics of the oscillation and radiation of airgun bubbles, as described by Ziolkowski 
(1970). The model solves a set of parallel differential equations describing the airgun bubble 
oscillations. In addition to the basic bubble physics, AASM also accounts for non-linear pressure 
interactions between airguns, port throttling, bubble damping, and GI-gun behaviour (Dragoset 1984, 
Laws et al. 1990, Landro 1992). The source model includes four empirical parameters that are tuned 
so that the model output matches observed airgun behaviour. The model parameters were fitted to a 
large library of real airgun data using a “simulated annealing” global optimization algorithm. These 
airgun data were obtained from a previous study (Racca and Scrimger 1986) that measured the 
signatures of Bolt 600/B guns ranging in volume from 5 to 185 in3. The optimization was performed 
in the time domain against measurements including frequencies up to 2 kHz. The model may be less 
accurate for different airgun source brands or model types. 

The AASM requires as inputs the airgun layout, volumes, towing depths, and operating 
pressures. The output of the source model is a set of “notional” signatures for each of the array 
elements. The notional signatures are the pressure waveforms of the individual airguns, accounting 
for the interaction with other airguns in the array, at a standard reference distance of 1 m.  Figure 2 
shows the airgun signatures for the present study computed with AASM.  

Two approaches were used for combining the notional individual airgun pressure signatures: 
For parabolic equation-based modelling, the resulting notional signatures were summed with the 
appropriate phase delays based on direction in the horizontal plane to obtain the far-field, angle-
dependent, source signature of the array; for wavenumber integral-based modelling, carried out only 
for the deep-water scenario, the notional signatures were treated separately so appropriate phase and 
amplitude differences depended on the 3-dimensional receiver location relative to each airgun. 

The interaction between the signals from individual airgun elements creates a far-field 
directivity pattern in the overall acoustic emission from the array. This directivity is particularly 
prominent at frequencies in the mid-range of several tens to several hundred Hz: at lower frequencies 
the array appears omni-directional, while at higher frequencies the pattern of lobes becomes too finely 
spaced to resolve. For an array soft-start as per Table 1, the pattern will evolve from onmi-directional 
to its final full-array aspect as airguns are brought on-line; at each step of the soft-start the lobes of 
dominant emission will shift. 
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Figure 2: Notional airgun signatures for individual airguns of the 28-airgun 3090 in3 array.Time 

periods of positive pressure indicated by black fill, and negative pressure by grey fill. The scale is the 
same for the pressure signatures from all airguns. 

3.2 Sound Propagation 
3.2.1 Parabolic Equation Model 

The acoustic energy of a source radiates outward and travels through the water as pressure 
waves. The sound level generally decreases with increasing distance from the source, but the 
processes that govern sound transmission are complex and depend on the properties of the 
propagation environment that include the water depth and the acoustic characteristics of the water 
column and of the geological layers in the sea floor, through which acoustic energy also travels. A 
number of computational methods are available to predict sound propagation, each of which has 
different strengths and limitations. JASCO Applied Sciences has developed an advanced modelling 
package whose algorithmic engine is a modified version of the widely-used Range-dependent 
Acoustic Model (RAM) (Collins et al. 1993, 1996).  

RAM is based on the parabolic equation method using the split-step Padé algorithm to 
efficiently solve range-dependent acoustic problems. The model assumes that outgoing energy 
dominates over back-scattered energy and computes the solution for the outgoing wave equation.  An 
uncoupled azimuthal approximation is used to provide two-dimensional transmission loss values in 
range and depth. RAM has been enhanced by JASCO to approximately model shear wave conversion 
at the sea floor using the equivalent fluid complex density approach of Zhang and Tindle (1995).  

Sound propagation models employ acoustic parameters specific to the geographic region of 
interest, including the water column sound speed profile, bathymetry, and seabed geoacoustic 
properties to produce site-specific estimates of the noise field as a function of range from the source 
and depth of the receiver. For this study a particular implementation of the model (FWRAM) was 
used, which performs full-waveform (Fourier synthesis) acoustic field computations using the 
enhanced variant of RAM mentioned above. The algorithm is run at finely spaced frequencies (1 Hz 
in this case) to compute a 1-second impulse-response function for the ocean environment. This 
response function is combined with the direction-specific far-field signature of the array (at the 
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appropriate soft-start step) produced by AASM to yield a synthetic time series at the receiver point, 
from which desired sound level metrics are obtained. Had the study called for computation of the rms 
SPL metric, which requires precise determination of the received pulse length, FWRAM would have 
had to be run at a finer frequency resolution to produce a longer synthetic time series and avoid “wrap 
around” of late arrival components of the signal. In this study only the SEL and peak SPL metrics (see 
Section 3.3) were required, which are unaffected or negligibly affected by wrap-around. 

The parabolic equation modelling method, as implemented in RAM and its variants, has a 
geometric limitation that must be recognized in order to quantify the results of this initial study. The 
algorithm does not provide accurate estimates of transmission loss at steep propagation angles relative 
to the horizontal, i.e. for receiver positions that are laterally close to the source relative to the receiver 
depth. In such cases the predicted received levels will be lower than the true values. This limitation is 
more important for high frequencies than low frequencies. An accuracy limit of 45° to the horizontal 
is considered safe with 8 Padé coefficients, although appropriate selection of computational grid 
spacings can widen the acceptable angle range. Greater precision at close ranges requires alternative 
estimation methods. The following section describes the wavenumber integral method implemented to 
address the steep-angle limitation of the parabolic equation method as discussed above. 

3.2.2 Wavenumber Integral Model 
A new acoustic propagation model was developed to address the steep angle limitations of the 

parabolic equation model used for the initial stage of this study.  The new model is based on the 
wavenumber integral method described for example by Jensen et al. (1993) and Frisk (1994). 
Wavenumber integration methods, also referred to as Fast Field Programs (FFPs), often use Fast 
Fourier Transforms (FFTs) to perform the integrations.  Wavenumber integral methods in seismology 
are often referred to as reflectivity methods or discrete wavenumber methods. While the wavenumber 
integral approach is accurate at steep propagation angles, it generally is applicable only for range-
independent problems in which water layer and bottom layer properties do not vary with distance 
from the source. The deep water test case used in this study is range-independent so results here are 
unaffected by this limitation. 

The wavenumber integral approach uses a Hankel transform to decompose the spherical 
pressure field emitted by each airgun into a continuum of outward-propagating plane-cylindrical 
waves. The general form of the Fourier-decomposed pressure field for one frequency at range r and 
depth z is 

! !, ! = !(!! ,
!

!!

!)!!(!! , !)!!!!! 

where kr is the horizontal component of the wave vector for each plane-cylindrical wave component 
and G(kr,z) is the solution to the depth-separated wave equation for that component at receiver depth 
z. Function G(kr,z) depends on the source depth, water column properties and seabed reflectivity. 
Seabed reflectivity depends on the seabed layer properties: compressional- and shear-wave speeds and 
attenuation coefficients, and layer densities. The seabed reflectivity method used here is that 
described by Brekhovskikh (1980). The wavenumber kr is related to slowness s by kr = ω⋅s, where ω is 
the angular frequency. 

