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An Airgun Array Source Model Accounting for
High-Frequency Sound Emissions During
Firing—Solutions to the IAMW Source Test Cases

Alexander O. MacGillivray

Abstract—JASCO’s Airgun Array Source Model (AASM) is a
combined deterministic and stochastic model that separately treats
the low-frequency and high-frequency components of signals pro-
duced by airgun arrays. The low-frequency module is based on
solving the equations of motion for interacting spherical bubbles.
The high-frequency module is based on a stochastic model of the
airgun spectrum, which has been derived from a principal compo-
nent regression analysis of the experimental data. This stochastic
model determines the frequency spectrum of an airgun waveform
during the rapid onset of a pressure that occurs when air is re-
leased from the gun chamber. AASM combines the output of these
two modules to predict the source waveform of an airgun array
over a wide frequency range (0-25 kHz). AASM was among the
source models included in benchmark comparisons presented at
the International Airgun Modeling Workshop (IAMW), held in
Dublin, Ireland, in 2016. Results from the workshop showed that
different source models agreed reasonably well at low frequencies
(<200 Hz), but they diverged substantially at high frequencies
(>1 kHz). To help better understand the reasons for a mismatch
between source models, this paper presents solutions to the IAMW
source test cases, calculated using AASM, as well as a detailed
description of AASM’s theoretical underpinnings.

Index Terms—Benchmark case, geophysical sources, numerical
models, underwater acoustics.

I. INTRODUCTION

HE International Airgun Modeling Workshop (IAMW),
held in Dublin, Ireland, in July 2016, provided a set of
test problems for validating acoustical models of airgun arrays,
with a focus on the environmental effects of sound on marine
life. The IAMW test problems included two distinct parts: first,
modeling the source output of an airgun array; and second,
modeling the propagation of this sound into the environment.
This paper focuses only on modeling the source output, and
it presents solutions to the three workshop source test cases
(S1, S2, and S3) using JASCO’s Airgun Array Source Model
(AASM, version 1.3beta). Details of the test cases are provided
in the workshop problem description [1].
Comparisons of results from different source models, pre-
sented at the meeting, showed reasonably good agreement at
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low frequencies (<200 Hz) but a large mismatch at high fre-
quencies (>1 kHz) [2]. While specific features of the predicted
waveforms, such as the rise time, were identified as the cause
of the mismatch, the underlying reasons for these differences
remains unclear. This paper addresses this latter question by
providing solutions to the source test cases and a detailed de-
scription of AASM’s theoretical underpinnings.

AASM is a numerical model that predicts acoustical source
waveforms [3] for the elements of an airgun array, based on the
positions, volumes, types, and firing pressures of these elements.
It was specifically designed for modeling underwater noise to
inform environmental assessments, and thus predicts unfiltered
source output over a wide frequency range (0-25 kHz) rele-
vant to marine wildlife [4]. AASM is an integrated model that
consists of separate computational modules for predicting the
low-frequency and high-frequency output of an airgun array.
Its output is tuned against a large library of measured single-
gun signatures, with the most recent version of AASM having
been tuned against wide-bandwidth hydrophone data from the
Svein Vaage broadband airgun study [5]. Source waveforms pre-
dicted by AASM are used to calculate the far-field output of an
airgun array. In this way, they are conceptually equivalent to no-
tional source signatures derived from near-field measurements,
as originally defined by Ziolkowski et al. [6].

II. AASM LOoW-FREQUENCY MODULE

Because the signature of an airgun is highly repeatable [7]
at low frequencies, it is well suited to prediction using phys-
ical models. Furthermore, at frequencies where bubble size is
smaller than the acoustical wavelength, it is reasonable to ap-
proximate the bubble as an isotropic spherical source [6] (while
more accurate predictions are possible using three-dimensional
computational fluid dynamics codes, as in [8], such methods are
considerably more computationally intensive and better suited
for modeling single airguns rather than full arrays). AASM cal-
culates low-frequency source outputs using a physical model of
spherical bubble oscillation and radiation (based on the approach
of Ziolkowski [9]) that also incorporates pressure and motion in-
teractions between guns. Free parameters in the model are tuned
against measurements of received sound pressures generated by
different airguns obtained under controlled experimental condi-
tions. This section details the physical model implemented by
AASM and refers to relevant primary literature sources.
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The individual airgun bubbles are modeled using Gilmore’s
equation of motion for a large spherical air bubble oscillating in
an infinite, compressible, and inviscid liquid [10]. An additional
viscous-like damping term —aw is added to Gilmore’s equation
to simulate energy loss to turbulence
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where a is the bubble radius, u = da/dt is the bubble wall
velocity, c is the speed of sound in water, H is the enthalpy
at the bubble wall, and « is a free constant controlling the
turbulent damping. As shown by Prosperetti and Lezzi [11], the
Gilmore equation belongs to a family of equations that describe
the radial motion of a spherical bubble to first-order accuracy,
in terms of the Mach number at the bubble wall. Some form
of artificial damping must be introduced in (1) to account for
energy lost to turbulence in the isotropic bubble model, since
radiative energy loss alone does not account for the observed
decay of the airgun bubble oscillations. The thermodynamic
properties of the bubble are encapsulated in the enthalpy term,
H . Though (1) was derived for compressible water, satisfactory
results are obtained by calculating the enthalpy assuming the
water density is independent of pressure

P.) /puw )

where P, is the pressure at the bubble wall, p,, is the water
density, and P is the effective hydrostatic pressure at the bub-
ble. Following Giles and Johnston [12], the effective hydrostatic
pressure at each bubble is the sum of the hydrostatic pressure at
depth plus the time-varying pressure fields of adjacent guns in
the array.

