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Guest Editorial
Special Issue on Verification and Validation of Air

Gun Source Signature and Sound Propagation Models

THIS special issue of the IEEE JOURNAL OF OCEANIC EN-
GINEERING focuses on the verification and validation of

models for predicting the sound field radiated by air guns and
air gun arrays. The special issue aims to address the demand
for increasingly precise assessments of environmental impacts,
requiring accurate characterization of the air gun array sound
field, including the interface between source signature models
and sound propagation models. To address this need, a mod-
eling workshop was held in July 2016. Participants in the 2016
workshop were asked to predict, for specified scenarios, the time
series of sound pressure and sound particle acceleration at dif-
ferent positions relative to the source, as well as the source wave-
form. Air gun modeling experts worldwide, including the 2016
workshop participants, were invited to contribute to this spe-
cial issue. The first paper in the special issue describes the 2016
workshop and its main findings and the second paper describes
the test scenarios. The remaining papers, most of which present
results for the test scenarios, describe either source waveforms,
or sound pressure or particle acceleration time series, or both.
This editorial summarizes all papers in the special issue, paying
special attention to comparing different participants’ results for
the same test scenario.

I. INTRODUCTION

Towed air gun arrays are used for marine geophysical imag-
ing. The air guns produce a sound pulse by rapidly releasing
compressed air into the water, thus generating an approximately
spherical broadband wave, of short duration, centered on the air
gun. An air gun array typically comprises several towed subar-
rays each containing several air guns. The air guns are suspended
from floats. The subarrays are usually equispaced in the crossline
direction and are placed at the same inline offset. The air guns
are often, but not always, deployed all at the same nominal depth.
Each subarray comprises a number of air guns or air gun clus-
ters towed in a line. When fired simultaneously, the individual
air gun pulses reinforce coherently in the direction perpendicu-
lar to the plane of the array to create a high-amplitude pulse in
that direction [item 1) in the Appendix]. The high amplitudes
of these pulses lead to concern about possible adverse effects
on marine fauna [items 2) and 5) in the Appendix]. Computer
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models of air gun sources were originally developed for geo-
physical imaging applications [item 6) in the Appendix], and
thus focused on accurate predictions only at relatively low fre-
quencies (order of 100 Hz or less) [item 7) in the Appendix].
More recently, air gun source models have been combined with
sound propagation models to estimate received sound pressure
fields in water [items 8) and 10) in the Appendix], and com-
parisons with measurements have shown that at low frequencies
they work well, but at high frequencies their predictions deviate
from the measurements and from each other [item 11) in the
Appendix].

The same or similar models are used to estimate the received
field and possible effects on biota (NMFS) [item 12) in the Ap-
pendix]. Some animals are sensitive to high-frequency sound (10
kHz or above), and the accuracy of the air gun source models at
such frequencies is uncertain. The need to check the accuracy of
model predictions of the sound field radiated by air gun arrays
led to the International Airgun Modelling Workshop (hence-
forth “the Workshop”) in July 2016, in Dublin, Ireland [item 13)
in the Appendix]. After the Workshop, the IEEE JOURNAL OF

OCEANIC ENGINEERING invited contributions to a Special Issue
on Verification and Validation of Air Gun Source Signature and
Sound Propagation Models. Test scenarios were specified for the
special issue [item 14) in the Appendix], closely based on the
Workshop test scenarios [item 13) in the Appendix]. Participa-
tion in the special issue was open to all. Invitations were extended
by the guest editors to specialist air gun signature modelers and
to all participants in the Workshop, with contributions reviewed
by the journal in the usual way. The purpose of this editorial is to
introduce this special issue. A companion editorial [item 15) in
the Appendix] describes the background, motivation, prepara-
tion for, and execution of the Workshop. This editorial comprises
the following:

1) a description of the test scenarios that authors were in-
vited (though not required) to consider [item 14) in the
Appendix];

2) a summary of the specified scenarios (see Section II);
3) papers describing source waveform predictions (see

Section III);
4) papers describing sound field predictions, in the form of

sound pressure or sound particle acceleration or both (see
Section IV);

5) concluding remarks (see Section V).
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Fig. 1. Geometry for single air gun (source S1) at 5-m depth. Participants were
requested to evaluate sound pressure p(t) and sound particle acceleration a(t)
at 15-m depth; with horizontal ranges r between 3 m and 30 km. See Ainslie
et al. [item 14) in the Appendix] for details.

Acoustical terminology follows ISO 18405:2017 Underwater
acoustics—Terminology [item 16) in the Appendix].