We use an integration range of kr=0, representing straight down propagation, to a truncated 
upper limit corresponding with slowness (1200 m/s)-1.  This slowness represents a horizontal but 
depth-evanescent cylindrical plane wave in the water. All computations are carried out from 5 to 500 
Hz in 0.25-Hz steps to yield 4-s time records at each receiver position. The wavenumber step is 
frequency dependent and chosen to give 22.5° maximum phase error between wavenumber steps at 
the maximum source-receiver range. This approach requires finer wavenumber sampling at high 
frequencies than at low frequencies. The number of wavenumber steps is more than 33,000 at 500 Hz 
for the receivers on Profile 1. Computation time for all 230 source positions at one receiver location 
was approximately 9 hours on a Toshiba Vostro 1500 laptop with 2 GHz Intel T7300 Duo Core CPU. 
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3.3 Sound Metrics 
By convention, underwater sound levels are measured in decibels relative to a reference 

pressure of 1 µPa. To characterize the intensity, or loudness, of impulsive sound for the purpose of 
estimating biological impact, various sound level metrics are commonly used. The three most 
commonly employed sound level metrics are peak sound pressure level (peak SPL), root-mean-square 
sound pressure level (rms SPL) and sound exposure level (SEL). In this study the exposure criteria 
against which sound levels are assessed are peak SPL and SEL – or more precisely cumulative SEL 
over all seismic source points. For completeness and comparison, however, the definitions of all three 
metrics are provided below. 

The peak SPL is the maximum instantaneous sound pressure level attained by an impulse, 
p(t): 

( ))(maxlog20 10 tpSPLpeak =  

The rms SPL is the root-mean-square pressure level over a time window, T, containing the 
impulse: 
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By convention, when computing airgun safety radii, the time interval T is most often taken to 
be the “90% energy pulse duration” rather than a fixed time window (Malme et al. 1986, Greene 
1997, McCauley et al. 1998). This time window is computed for each seismic pulse signal as the 
interval containing 90% of the pulse energy, and the resulting metric is commonly referred to as the 
90% rms SPL. Because the window length T is used as a divisor, pulses that are more spread out in 
time have a lower rms level for the same total acoustic energy. 

The SEL is the time-integral of the square pressure over a fixed time window long enough to 
include the entire pulse: 
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SEL has units of dB re µPa2s. It is a measure related to sound energy flux density rather than 
sound pressure. Depending on the application and context SEL for airgun signals may be expressed as 
a per-pulse metric or as a cumulative metric over multiple pulses. SEL from multiple pulses is 
computed by summing in linear energy the SEL values for individual  pulse: 
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where N is the number of pulses or exposures. 

3.4 Marine Mammal Hearing 
Marine mammal hearing sensitivity varies with frequency. Audiograms represent the 

threshold of hearing as a function of frequency. Audiograms for marine mammals are characterized 
by relatively lower sensitivity (higher threshold values) at very low and very high frequencies. The 
frequencies of highest sensitivity and at which sensitivity decreases vary among species. Audiograms 
have been measured for several species of pinnipeds, and for a limited number of odontocetes. No 
direct measurements of audiograms for mysticetes have been made to date. 

The potential for sound from seismic sources to affect marine mammals depends on how well 
the species can hear the sounds produced (Ireland et al. 2007a).  Sounds are less likely to disturb 
animals if they are at frequencies that the animal cannot hear well.  An exception to this may be when 
the sound pressure is so high as to cause non-auditory physical injury, whether temporary or 
permanent.  For non-injurious sound levels, frequency weighting curves based on audiograms may be 
applied to account for sound levels at particular frequencies in a manner reflective of the receiver’s 
sensitivity to those frequencies (Nedwell et al. 1998). 
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An NMFS-sponsored Noise Criteria Committee proposed standard frequency-weighting 
curves — referred to as M-weighting filters — for use with marine mammal species (Gentry et al. 
2004).  M-weighting filters are band-pass filter networks designed to reduce the sound level of 
inaudible or less-audible frequencies for five broad classes of marine mammals: 

1. Low frequency cetaceans (LFC), 
2. Mid-frequency cetaceans (MFC), 
3. High-frequency cetaceans (HFC), 
4. Pinnipeds in water (PINN), and 
5. Pinnipeds in air. 

The amount of discount applied by M-weighting filters for less-audible frequencies is not as 
great as would be indicated by the corresponding audiograms for these groups of species.  The 
rationale for applying a smaller discount than would be suggested by the audiogram is due in part to a 
characteristic of human hearing: perceived equal loudness curves increasingly have less rapid roll-off 
outside the most sensitive hearing frequency range as sound levels increase.  This is the reason that C-
weighting curves for humans, used for assessing loud sounds such as blasts, are flatter than A-
weighting curves used for quiet to mid-level sounds.  Additionally, out-of-band frequencies, though 
less audible, can still cause physical injury (either temporary or permanent) if pressure levels are very 
high.  The M-weighting filters, therefore, are designed primarily for high sound level impacts such as 
temporary or permanent hearing threshold shifts.  The use of M-weighting should therefore be 
considered conservative (in the sense of overestimating the potential for impact) when applied to 
lower level impacts such as onset of behavioural change impacts. Figure 3 shows the decibel 
frequency response of the four standard underwater M-weighting filters. 

  
Figure 3. M-weighting filter curves for four species groups. 

These filters have unity gain (0 dB) through the pass band and high- and low-frequency roll-
off at approximately -12 dB per octave.  The amplitude response of the M-weighting filters is defined 
in the frequency domain by the following function: 
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The roll off and pass band of these filters are controlled by the two parameters flo and fhi; the 
parameter values that are used for the four different standard M-weighing curves are given in Table 2. 

Table 2. Low- and high-frequency cutoff parameters for standard 
marine mammal M-weighting curves. 
M-weighting filter flo (Hz) fhi (Hz) 

Low frequency cetaceans (LFC) 7 22000 
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Mid-frequency cetaceans (MFC) 150 160000 
High-frequency cetaceans (HFC) 200 180000 

Pinnipeds underwater (PINN) 75 75000 
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4 Modelling Environment 

4.1 Bathymetry 
We assumed constant water depth for both the 2000 m deep water scenario and the 50 m 

shallow water scenario, The deep scenario is representative, for example, of seabeds beyond the edge 
of the continental shelf. The shallow scenario is representative of shallow seas or locations on the 
continental shelf. The constant bottom depth provided a range-independent environment for parabolic 
equation modelling, which allowed the impulse-response function for the ocean environment to be 
computed only once for a given source-receiver range and then used for all seismic source points with 
the appropriate airgun array soft-start configuration and source-receiver directionality. The 
wavenumber integral modelling approach implemented here accounted for the relative geometry of 
individual airguns relative to each receiver location instead of using the simpler but approximate 
directivity function method. 

4.2 Geoacoustic Properties of the Seafloor 
For location-specific modelling, the seabed geoacoustic properties (sound speed and 

attenuation for both compressional and shear waves) are generally inferred from information about 
the geology within the study area. This is obtained from a variety of studies which may include 
exploratory drilling and surficial sediment sampling. For the present modelling study we used a set of 
geoacoustic properties taken from a previous JASCO modelling study in the Beaufort Sea (Table 3 
below). 

Table 3: Geoacoustic parameters used for parabolic-equation modelling of the deep-water 
scenario. Depth is in metres below seafloor. 