The airgun bubble is assumed large enough that we may ne-
glect surface tension at the bubble wall, which is small relative
to the internal pressure. Following Landrg er al. [13], the pres-
sure and temperature of the bubble interior are modeled as an
open, quasi-static thermodynamic system in which the energy
gained by the bubble, due to mass transfer and heat loss, must
be balanced by its change in internal energy. Under these con-
straints, the time derivative of the internal temperature can be
expressed as

H = (P

ar dm dQ av
P (RgTdt at Padt) /(mCV) 3)

where T is the temperature of the bubble interior, 2, is the gas
constant, cy is the heat capacity of air at constant volume, m is
the mass of air in the bubble, V' = 4/ 3ma?® is the bubble volume,
and d(/dt is the rate of heat transfer into the bubble.
Thermodynamic damping of the bubble oscillation is con-
trolled by the heat transfer term, in a manner similar to Laws
et al. [14], where it is assumed that the water surrounding the
bubble behaves as a temperature reservoir. The rate of heat loss
across the bubble wall is assumed to be proportional to the sur-
face area of the bubble and the temperature difference across

the interface, which is defined as follows:

dQ
= =" [Ama® (T — Tyar)] 4)
t
where T\, is the temperature of the water and « is a constant of

proportionality.

The throttling of airflow by the gun ports controls the ampli-
tude and rise time of the initial peak of the pressure signature.
Following Laws et al. [14], the rate of mass transfer is taken to
be proportional to the area of the gun ports, the pressure differ-
ential across the gun ports, and the density of air in the chamber.
Empirically, good agreement with data is obtained when the fol-
lowing two additional assumptions are employed: The rate of
flow through the ports is assumed to vary with chamber volume
according to a power law (exponent (), and the total air mass
transferred from the chamber to the bubble is controlled by an
efficiency parameter 0 < n< 1

dm

E = \/77 chm —

where 7 is a port-throttling constant, Ve, is the chamber vol-
ume, Vs is a reference volume (1 rng),Pchm is the chamber
pressure, and meppy 1S the air mass inside the chamber.

The pressure and particle motion fields of the oscillating bub-
bles are computed according to Ziolkowski’s quasi-acoustical
approximation [9]. Under this approximation, the following
two quantities are radiated away from the bubble wall with

velocity ¢
u
f(t—ajec) =a* (cu—Q—H) /c

ft—aj/c) =a(u®/2+ H)

where t — a/cis the retarded time at the bubble wall. The acous-
tical pressure and velocity fields at distance r are given in terms
of (6) as follows:

p(t—r/c) :pr/(t_T/C)/r_(pw“Z)/Q
v(t—rje) =f({t—r/c)/r*+ f (t—r/c)/rc

where p is the acoustical pressure due to the passing wave and
v is the fluid motion in the radial direction between the bubble
and the receiver at distance r. Equation (7a) is used to calculate
pressure interactions between bubbles [ P in (2)], and (7b) is
used to calculate motion interactions between bubbles. In the
latter calculation, the bubble centroids are assumed to move
subject to the summed velocity fields of the adjacent bubbles.
The equations of motion, and their auxiliary equations, form a
system of ordinary differential equations (ODEs) that are solved
numerically. Details of the numerical methods that are used for
solving the ODE system are provided in [15].

The bubble model contains five free parameters («, 3, T, K,
and 7)) that are constrained by fitting the model predictions to
experimental data, using a simulated annealing global optimiza-
tion algorithm [16] with final quenching using the downbhill sim-
plex method [17]. Simulated annealing is effective at finding the
global minimum of functions with many local minima because,
unlike downhill optimization methods, it avoids getting trapped

Lhm /V;ef (lelm /‘/chm) (5)

(6a)

(6b)

(7a)
(7b)
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Fig. 1.  Plots comparing optimized bubble model predictions with hydrophone

measurements of Bolt LL and LLX airguns from the Svein Vaage broadband
airgun study. The plot annotations indicate the volumes (V), depths (D), and
firing pressures (P) of the airguns, as well as the root-mean-square error between
modeled and measured signals (Fs ). Received sound pressures from the model
are calculated from the predicted source waveforms using the method of images,
based on the source—receiver geometry. Peak pressures from the data and model
traces have been time-aligned to facilitate comparison.

in local minima by randomly accepting trial models in the uphill
(greater cost) direction. However, simulated annealing is slow to
converge to a true minimum so the simplex method is used as a fi-
nal step to refine the best-fit solution. The version of AASM that
was applied to the workshop problems was tuned to experimen-
tal measurements of Bolt LL and LLX airguns, with volumes
ranging from 0.49 L (30 in®) to 5.57 L (340 in?). For the tuning
data set, which consists of 138 different airgun measurements
collected at ranges less than 30 m, the root-mean-square error
between the optimized bubble model and the measurements is
0.56 kPa. Validation comparisons show that source waveforms
calculated by the optimized bubble model are in good agreement
with hydrophone measurements of real airguns (see Fig. 1).