II. SUMMARY OF TEST SCENARIOS

Three acoustic sources were specified, denoted by S1, S2,
and S3. S1 is a single air gun of volume 2.5 L (155 in3) and S2
is a horizontal line array of total volume of 21.5 L (1315 in3)
comprising six air guns, of which the third (designated S2G03) is
the same air gun as S1. S3 is a large air gun array comprising three
horizontal subarrays, with a total volume of 546 L (3333 in3).
The center subarray of S3 comprises the same air guns as S2 and
nominally in the same positions. In all cases, the source depth
is nominally 5 m and the chamber pressure is 13.79 MPa (2000
lbf/in2). The properties of the three sources are fully described
in Ainslie et al. [item 14) in the Appendix].

The source–receiver geometry for a single air gun is illustrated
in Fig. 1. The horizontal range r was between 3 m and 30 km.
In our editorial, we chose to compare model predictions from
different authors at r = 30 m and 3000 m, with absorption in
water switched off (problem 1 from [item 14) in the Appendix]).

III. CONTRIBUTIONS DESCRIBING SOURCE WAVEFORMS

Three papers are included in the special issue that describe
different implementations of computer models for calculating
source signatures of seismic air guns. Notably, all three models
employed some variant of spherical bubble theory to solve the

equations of motion for an air gun bubble and predict its radiated
source waveform (also known as its “notional signature”). While
the different models included different physical effects in their
equations of motion and employed different tuning parameters,
they nonetheless followed the same general dynamical theory
proposed by Ziolkowski [item 6) in the Appendix], augmented
in one case [item 17) in the Appendix] with a stochastic spec-
trum model for high frequencies. The popularity of Ziolkowski’s
approach is no doubt a reflection of the fact that spherical bubble
theory is well developed, and its predictions have been exten-
sively verified against experimental data [item 18) in the Ap-
pendix]. For frequencies of interest to geophysical imaging, the
bubble is small compared with the wavelength. Nonetheless,
other computational methods do exist for calculating source
signatures of air guns, such as scaling of recorded signatures
[item 19) in the Appendix] and computational fluid dynamics
[item 20) in the Appendix], which are not covered in this special
issue and which may yet be of interest for future verification
studies.

A. Source Waveform Papers

The article by Sertlek and Blacquière [item 21) in the Ap-
pendix] describes the Agora air gun model and applied this
model to a detailed investigation of the effects of sea-surface
roughness on measured waveforms of single air guns. Agora
is the most recently developed of the three models and was
also used to generate reference signatures for the Workshop
[item 13) in the Appendix]. Using a three-dimensional scatter-
ing model, Sertlek and Blacquière demonstrate how sea-surface
roughness affects measured sound pressure spectra for single
air guns. By comparing model predictions with single-gun mea-
surements from the Svein Vaage experiment [item 22) in the
Appendix], Mattsson et al. show how observed variations in air
gun spectra above 300 Hz may be explained by even moderate
sea-surface conditions (i.e., sea state 2). Given that most ex-
tant air gun models are tuned using field calibration data, which
suggests that some high-frequency differences between models
may be attributable to the sea conditions under which different
calibration data were obtained.

The article by MacGillivray [item 17) in the Appendix] de-
scribes the air gun array source model (AASM) and shows vali-
dation comparisons with experimental data. At low frequencies
(below 800 Hz), an AASM employs a spherical bubble model,
but at high frequencies (above 800 Hz), it uses a statistical model
to predict the envelope of the initial peak of the single-gun sig-
nature. The statistical model is based on a principal component
regression model of the single-gun spectrum and was derived
from an analysis of the Svein Vaage data set. The statistical
model also incorporates a stochastic component, which uses a
Monte Carlo simulation to simulate shot-to-shot variability in
the high-frequency single-gun spectrum. This type of variabil-
ity is different from the variability due to sea-surface roughness
described by Sertlek and Blacquière [item 21) in the Appendix]
because it is related to measured variations in the direct-path
signal, not the surface-reflected signal. As such, this stochas-
tic component is conjectured to be related to anisotropy in the
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Fig. 2. Source S2 comparison of air gun source waveforms s(t) (left) and the corresponding energy source spectral density levels [item 14) in the Appendix]
(right) as computed by AASM, Agora 2, and Cagam. Source waveforms have been aligned in time so that the signal crosses 20 kPa · m at t = 10 ms. Insets on the
left panels show the first 30 ms of the source waveform. Annotations indicated the air gun number from the problem description and the volume of the specified
element.

shape of the air gun bubble (i.e., breaking of the spherical bubble
assumption), though this remains to be confirmed experimen-
tally.