Depth 
(mbsf) 

Density 
(g/cm3) 

P-wave 
velocity (m/s) 

P-
Attenuation 

(dB/λ) 
S-wave 

velocity (m/s) 
S-

Attenuation 
(dB/λ) 

0–100 1.6 – 2.0 1500 – 1800 0.1 – 0.5 150 4.0 

>100 2.0 1800 0.5 150 4.0 

 

Table 4: Geoacoustic parameters used for parabolic-equation modelling of the shallow-water 
scenario. Depth is in metres below seafloor. 

Depth 
(mbsf) 

Density 
(g/cm3) 

P-wave 
velocity (m/s) 

P-
Attenuation 

(dB/λ) 

S-wave 
velocity (m/s) 

S-
Attenuation 

(dB/λ) 

0 1.50 1510 0.15 130 1.0 

13 1.53 1530 0.10 130 1.0 

27 1.56 1555 0.10 130 1.0 

42 1.60 1600 0.10 130 1.0 

57 1.63 1615 0.10 130 1.0 

72 1.65 1630 0.10 130 1.0 

87 1.80 1750 0.05 130 1.0 

252 1.90 1814 0.05 130 1.0 

 
The wavenumber integral model approach, unlike the parabolic equation model approach, 

required that bottom layer properties be specified in discrete layers. A set of 8 bottom layers were 
defined to approximate the gradients in the parameters in Table 2 by staircase steps of those 
parameters over depth.  The parameter variation is depicted in Figure 4. 
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Figure 4: Geoacoustic parameter profiles of the 8-layer seabed used for wavenumber integral 
modelling for the deep-water scenario: Cp and Cs are compressional and shear wave velocity, 

respectively; and Ap and As are compressional and shear wave attenuation, respectively. 

4.3 Water Sound Speed Profile 
For location-specific modelling, representative sound speed profiles particular to an area and 

season are available from sources such as the U.S. Naval Oceanographic Office’s Generalized Digital 
Environmental Model (GDEM) database (Teague et al. 1990). For the present explorative analysis a 
GDEM-sourced sound speed profile for deep Arctic waters in summer, used in the same Beaufort Sea 
modelling mentioned above, was taken as starting point. The original sound velocity curve exhibited a 
near-surface layer (about 50 m thick) with downward refracting properties followed by a typical 
upward-refracting deep water profile. To avoid a possibly non-representative reduction of received 
levels at shallower depths due to the downward refracting layer, the top 50 m of the sound velocity 
profile were made essentially constant for this study. The resulting profile is shown in Figure 5. While 
the smooth profile was used directly for parabolic equation modelling, a linear profile at 1470 m/s 
was specified for the wavenumber integral model runs. Future wavenumber integral runs will use a 
sequence of gradient layers to approximate the smooth variation. The sound speed profile used for 
modelling the shallow-water scenario was based on CTD measurements taken by JASCO in 50 m 
water depth off the Mackenzie Delta in August. This profile is listed in Table 4 above. 
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Figure 5: Water sound speed profile used in parabolic equation modelling for the deep-water 

scenario. 

Table 5: Water sound speed profile used for parabolic equation 
modelling for the shallow-water scenario. Depth is in m below sea 

floor. 

Depth 
(mbsf) 

P-wave 
velocity (m/s) 

0 1452.9 

10 1451.3 

20 1444.5 

30 1441.1 

40 1440.4 

50 1440.1 

 

4.4 Frequencies 
Full waveform modelling was carried out in 1-Hz increments between 2 and 2000 Hz for the 

parabolic equation runs and from 5 to 500 Hz for the wavenumber integral model runs. Frequencies 
below about 20 Hz are attenuated strongly by destructive interference of surface reflections (ghosts). 
For environmental impact assessment of seismic surveys this range is fully adequate even though 
marine mammals can hear to higher frequencies, because most of the energy emitted from an airgun 
array is concentrated in a spectral range well below the upper modelling limits. 
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5 Marine Mammal Safety Criteria 
Following a review of available literature on marine mammal hearing and physiological and 

behavioural responses to anthropogenic sound, Southall et al. (2007) proposed a set of threshold 
criteria for injury and behavioural disturbance in marine mammals based on the SEL and peak SPL 
metrics (discussed in Section 3.3). For a multi-pulse source, such as a seismic airgun array, the 
following injury criteria are presented: 

• SEL: 198 dB re 1 µPa2-s (M-weighted) for cetaceans and 186 dB re 1 µPa2-s (M-
weighted) for pinnipeds. 

• Peak SPL: 230 dB re 1 µPa (flat-weighted) for cetaceans and 218 dB re 1 µPa (flat-
weighted) for pinnipeds. 

For a given situation the more conservative of these two would be applied. The SEL criterion 
is M-weighted (Miller et al. 2005), meaning that it is adjusted to account for spectral variations of 
hearing sensitivity of a particular species or group of species, whereas the peak SPL criterion is flat-
weighted, meaning that all frequencies are treated equally. In the present modelling only the flat-
weighted SEL is computed for the shallow water site results. Flat and M-weighted results were 
computed from the deep water model results. M-weighting reduces the metric value. 

Because the airgun array source is activated repeatedly, the SEL criterion was used to account 
for the cumulative effect of multiple exposures. Southall et al. (2007) assumed no recovery of hearing 
between exposures, so that the multi-pulse metric for the purpose of assessment against the criterion is 
defined by simple addition of energy as shown in Section 3.3. 
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6 Results: Parabolic Equation Model  

6.1 Sound Exposure Level (SEL) 
The SEL metric results from the PE modelling of both deep- and shallow-water scenarios are 

presented as graphs of acoustic level, both per-pulse and cumulative, plotted against the distance 
between the source and the CPA (closest point of approach) to the receivers. Figures 6 through 19 for 
the deep (2000 m depth) site and Figures 20 through 33 for the shallow (50 m depth) site show the 
levels at each of the seven primary receiver location profiles; the upper figure on each page shows 
maximum received levels over all depths, the lower figure levels at a fixed receiver depth of 100 m 
for deep site results and at a fixed receiver depth of 39 m for the shallow site results. For convenience 
the first 13 distance labels (in the x-direction in Figure 1) on the abscissa of the graphs correspond to 
the starting source points of the soft-start steps. 

The stepwise effect on the received sound levels caused by the number of airguns increasing 
during the soft-start sequence is clearly visible in the Per-pulse SEL and is most prominent in the 
early stages of the soft start. This is due to a combination of the significantly greater relative change 
in overall source array size as the first few airguns are added to the soft-start sequence and the fact 
that the array directivity properties likely vary more drastically in the initial steps of soft-start.  

The limitations of the modelling algorithm at steep propagation angles are evident in traits of 
the per-pulse SEL curves for receivers at short range from the source. The peaks in the estimated 
received levels near CPA are seen to be truncated as the algorithm fails to fully account for the steep 
angle propagation. It can also be expected that as the range to a receiver decreases the selection of the 
maximum level over all depths may underestimate values as the level estimates at greater depths are 
more affected by the steeper propagation slant. As mentioned in Section 3.2, a wavenumber integral 
modelling approach was implemented to examine the near-field pressure signatures. Those results are 
presented in Section 0. 

With due note of the fact that the parabolic equation model underestimates the few seismic 
source points close to CPA and will have a reducing effect on all cumulative SEL values from that 
point onward, the modelling results for this metric can be examined in terms of how much acoustic 
energy a marine mammal would be exposed to within close range of the seismic source at the 
beginning of the soft-start sequence. The wavenumber integral model results, computed for the deep 
site only, do not suffer this limitation. 

Figure 6 shows that for an animal located 100 m horizontally away from the source line at the 
midpoint of Step 1 of the soft-start, in 2000 m water depth, the cumulative SEL over the full soft start 
operation will not exceed 177 dB re 1 µPa2s. The cumulative SEL will be less than 175 dB re 1 µPa2s 
if the animal is 250 m off the side of the source line. These sound levels, would apply only to an 
animal remaining at the same geographic location relative to the source line for the full duration of the 
soft-start and moving vertically in the water column tracking the depth at which sound intensity is 
maximal at any given time. Figure 7 shows that the corresponding sound levels for an animal 
remaining stationary at 100 m depth would be 175 and 168 dB re 1 µPa2s. Figure 9 shows that an 
animal at 100 m depth directly under the source line at the midpoint of Step 3 of the soft-start (not 
having been deterred at all by the previous 37 source points at increasing levels) would be exposed to 
a cumulative SEL over the entire soft-start sequence of 183 dB re 1 µPa2s, or 178 dB if located 100 m 
to one side of the source. If the animal was following the depth of maximum sound intensity at all 
times and 100 m horizontally from the source line, the results of Figure 8 indicate it would receive 
maximum cumulative SEL of 181 dB re 1 µPa2-s.. 

The shallow water results (Figure 20 to Figure 33) indicate generally higher SEL levels than 
at corresponding relative locations from the deep site. This affect is commonly observed in field 
measurements of airgun array sounds and is due to the contribution of sound energy reflected from the 
seabed. The shallow water results also suggest that longer-distance sounds contribute a larger fraction 
of the overall cumulative SEL than from the deepwater environment examined here. As a result, the 
cumulative SEL value results at shallow site decay much more slowly with distance away from the 
source line. This feature suggests that the PE modelling method can be assumed to produce accurate 
results for the shallow environment; its inability to fully account for very steep propagating energy 
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does not affect the longer-range contributions that are responsible for most of the cumulative SEL. 
The difference in cumulative SEL’s between the 100 m offline and 1 km offline receivers in profile 1 
at 100 m depth for the deep site is approximately 9 dB (Figure 7). The corresponding difference for 
these receivers at 39 m depth at the shallow site is only about 2 dB (Figure 21). Furthermore there is 
little difference between the maximum-over-depth results and the results at fixed receiver depths of 39 
m (just 11 m above the seafloor). Generally the maximum-over depth results are 1-2 dB higher than at 
the 39 m fixed depth. 

Shallow site cumulative SEL levels for receivers at 39 m depth on profile 1, perpendicular to 
the centre of step 3 of the soft-start procedure, are 181 dB re 1 µPa2-s directly on the source line, and 
179 dB re 1 µPa2-s at 1 km off the source line (Figure 21). As discussed above, the reason for little 
difference between these values is that longer-distance pulses contribute a relatively large fraction of 
the received SEL in shallow water. Similar behaviour, albeit with increasing sound levels, is observed 
at profiles adjacent to later steps in the soft-start. For example, at profile 5, adjacent to step 9 of the 
soft-start procedure, the on-line cumulative SEL at 39 m depth is 191 dB re 1 µPa2-s and at 1 km off 
the source line it is 183 dB re 1 µPa2-s (Figure 29). The highest levels occur as expected at the last 
profile number 7. Here the on-line cumulative SEL at 39 m depth reaches 193 dB re 1 µPa2-s and at 1 
km off the line it is 184 dB re 1 µPa2-s (Figure 33). 
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Figure 6: Per-pulse and cumulative SEL for the deep-water scenario for receivers on Profile 1, 
maximized over all depths. 

 
Figure 7: Per-pulse and cumulative SEL for the deep-water scenario for receivers on Profile 1 at 
100 m depth. 
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Figure 8: Per-pulse and cumulative SEL for the deep-water scenario for receivers on Profile 2, 
maximized over all depths. 

 
Figure 9: Per-pulse and cumulative SEL for the deep-water scenario for receivers on Profile 2 at 
100 m depth. 
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Figure 10: Per-pulse and cumulative SEL for the deep-water scenario for receivers on Profile 3, 
maximized over all depths. 

 
Figure 11: Per-pulse and cumulative SEL for the deep-water scenario for receivers on Profile 3 at 
100 m depth. 
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Figure 12: Per-pulse and cumulative SEL for the deep-water scenario for receivers on Profile 4, 
maximized over all depths. 

 
Figure 13: Per-pulse and cumulative SEL for the deep-water scenario for receivers on Profile 4 at 
100 m depth. 
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Figure 14: Per-pulse and cumulative SEL for the deep-water scenario for receivers on Profile 5, 
maximized over all depths. 

 
Figure 15: Per-pulse and cumulative SEL for the deep-water scenario for receivers on Profile 5 at 
100 m depth. 
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Figure 16: Per-pulse and cumulative SEL for the deep-water scenario for receivers on Profile 6, 
maximized over all depths. 

 
Figure 17: Per-pulse and cumulative SEL for the deep-water scenario for receivers on Profile 6 at 
100 m depth. 
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Figure 18: Per-pulse and cumulative SEL for the deep-water scenario for receivers on Profile 7, 
maximized over all depths. 

 
Figure 19: Per-pulse and cumulative SEL for the deep-water scenario for receivers on Profile 7 at 
100 m depth. 
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Figure 20: Per-pulse and cumulative SEL versus source point number for the shallow-water scenario 
for receivers on Profile 1, maximized over all depths. 

 
Figure 21: Per-pulse and cumulative SEL versus source point number for the shallow-water scenario 
for receivers on Profile 1, at 39 m depth. 
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Figure 22: Per-pulse and cumulative SEL versus source point number for the shallow-water scenario 
for receivers on Profile 2, maximized over all depths. 

 
Figure 23: Per-pulse and cumulative SEL versus source point number for the shallow-water scenario 
for receivers on Profile 2, at 39 m depth. 

110.0 

120.0 

130.0 

140.0 

150.0 

160.0 

170.0 

180.0 

190.0 

200.0 

1 16 31 46 61 76 91 106 121 136 151 166 181 196 211 226 

On shot line, per-shot SEL 
On shot line, cumulative SEL 
100m off line, per-shot SEL 
100m off line, cumulative SEL 
250m off line, per-shot SEL 
250m off line, cumulative SEL 



JASCO Applied Sciences  Airgun Array Soft-Start Modelling 

 ~ 34 ~ 

 
Figure 24: Per-pulse and cumulative SEL versus source point number for the shallow-water scenario 
for receivers on Profile 3, maximized over all depths. 

 
Figure 25: Per-pulse and cumulative SEL versus source point number for the shallow-water scenario 
for receivers on Profile 3, at 39 m depth. 
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Figure 26: Per-pulse and cumulative SEL versus source point number for the shallow-water scenario 
for receivers on Profile 4, maximized over all depths. 