The article by Duncan and Gavrilov [item 23) in the Ap-
pendix] describes the CMST air gun array model (Cagam) and
shows validation comparisons of their model predictions with
measurements. Cagam is based on a simplified bubble model (es-
sentially a damped Rayleigh model), which incorporates fewer
tuning parameters than the other models described in the special
issue. The tradeoff of this simplified approach is that Cagam nec-
essarily incorporates an amplitude scaling parameter that is used
to match its output to reference signature data for a particular
source. Such signatures originate either from established mod-
els (typically Nucleus [item 24) in the Appendix] or Gundalf
[items 25) and 26) in the Appendix]) or from measurements.
Nonetheless, the authors show that Cagam’s predictions, suit-
ably scaled, are in good agreement with single-gun measure-
ments from the Svein Vaage experiment. Thus, this simplified

method may present an attractive approach when reference sig-
natures are available for the source of interest.

B. Comparison of Source Waveforms

Selected comparisons are described below for the signatures
of source S2, in the form of source waveforms s(t), of each
of the six air guns in the line array and the surface-affected
source waveform of the array. Source waveforms computed by
the three source models are plotted side by side, for each in-
dividual air gun making up the array corresponding to source
S2, to show how their predictions compare with each other (see
Fig. 2). Observed differences at high frequencies (approximately
above 100 Hz) are due to differences in the initial peaks (inset
of Fig. 2), whereas the differences at low frequencies (approxi-
mately below 100 Hz) are due to differences in the bubble pulses.
The bubble pulse spectra of the three models agree reasonably
well, but the Agora 2 source waveforms (the difference between
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Fig. 3. Source S2 comparison of surface-affected source waveforms, as pre-
dicted by AASM, Agora 2, and Cagam, for the broadside direction, 20◦ below
the horizontal (i.e., elevation angle θ = 20◦ and bearing angleϕ = 90◦). Each
trace depicts the sums of the time-delayed source waveforms for the individual
air guns in the array, plus their surface images, in the specified direction (often
referred to as the "far-field signature" in reflection seismology).

Agora 1 and Agora 2 is explained in Ainslie et al. [item 14) in
the Appendix]) have a lower high-frequency spectrum, due to
the slower onset predicted by this model. The initial peaks pre-
dicted by Cagam and AASM are in much closer agreement, with
the former model predicting slightly higher levels than the latter.
Surface-affected source waveforms (i.e., far-field signatures) for
the S2 array are plotted for 20° below the horizontal in the broad-
side direction for the three source models (see Fig. 3). Including
the surface reflections (i.e., ghosts) in the far-field summation
tends to suppress the bubble pulses; therefore, differences be-
tween the surface-affected source waveforms [item 16) in the
Appendix] for the S2 array are due primarily to differences in
the initial peaks predicted by the three models.

Overall, the agreement between the three models is best at
low frequencies (as demonstrated at the Workshop [item 13) in
the Appendix]) although two of the models (AASM and Cagam)
also agree reasonably well at high frequencies. This agreement
is notable given the marked differences in how these two models
treat the port throttling that is responsible for the initial expan-
sion of the air gun bubble. Indeed, implementations of the air gun
port throttling physics are much more similar between AASM
and Agora. This suggests that high-frequency differences be-
tween the three models are more related to differences in tuning
data than to differences in the underlying physical models. For
example, AASM was tuned against air gun signatures from the
Svein Vaage data set [item 22) in the Appendix], whereas Agora
2 employed tuning parameters based on a data set for older air
guns [item 27) in the Appendix]. Note that any model tuning pro-
cedure that is based on matching acoustical pressure or signal
energy (e.g., as described in the article by Duncan and Gavrilov
[item 23) in the Appendix]) will naturally tend to be weighted
toward matching low frequencies (i.e., since this is where signal
energy from air guns is concentrated). This may also help to
explain why the three models diverge more at high frequency
than at low frequency.

IV. CONTRIBUTIONS DESCRIBING SOUND PRESSURE AND

ACCELERATION TIME SERIES

The challenges associated with modeling the acoustic time
series of sound pressure and acceleration are significant. The
greatest challenge to many numerical models is the large band-
width (0–2500 Hz) and the high angles of propagation that must
be supported at ranges nearer than 1 km in 50 m of water. The
phase stability and bookkeeping requirements are also a chal-
lenge for computing the coherent field (time series) and deriva-
tives for multiple sources. In this special issue, we have three
papers in which the authors computed various acoustic values
using the provided source time series from Agora [item 28) in
the Appendix]. The test scenarios for this special issue [item
14) in the Appendix] are based on previous benchmark prob-
lems [items 29)–31) in the Appendix], using the classic Pekeris
model, with isovelocity water, flat seafloor, and uniform fluid
sediment. The extension of the previous work is to include a
broadband source spectrum, the requirement for the coherent
field for a set of arrays of sources (with different time series)
including in the along-track (forward end fire) and cross-track
(broadside) directions and the request for the computation of
sound particle acceleration. In all, we compare six sound pres-
sure time series results and three particle acceleration results
using four different methods.