 
Figure 27: Per-pulse and cumulative SEL versus source point number for the shallow-water scenario 
for receivers on Profile 4, at 39 m depth. 
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Figure 28: Per-pulse and cumulative SEL versus source point number for the shallow-water scenario 
for receivers on Profile 5, maximized over all depths. 

 
Figure 29: Per-pulse and cumulative SEL versus source point number for the shallow-water scenario 
for receivers on Profile 5, at 39 m depth. 
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Figure 30: Per-pulse and cumulative SEL versus source point number for the shallow-water scenario 
for receivers on Profile 6, maximized over all depths. 

 
Figure 31: Per-pulse and cumulative SEL versus source point number for the shallow-water scenario 
for receivers on Profile 6, at 39 m depth. 
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Figure 32: Per-pulse and cumulative SEL versus source point number for the shallow-water scenario 
for receivers on Profile 7, maximized over all depths. 

 
Figure 33: Per-pulse and cumulative SEL versus source point number for the shallow-water scenario 
for receivers on Profile 7, at 39 m depth. 
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of approach) to the receivers. Figures 34 through 47 on the following pages present the levels at 
receivers on Profiles 1 through 7; the upper figure on each page shows maximum received levels over 
all depths, and the lower figure shows levels at a fixed receiver depth of 100 m. As in the previous set 
of figures, the first 13 distance labels (in the x-direction in Figure 1) on the abscissa of the graphs 
correspond to the starting source point number of the soft-start steps. 

As was the case for the per-pulse SEL metric, the effect on the received peak SPL caused by 
the changes in airgun array configuration during the soft-start is clearly visible and again is most 
prominent in the early stages of the soft start.  Peak level curves are intrinsically more jittery because 
of the sensitivity of the synthesized waveform amplitude to variations in propagation geometry. 

The limitations in the modelling algorithm at steep angles of depression are again evident in 
the peak SPL curves, resulting in flattened or even slightly depressed maxima near CPA as the 
algorithm fails to fully account for the propagation. The same considerations expressed for the SEL 
metric estimation in the previous subsection apply here as well. However, for the peak SPL metric, 
there is no additive effect of point-wise error as in the case of the cumulative SEL. 

Figures 34 and 36 show that for an animal located 100 m off the source line at the midpoint of 
Steps 1 and 3 of the soft-start, the model estimated values for maximum peak SPL at any depth are 
about 185 and 187 dB re 1 µPa, respectively. These values are underestimates because of the 
aforementioned algorithmic limitations, and could in reality reach maxima several decibels higher. 

6.3 Peak Sound Pressure Level (SPL) for Shallow Site from PE Model 
The peak SPL metric results from parabolic equation modeling for the shallow site are 

presented in Figure 48 to Figure 61. Again the results are presented as pairs of figures, with the 
maximum levels over depth given in the upper figure and the level at a fixed depth of 40 m given in 
the lower figure on the following pages. The horizontal axis labels here represent pulse number from 
the start of the line. 

The shallow site scenario peak pressure results for maximum level over depth exceed the 40 
m fixed depth results at the same receiver locations by 1-2 dB. This is expected since the receiver 
depth difference can be at most 40 m. Peak levels at 100 m off the source line were at most 188 dB 
re 1 µPa and were 186 dB re 1 µPa at 40 m depth. The corresponding levels on Profile 1 at 1 km 
distance off-line were 178 dB re 1 µPa and 176 dB re 1 µPa. Interestingly the highest peak levels at 1 
km occur for pulses well past the closest-point of approach. This behaviour is attributed to higher 
pressures from more airgun elements firing later in the soft-start sequence. The higher source pressure 
dominates the greater acoustic transmission loss incurred by longer propagation distance. The 
maximum peak pressure received 100 m and 1 km off-line at Profile 3 are 195 dB re 1 µPa and 177 
dB re 1 µPa respectively. 
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Figure 34: Peak SPL for receivers on Profile 1 of the deep-water scenario, maximized over all depths. 

 
Figure 35: Peak SPL for receivers on Profile 1 of the deep-water scenario at 100 m depth. 
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Figure 36: Peak SPL for receivers on Profile 2 of the deep-water scenario, maximized over all depths. 

 
Figure 37: Peak SPL for receivers on Profile 2 of the deep-water scenario at 100 m depth. 

140.0

150.0

160.0

170.0

180.0

190.0

200.0

210.0

-925 -550 -175 200 575 950 1325 1700 2075 2450 2825 3200 3575 3950 4325 4700

On shot line, peak SPL

100m off line, peak SPL

250m off line, peak SPL

500m off line, peak SPL

1000m off line, peak SPL

140.0

150.0

160.0

170.0

180.0

190.0

200.0

210.0

-925 -550 -175 200 575 950 1325 1700 2075 2450 2825 3200 3575 3950 4325 4700

On shot line, peak SPL

100m off line, peak SPL

250m off line, peak SPL

500m off line, peak SPL

1000m off line, peak SPL



JASCO Applied Sciences  Airgun Array Soft-Start Modelling 

 ~ 42 ~ 

 
Figure 38: Peak SPL for receivers on Profile 3 of the deep-water scenario, maximized over all depths. 

 
Figure 39: Peak SPL for receivers on Profile 3 of the deep-water scenario at 100 m depth. 
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Figure 40: Peak SPL for receivers on Profile 4 of the deep-water scenario, maximized over all depths. 

 
Figure 41: Peak SPL for receivers on Profile 4 of the deep-water scenario at 100 m depth. 
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Figure 42: Peak SPL for receivers on Profile 5 of the deep-water scenario, maximized over all depths. 

 
Figure 43: Peak SPL for receivers on Profile 5 of the deep-water scenario at 100 m depth. 

140.0

150.0

160.0

170.0

180.0

190.0

200.0

210.0

-3175 -2800 -2425 -2050 -1675 -1300 -925 -550 -175 200 575 950 1325 1700 2075 2450

On shot line, peak SPL

100m off line, peak SPL

250m off line, peak SPL

500m off line, peak SPL

1000m off line, peak SPL

140.0

150.0

160.0

170.0

180.0

190.0

200.0

210.0

-3175 -2800 -2425 -2050 -1675 -1300 -925 -550 -175 200 575 950 1325 1700 2075 2450

On shot line, peak SPL

100m off line, peak SPL

250m off line, peak SPL

500m off line, peak SPL

1000m off line, peak SPL



JASCO Applied Sciences  Airgun Array Soft-Start Modelling 

 ~ 45 ~ 

 
Figure 44: Peak SPL for receivers on Profile 6 of the deep-water scenario, maximized over all depths. 

 
Figure 45: Peak SPL for receivers on Profile 6 of the deep-water scenario at 100 m depth. 
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Figure 46: Peak SPL for receivers on Profile 7 of the deep-water scenario, maximized over all depths. 

 
Figure 47: Peak SPL for receivers on Profile 7 of the deep-water scenario at 100 m depth. 
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Figure 48: Peak SPL for receivers on Profile 1 of the shallow water scenario, maximized over all 
depths. 

 
Figure 49: Peak SPL for receivers on Profile 1 of the shallow water scenario at 40 m depth. 
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Figure 50: Peak SPL for receivers on Profile 2 of the shallow water scenario, maximized over all 
depths. 

 

 
Figure 51: Peak SPL for receivers on Profile 2 of the shallow water scenario at 40 m depth. 
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Figure 52: Peak SPL for receivers on Profile 3 of the shallow water scenario, maximized over all 
depths. 

 
Figure 53: Peak SPL for receivers on Profile 3 of the shallow water scenario at 40 m depth. 
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Figure 54: Peak SPL for receivers on Profile 4 of the shallow water scenario, maximized over all 
depths. 

 
Figure 55: Peak SPL for receivers on Profile 4 of the shallow water scenario at 40 m depth. 
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Figure 56: Peak SPL for receivers on Profile 5 of the shallow water scenario, maximized over all 
depths. 

 
Figure 57: Peak SPL for receivers on Profile 5 of the shallow water scenario at 40 m depth. 
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Figure 58: Peak SPL for receivers on Profile 6 of the shallow water scenario, maximized over all 
depths. 

 
Figure 59: Peak SPL for receivers on Profile 6 of the shallow water scenario at 40 m depth. 
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Figure 60: Peak SPL for receivers on Profile 7 of the shallow water scenario, maximized over all 
depths. 

 
Figure 61: Peak SPL for receivers on Profile 7 of the shallow water scenario at 40 m depth. 
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7 Results: Wavenumber Integral Model of Deep-Water Scenario 

7.1 Pressure Synthetics 
While the parabolic equation method provides output simultaneously on a grid of range and 

depth points, the wavenumber integral results are computed only at specified receiver positions. For 
this study we ran the wavenumber integral model only for the deep-water scenario (2000 m water 
depth) for receiver depths of 100, 1000 and 1900 m to provide sampling of the near-surface, mid-
depth and near-bottom pressure fields. The model was run for receiver Profiles 1, 1A, 2, 2A, and 3 for 
the on-line, and 100, 250 and 500-m off-line receivers in each profile to provide more detailed 
information of sound levels during the initial stages of soft-start. A total of 60 modelling runs were 
performed (5 profiles × 4 off-line distances × 3 depths).  

Each run produced synthetic pressure data sampled at 1024 Hz containing sound pressure in 
the 5–500 Hz frequency band. These results are presented below in Figures 62 to 71 in pressure 
versus time format for all source points. Each plot contains the synthetic (modelled) pressures for all 
230 source points of the 12 step soft-start sequence. Each step contains 15 source points of a constant 
airgun configuration as defined in Table 1. Profile 1 occurs at source point number 8 so is centred in 
Step 1 of the soft-start sequence. Profile 1A occurs at source point 23, centred in Step 2, Profile 2 
centred at source point 38 in Step 3, Profile 2A at source point 53 centred in Step 4, and Profile 3 
occurs at source point 68 centred in Step 5 (see Figure 1). Some of the 4-s traces are wrapped in time 
as a result of their calculation through Fourier decomposition even though the depth-dependent 
function was restricted to the direct path and single order bottom reflected paths: D, B, SB, BS, SBS. 
In most cases the wrapping is easily recognized. The wrapping does not affect SEL calculations. 
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Figure 62: Synthetic pressures for on-line and 100 m off-line receivers of Profile 1. 
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Figure 63: Synthetic pressures for 250 and 500 m off-line receivers of Profile 1. 
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Figure 64: Synthetic pressures for on-line and 100 m off-line receivers of Profile 1A. 
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Figure 65: Synthetic pressures for 250 and 500 m off-line receivers of Profile 1A. 

  



JASCO Applied Sciences  Airgun Array Soft-Start Modelling 

 ~ 60 ~ 

 

  

  

  

Figure 66: Synthetic pressures for on-line and 100 m off-line receivers of Profile 2. 
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Figure 67: Synthetic pressures for 250 and 500 m off-line receivers of Profile 2. 
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Figure 68: Synthetic pressures for on-line and 100 m off-line receivers of Profile 2A. 
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Figure 69: Synthetic pressures for 250 and 500 m off-line receivers of Profile 2A. 
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Figure 70: Synthetic pressures for on-line and 100 m off-line receivers of Profile 3. 
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Figure 71: Synthetic pressures for 250 and 500 m off-line receivers of Profile 3. 

 
 
 

7.2 Flat-Weighted Sound Exposure Level (SEL) from Wavenumber Integral 
Model at Deep Site 
The synthetic pressure results from the wavenumber integral model shown in Figures 62 

through 71 were analysed to directly compute per-pulse SEL and cumulative SEL at the receivers of 
Profiles 1, 1A, 2, 2A and 3, at depths 100 m, 1000 m and 1900 m over all 230 source points of the 
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soft-start. These results are presented below in Figures 72 to 86. The 1000 m off-line receivers of 
these profiles were not included, so the off-line distances are 0 m, 100 m 250 m and 500 m. The 
wavenumber integral results clearly provide more realistic pressure variation for receivers at steep 
angles than the parabolic equation results. Compare for example the PE results of Figure 9 with the 
corresponding wavenumber integral results of Figure 78; the wavenumber integral results show 
expected maxima directly under the source while the parabolic equation results have flat sections at 
these locations. The wavenumber integral results also appear to have less scatter. The reason for this 
behaviour is unknown. 

Overall, the wavenumber integral results and parabolic equation results show similar structure 
of level variation with range. However, the parabolic equation results appear to systematically exceed 
the wavenumber integral results for the 100 m deep receiver in Profiles 1 and 2 by approximately 3 
dB, and at Profile 3 by approximately 1-2 dB. These systematic differences also occur between the 
predicted cumulative SEL levels over the full source line. 

 
 

 
Figure 72: Per-pulse and cumulative SEL at Deep site for receivers on Profile 1 at 100 m depth. 
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Figure 73: Per-pulse and cumulative SEL at Deep site for receivers on Profile 1 at 1000 m depth. 

 

 
Figure 74: Per-pulse and cumulative SEL at Deep site for receivers on Profile 1 at 1900 m depth. 
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Figure 75: Per-pulse and cumulative SEL at Deep site for receivers on Profile 1A at 100 m depth. 

 
Figure 76: Per-pulse and cumulative SEL at Deep site for receivers on Profile 1A at 1000 m depth. 
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Figure 77: Per-pulse and cumulative SEL at Deep site for receivers on Profile 1A at 1900 m depth. 

 

 
Figure 78: Per-pulse and cumulative SEL at Deep site for receivers on Profile 2 at 100 m depth. 
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Figure 79: Per-pulse and cumulative SEL at Deep site for receivers on Profile 2 at 1000 m depth. 

 

 
Figure 80: Per-pulse and cumulative SEL at Deep site for receivers on Profile 2 at 1900 m depth. 
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Figure 81: Per-pulse and cumulative SEL at Deep site for receivers on Profile 2A at 100 m depth. 

 
Figure 82: Per-pulse and cumulative SEL at Deep site for receivers on Profile 2A at 1000 m depth. 
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Figure 83: Per-pulse and cumulative SEL at Deep site for receivers on Profile 2A at 1900 m depth. 

 

 
Figure 84: Per-pulse and cumulative SEL at Deep site for receivers on Profile 3 at 100 m depth. 
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Figure 85: Per-pulse and cumulative SEL at Deep site for receivers on Profile 3 at 1000 m depth. 

 
Figure 86: Per-pulse and cumulative SEL at Deep site for receivers on Profile 3 at 1900 m depth. 