A. Propagation Papers

The paper by Küsel and Siderius [item 32) in the Appendix],
presents the pressure time series for the single-gun air gun case
for three very different modeling approaches. They solved the
pressure time series to ranges of 3 km using a ray trace (RT)
model called Bellhop [item 33) in the Appendix], a parabolic
equation (PE) model called RAM [item 34) in the Appendix] and
a wave number integration (WNI) method called OASP [item
35) in the Appendix]. Each of these models has different re-
gions of validity and a different set of user skill sets required
to produce reliable results. Before application to the Workshop
scenarios, the RT and WNI models were tested against an ex-
act image calculation for p(t) in a fluid half-space. RT models
are excellent for broadband time series (the ray arrival times
are assumed to be independent of frequency). The PE solution
is excellent for efficiently handling laterally invariant environ-
ments, but struggles with high angles (ray paths steeper than 85°
from horizontal) and higher frequencies. The WNI solution is
the closest to the mathematically exact solution for a problem
in a laterally invariant environment.

The work in Prior et al. [item 36) in the Appendix] is a careful
application of the method of images and a WNI model called
Scooter [item 37) in the Appendix], with both a Hankel and a
Fourier transform solution. They have computed both the sound
pressure and sound particle acceleration time series, using high-
precision coherent summations from the multiple sources and
spatial derivatives of the field at the receiver. In principle, the
method of images requires a new image for each surface or bot-
tom multipath. However, because of approximations in apply-
ing the image method to bottom reflections, the authors choose
to include only the direct path and its surface-reflected image,
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thus providing a highly accurate reference for Scooter at short
ranges only. For the same reason, they limit their predictions in
their published paper to a maximum range of 30 m, showing
that at these distances, the WNI method needs to replace the
approximate Fourier transform with the full Hankel transform
to maintain accuracy. Although the paper by Prior et al. [item
36) in the Appendix] presents results up to 30 m only, for the
purposes of this editorial, the authors of that article made their
predictions available up to 3000 m.

Heaney and Campbell [item 38) in the Appendix] present
results using the PE model Peregrine, which is a C-language
refactorization of RAM. There has been no change to the
propagation physics from RAM, only to the environmental
interface and the way that memory and CPU access are applied.
Peregrine also internally computes the range and depth spacing
required to support high angle propagation as a function of
frequency. Heaney and Campbell were able to use the code
to improve phase accuracy and to output the acoustic field on
the computational grid, which permitted the computation of
the sound particle acceleration. In particular, the computational
grid was required to land exactly on the receiver. The sound
pressure and particle acceleration are provided for each of
the three sources (single source, single line array, and triple
line array) at all of the specified ranges and bearings, with the
exception of the 3-m range. This was not computed because the
PE as a range marching algorithm struggles at very high angles.
This paper addresses all of the source arrays requested in the
problem set definition [item 14) in the Appendix]. In Section IV
of [item (38) in the Appendix], the authors apply the model for
the S3 (triple line array) source array transmitting in the Gulf of
Mexico. The pressure time series is computed out to a range of
30 km (requiring phase accuracy across the full band) and the
incoherent sound exposure level is computed out to 1000 km
(requiring phase accuracy across the multiple source air guns).

B. Comparison of Sound Pressure and Particle Acceleration

This section includes selected comparisons of the sound pres-
sure p(t) and the horizontal component of sound particle accel-
eration ar(t) for source S1. Source S1 is the same air gun as
the third air gun in source S2. In all cases, the predictions are
made using the Agora 2 source waveforms provided by the or-
ganizers to the Workshop participants [item 14) and 15) in the
Appendix], which means that any differences are caused by dif-
ferences in the propagation modeling or in the interface between
the signature and propagation models.

We now compare the pressure time series for two ranges for
the S1 case (the third air gun in the S2 array, "S2G03"—see
Ainslie et al. [item 14) in the Appendix]). All six models’ results
are available at 30 m (see Fig. 4), which is an interesting range
because there is still a lot of high angle propagation, but also
a significant amount of bottom interaction. The predictions of
Bellhop (RT), Peregrine (PE), and two WNI models (OASP and
Scooter) are so close together that one can hardly distinguish
the individual curves. For Scooter, calculations were provided
using both the default Fourier transform method (Scooter-FT)
and the more accurate Hankel transform (Scooter-HT). For this

Fig. 4. Source S1 (a single air gun, identical to S2G03) sound pressure time
series p(t) at 30-m range. The lower graph zooms in on the direct path and first
bottom reflection, with corresponding surface images.

geometry, the difference is small, and subsequent figures use
only the Fourier transform (Scooter).

Agreement of this caliber between RT, PE, and WNI methods
provides a strong indication that all four curves are accurate—
the chances of all being in error by the same amount is very
small. A second PE model (RAM) predicts the main features
while differing in detail. The method of images omits bottom-
reflected paths by design. The vertical dashed lines in Figs. 4
and 6 show expected arrival times for the first ten multipaths,
the first four being the direct path (21 ms, red) and its surface
image (24 ms, blue) and the first bottom reflection (57 ms, cyan)
and its image (63 ms, magenta).

The peak sound pressure at this receiver position (31.6 m
from the air gun) using Agora 2 is 7 kPa (corresponding to a
peak sound pressure level with reference to 1 µPa2, abbreviated
Lpk, of 197 dB) for the primary peak at 23 ms and 1.1 kPa (Lpk

of 181 dB) at 122 ms for the secondary peak (sometimes known
as a “bubble pulse” [item 1) in the Appendix]). The agreement
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Fig. 5. Source S1 (a single air gun, identical to S2G03) sound pressure time
series p(t) at 3000-m range. The lower graph zooms in on the direct path and
first bottom reflection, with corresponding surface images. The detailed structure
predicted by Bellhop is different from that of the other models, and Bellhop
is therefore omitted from the lower graph to avoid distraction from the small
differences between the other four solutions.

between all six models (and three independent groups of mod-
elers) is a remarkable testimony to the model maturity and the
modelers’ skill.

However, the same calculations using AASM or Cagam would
have increased the predicted peak sound pressure to about
12.5 Pa (Lpk of 202 dB). At short range, the main source of
uncertainty in the peak sound pressure arises from the choice of
source signature model.

The pressure time series at 3000 m are presented for five out
of the six models (see Fig. 5). The peak sound pressure using the
Agora 2 signature for source S1 is 60 Pa (Lpk of 156 dB). Pere-
grine shows similar features, with higher frequency oscillations
not seen in the output of the other models.

The acceleration was provided by two authors at 30-m range.
In Fig. 6, we compare the Prior et al. [item 36) in the Appendix]
acceleration (horizontal component) computed using the method
of images and the WNI model Scooter, with the Heaney and

Fig. 6. Source S1 (Gun 3) horizontal sound particle acceleration time series
ar(t) at 30-m range. The lower graph zooms in on the direct path and first
bottom reflection, with corresponding surface images.

Campbell result using the PE. Both models computed the ac-
celeration via the spatial derivative of the sound pressure. With
only three curves, it is harder to make conclusive statements for
p(t), but the close agreement between Scooter and images for
the primary peak leads to the likely conclusion that Scooter is
providing an accurate solution. The horizontal component of the
sound particle acceleration at this receiver position (31.6 m from
the source) has a peak magnitude of 3.8 m·s−2.

V. CONCLUDING REMARKS

The main purpose of this special issue is to consolidate the
results presented at the Workshop. The focus of the Workshop
was on verification, meaning comparison between model pre-
dictions for specified scenarios. Predictions of source waveform
s(t) from the air gun models AASM, Agora 2, and Cagam were
compared. The three models predict similar features, with the
main differences appearing in the height and rise time of the
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primary peak, leading to corresponding differences in the en-
ergy spectral density. When results for sound pressure p(t) were
compared for fixed s(t), we find remarkable consistency between
p(t) model predictions from the PE, WNI, RT, and image meth-
ods, for the two ranges considered (30 and 3000 m).

We conclude that the consolidation of the verification step
is sufficiently mature to merit progression to a validation study
(comparison with measurements). We believe that suitable data
sets exist, both for individual air guns or clusters [item 22) in the
Appendix] and full air gun arrays [item 11) in the Appendix].
Furthermore, verification steps could include consideration
of a rough sea surface, a more realistic seabed or nonlinear
propagation in the high intensity region near an air gun.

Significant progress has also been made with sound parti-
cle acceleration, especially by comparing wave number integra-
tion and image solutions (see Fig. 6). These promising results
need further verification by independent comparison with other
methods.
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