 

7.3 M-Weighted Sound Exposure Level (SEL) 
The synthetic pressure results shown in Figures 62 through 71 were analysed to directly 

compute per-pulse M-weighted SEL and cumulative M-weighted SEL over all 230 source points of 
the soft-start sequence. An example of these results is presented below in Figure 87. The complete set 
of graphs is in Appendix A, Figure A1 to Figure A36. The M-weighted levels for low frequency 
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cetaceans are nearly coincident with the unweighted levels. The pinniped, mid-frequency cetacean 
and high frequency cetacean results respectively are consistently less than the unweighted levels by 
approximately 3 dB, 7 dB and 9 dB for the 100 m and 1000 m deep receivers. Interestingly the M-
weighted cumulative SEL levels for the deepest 1900 m receiver show more difference from the 
unweighted levels. The high frequency cetacean M-Weighted cumulative SEL level at 100 m off-line 
and 1900 m depth is 13 dB less than the corresponding unweighted level. 

 

 
Figure 87: Per-pulse and cumulative M-weighted SEL for on-source-line receivers on Profile 1 at 100 
m depth. 
 

7.4 Peak and Rms Sound Pressure Level (SPL) 
The synthetic pressure results shown in Figures 62 through 71 were analysed to directly 

compute per-pulse peak SPL and 90% rms SPL over all 230 source points of the soft-start.  These 
results are presented below in Figures 88 through 102.  The peak SPL’s are substantially less than the 
218 dB re 1 µPa and 230 dB re 1 µPa (flat-weighted) peak level thresholds representative of onset of 
PTS for pinnipeds and cetaceans respectively. Consequently these are not discussed here further. 
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Figure 88: Peak SPL and 90% rms SPL for receivers on Profile 1 at 100 m depth. 

 
Figure 89: Peak SPL and 90% rms SPL for receivers on Profile 1 at 1000 m depth. 
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Figure 90: Peak SPL and 90% rms SPL for receivers on Profile 1 at 1900 m depth. 

 
Figure 91: Peak SPL and 90% rms SPL for receivers on Profile 1A at 100 m depth. 



JASCO Applied Sciences  Airgun Array Soft-Start Modelling 

 ~ 77 ~ 

 
Figure 92: Peak SPL and 90% rms SPL for receivers on Profile 1A at 1000 m depth. 

 
Figure 93: Peak SPL and 90% rms SPL for receivers on Profile 1A at 1900 m depth. 
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Figure 94: Peak SPL and 90% rms SPL for receivers on Profile 2 at 100 m depth. 

 

 
Figure 95: Peak SPL and 90% rms SPL for receivers on Profile 2 at 1000 m depth. 
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Figure 96: Peak SPL and 90% rms SPL for receivers on Profile 2 at 1900 m depth. 

 
Figure 97: Peak SPL and 90% rms SPL for receivers on Profile 2A at 100 m depth. 
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Figure 98: Peak SPL and 90% rms SPL for receivers on Profile 2A at 1000 m depth. 

 
Figure 99: Peak SPL and 90% rms SPL for receivers on Profile 2A at 1900 m depth. 
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Figure 100: Peak SPL and 90% rms SPL for receivers on Profile 3 at 100 m depth. 

 
Figure 101: Peak SPL and 90% rms SPL for receivers on Profile 3 at 1000 m depth. 
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Figure 102: Peak SPL and 90% rms SPL for receivers on Profile 3 at 1900 m depth. 
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8 Discussion of Results 

8.1 Overview of SEL results 
The results presented in Section6 from parabolic equation acoustic model runs for receiver 

points at close lateral range from the source line in deep water are affected by modelling limitations 
that require them to be taken with caution as indicators of impact for marine mammals. There are 
caveats associated with their use as they might underestimate the levels that would be observed in 
practice under equivalent conditions. It is nonetheless possible to draw meaningful conclusions from 
this modelling study as long as the estimated levels are below the injury criteria by such a margin that 
it would be very unlikely that they would exceed them even accounting for possible errors. The 
shallow site results indicate that a greater fraction of cumulative sound exposure arises from source 
positions further from the receiver, where the parabolic equation model is believed accurate. 
Therefore the shallow site predictions of the parabolic equation models are thought to be accurate. 

In terms of the SEL metric, the estimated cumulative level for an animal located just 100 m to 
the side of the source line at the midpoint of Step 1 of the soft-start in deep water are 22 dB below the 
Southall et al. (2007) criterion for cetaceans and 10 dB below the criterion for pinnipeds, without 
even introducing the M-weighting modifier that would decrease the level values.  

For an animal that remains in the same fixed location 100 m to the side of the source line at 
the midpoint of Step 3 of the soft-start in deep water, the estimated cumulative SEL would still leave 
a margin of 13 dB for cetaceans though it would be just 1 dB below threshold for pinnipeds. 
Furthermore, these SEL estimates assume a worst-case situation where the animal remains in one 
geographic location while tracking vertically the maximum sound intensity along the water column. 
For the peak SPL metric all maxima observed at CPA during Steps 1–3 of the soft-start are below the 
Southall criteria thresholds by 29 dB for cetaceans and 17 dB for pinnipeds, again assuming a worst-
case scenario where the animal is at the most strongly insonified depth. These results only considered 
contributions to SEL for source points during the soft-start procedure and not during the full array 
operations following soft-start. However, in deep water most SEL is accumulated from close-range 
source points so the full array operations, being at distance from the receiver locations considered 
here, are not expected to raise the total cumulative SEL significantly. 

It can therefore be argued from this study that in a deep-water environment a marine mammal 
in the immediate vicinity of the airgun array in the first three steps of soft-start is unlikely to suffer 
from auditory injury according to the Southall criteria unless the animal passes within 100 m of the 
source line as the seismic array passes. 

Shallow water sound level predictions at the same distance from the source line are greater 
than in deep water. The cumulative SEL level 100 m off the mid-point of Step 1 of soft start reaches 
182 dB re 1 µPa2s which is 17 dB below the PTS onset criterion threshold for cetaceans and 4 dB 
below the threshold for pinnipeds. For an animal that remains fixed at 100 m to the side of the source 
line at the mid-point of Step 3 of soft-start the maximum cumulative SEL is predicted to reach 185 dB 
1 µPa2s which is still 1 dB below the criterion threshold for PTS onset. As for the deep environment, 
the shallow site scenario modeling results suggest that PTS would only be exceeded if the animal 
remains stationary as the airgun array passes within less than 100 m from the animal at the 3rd Step of 
soft-start and while the vessel continues to complete the soft start procedure.  We did not compute the 
additional SEL that would be received by the animal after the soft-start procedure completed, when 
full array operations would begin. Those sounds in shallow water could contribute significantly to the 
overall received cumulative SEL. However the animal would have had time to move away to reduce 
those exposures if sensed as disagreeable. Only exposures from the start to end of the soft-start 
procedure are considered in the analysis here. 

 

8.2 Comparison of Parabolic Equation and Wavenumber Integral Model 
Results 
The two acoustic models employed for the present study differ in the approach used to solve 

the acoustic wave equation but are expected to give near-identical transmission loss estimates for 
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regions where both are applicable. We do expect some difference in the computed airgun sound levels 
for the following reasons:  

1. Far-field airgun array source levels computed in a horizontal plane were input to the parabolic 
equation model, while the wavenumber integral model uses individual notional airgun 
pressure signatures to compute the full 3-D directivity pattern including near-field effects. 

2. The parabolic equation model treated a continuous sound speed profile in the water while the 
wavenumber integral model treated the water as a single homogeneous layer.  

3. The parabolic equation model is not expected to produce accurate results for steep 
propagation angles below the horizontal. This would affect receivers directly below the 
airgun array and with propagation angles greater than 45° from horizontal. 
The per-pulse and cumulative SEL levels can be compared directly for the 100 m depth 

receivers of Profiles 1, 2 and 3.  These results from the parabolic equation model are shown in Figures 
7, 9, and 11, respectively, while the corresponding wavenumber integral results are shown in Figures 
72, 78, and 84, respectively. 

Per-pulse SEL levels on Profile 1 for the on-line receiver at 100 m depth are predicted by 
both models to be maximal when the airgun array passes directly over the receiver (note this is not 
necessarily the case for deeper receivers during soft-start). The parabolic equation model predicts the 
maximum on-line per-pulse SEL at 100 m depth to be approximately 163 dB re 1 µPa2s while the 
wavenumber integral predicts 159 dB re 1 µPa2s. The model differences at 100 m depth decrease with 
increasing off-line distance; at 500 m off-line the model predictions differ by less than 2 dB. The per-
pulse model predictions for Profile 1 at 100 m depth agree fairly well at all off-line distances until the 
source has moved past Profile 1 by approximately 3 km, with the wavenumber integral model 
consistently giving levels approximately 2 dB less than the parabolic equation model. The cumulative 
SEL increases negligibly once the source is beyond 3 km away. At that time the predicted cumulative 
levels are approximately 175 and 172 dB re 1 µPa2⋅s for the parabolic equation and wavenumber 
integral models, respectively. 
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Appendix A: Per-Pulse and Cumulative M-Weighted SEL from 
WaveNumber Integral Model at Deep Site 

 
Figure A1: Per-pulse and cumulative M-weighted SEL for on-source-line receivers on Profile 1 at 100 
m depth. 
 

 
Figure A2: Per-pulse and cumulative M-weighted SEL for on-source-line receivers on Profile 1 at 
1000 m depth. 
 

 
Figure A3: Per-pulse and cumulative M-weighted SEL for on-source-line receivers on Profile 1 at 
1900 m depth. 
 



JASCO Applied Sciences  Airgun Array Soft-Start Modelling 

 ~ 88 ~ 

 
Figure A4: Per-pulse and cumulative M-weighted SEL for 100 m off-source-line receivers on Profile 1 
at 100 m depth. 
 

 
Figure A5: Per-pulse and cumulative M-weighted SEL for 100 m off-source-line receivers on Profile 1 
at 1000 m depth. 
 

 
Figure A6: Per-pulse and cumulative M-weighted SEL for 100 m off-source-line receivers on Profile 1 
at 1900 m depth. 
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Figure A7: Per-pulse and cumulative M-weighted SEL for 250 m off-source-line receivers on Profile 1 
at 100 m depth. 
 

 
Figure A8: Per-pulse and cumulative M-weighted SEL for 250 m off-source-line receivers on Profile 1 
at 1000 m depth. 
 

 
Figure A9: Per-pulse and cumulative M-weighted SEL for 250 m off-source-line receivers on Profile 1 
at 1900 m depth. 
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Figure A10: Per-pulse and cumulative M-weighted SEL for 500 m off-source-line receivers on Profile 
1 at 100 m depth. 
 

 
Figure A11: Per-pulse and cumulative M-weighted SEL for 500 m off-source-line receivers on Profile 
1 at 1000 m depth. 
 

 
Figure A12: Per-pulse and cumulative M-weighted SEL for 500 m off-source-line receivers on Profile 
1 at 1900 m depth. 
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Figure A13: Per-pulse and cumulative M-weighted SEL for on-source line receivers on Profile 2 at 100 
m depth. 
 

 
Figure A14: Per-pulse and cumulative M-weighted SEL for on-source-line receivers on Profile 2 at 
1000 m depth. 
 

 
Figure A15: Per-pulse and cumulative M-weighted SEL for on-source-line receivers on Profile 2 at 
1900 m depth. 
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Figure A16: Per-pulse and cumulative M-weighted SEL for 100 m off-source-line receivers on Profile 
2 at 100 m depth. 
 

 
Figure A17: Per-pulse and cumulative M-weighted SEL for 100 m off-source-line receivers on Profile 
2 at 1000 m depth. 
 

 
Figure A18: Per-pulse and cumulative M-weighted SEL for 100 m off-source-line receivers on Profile 
2 at 1900 m depth. 
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Figure A19: Per-pulse and cumulative M-weighted SEL for 250 m off-source-line receivers on Profile 
2 at 100 m depth. 
 

 
Figure A20: Per-pulse and cumulative M-weighted SEL for 250 m off-source-line receivers on Profile 
2 at 1000 m depth. 
 

 
Figure A21: Per-pulse and cumulative M-weighted SEL for 250 m off-source-line receivers on Profile 
2 at 1900 m depth. 
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Figure A22: Per-pulse and cumulative M-weighted SEL for 500 m off-source-line receivers on Profile 
2 at 100 m depth. 
 

 
Figure A23: Per-pulse and cumulative M-weighted SEL for 500 m off-source-line receivers on Profile 
2 at 1000 m depth. 
 

 
Figure A24: Per-pulse and cumulative M-weighted SEL for 500 m off-source-line receivers on Profile 
2 at 1900 m depth. 
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Figure A25: Per-pulse and cumulative M-weighted SEL for on-source-line receivers on Profile 3 at 
100 m depth. 
 

 
Figure A26: Per-pulse and cumulative M-weighted SEL for on-source-line receivers on Profile 3 at 
1000 m depth. 
 

 
Figure A27: Per-pulse and cumulative M-weighted SEL for on source line receivers on Profile 3 at 
1900 m depth. 
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Figure A28: Per-pulse and cumulative M-weighted SEL for 100 m off-source-line receivers on Profile 
3 at 100 m depth. 
 

 
Figure A29: Per-pulse and cumulative M-weighted SEL for 100 m off-source-line receivers on Profile 
3 at 1000 m depth. 
 

 
Figure A30: Per-pulse and cumulative M-weighted SEL for 100 m off-source-line receivers on Profile 
3 at 1900 m depth. 
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Figure A31: Per-pulse and cumulative M-weighted SEL for 250 m off-source-line receivers on Profile 
3 at 100 m depth. 
 

 
Figure A32: Per-pulse and cumulative M-weighted SEL for 250 m off-source-line receivers on Profile 
3 at 1000 m depth. 
 

 
Figure A33: Per-pulse and cumulative M-weighted SEL for 250 m off-source-line receivers on Profile 
3 at 1900 m depth. 
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Figure A34: Per-pulse and cumulative M-weighted SEL for 500 m off-source-line receivers on Profile 
3 at 100 m depth. 
 

 
Figure A35: Per-pulse and cumulative M-weighted SEL for 500 m off-source-line receivers on Profile 
3 at 1000 m depth. 
 

 
Figure A36: Per-pulse and cumulative M-weighted SEL for 500 m off-source-line receivers on Profile 
3 at 1900 m depth. 
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