III. AASM HIGH-FREQUENCY MODULE

High-frequency sound emissions are often an undesired
byproduct of airgun arrays because they are not useful for seis-
mic imaging, but may nonetheless be audible to marine fauna
[18]. Measurements by Landrg et al. [19] demonstrated that the
acoustical emissions of airgun arrays above 1 kHz can be at-
tributed primarily to two mechanisms. First, the rapid pressure
onset during firing; and second, ghost cavitation caused by neg-
ative reflections from the sea surface interacting to create clouds
of cavitation bubbles several meters below the surface. Mecha-
nism 1 is present for all airgun arrays, regardless of their firing
depth or layout, whereas mechanism 2 requires that the array

IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 44, NO. 3, JULY 2019

180IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

160

140

120

SE Spectral Density Level (dB re 1 uPaz»s/Hz)

100
|||||||||||||||||||||||||||||||||||||||||||||||||_
0 1000 2000 3000 4000 5000
Frequency (Hz)
Fig.2. Mean and standard deviation sound exposure spectral density level of

30 shots from a 3.28 L (200 in*) Bolt 1900LLX airgun, from the Svein Vaage
broadband airgun study, measured at 14.9-m range.

be configured in such a way that the negative sound pressure
approaches the cavitation limit in water. Furthermore, in mech-
anism 2, the ghost cavitation is not at the same location as the
airgun bubbles and, thus, it needs to be treated as a separate,
spatially-distributed sound source. The high-frequency module
in AASM addresses mechanism 1 by shaping the high-frequency
spectra of individual airguns in an array using a multivariate sta-
tistical model derived from measurements (described below). At
the time of writing, AASM does not simulate mechanism 2.

Single-gun measurements show that the repeatability of the
airgun spectrum is poor at high frequencies, with large shot-to-
shot variability (see Fig. 2). Furthermore, the sound energy at
high frequencies is concentrated in a very short time window
(<50 ms), centered around the initial pressure peak. While the
physical mechanism responsible for the variability in the high-
frequency spectrum is not entirely understood, the observed
randomness nonetheless suggests that it may be modeled em-
pirically as a stochastic process.

To this end, an empirical model of the high-frequency airgun
spectrum was developed and incorporated into AASM, which
is described as follows.

1) The high-frequency components of the source signal (0.5—

25 kHz) were extracted from a large collection of single-
gun data (253 sequences of ~30 shots each) using a 36-
dB/octave highpass filter.

2) A 50 ms period around the peak was windowed out of
the filtered signals, and the pressure was multiplied by
the receiver range r to obtain the high-frequency source
waveform.

3) The mean and £standard deviation spectra were computed
for each shot sequence.

4) A real cepstrum transform [20] was applied to the mean
and standard deviation power spectra, retaining only the
first 256 cepstrum coefficients (<5.12-ms quefrency).
The upper quefrency limit was taken to be smaller than
the time delay between the initial pulse onset and the
surface reflection, which eliminated modulation of the
measured spectrum due to the surface ghost.
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Fig. 3. Top: PC decomposition (PC1 to PC10) of the first 256 cepstrum

coefficients for the high-frequency airgun data set. Middle: Cepstrum Eigen
functions, and mean, p, for PC1 to PC10 (normalized for display purposes).
Bottom: Percent of data variance explained by PC1 to PC10.

5) Principal component (PC) analysis was applied to the cep-
strum coefficients for 759 spectra (mean and =+std. dev. for
253 sequences; see Fig. 3). In total, ten PCs (i.e., derived
variables, denoted PC1 through PC10) were retained, ac-
counting for 98.1% of the total data variance.

6) A predictive model was developed using PC regression
(PCR) to determine linear relationships between the de-
rived variables and airgun firing parameters.

The dependent variables of the PCR model are: volume V,,
firing depth D, and firing pressure F,. A categorical variable
G represents airgun type. A dummy regression variable o is
introduced to account for the random amplitude variation of
the spectrum, where the value of the variable corresponds to
the mean (¢ = 0) and standard deviation (o0 = =£1) spectra. A
multiple regression model of the following form is thus fit to
each PC

vy = m%z")longg + mﬁf)longg + m(D”)loglng

+mMo 4 bl ®)

where n is the PC number, m x is the slope coefficient of param-
eter X, and b¢ is an intercept coefficient corresponding to the
airgun type. Mathematically, the three log-transformed param-
eters in the regression model (V;, P, and D,) are converted to
nondimensional quantities by dividing by a unit reference value
(1in3, 1 1bf/in?, and 1 m, respectively). The predictive power of
the regression model was highest for PC1 (> = 0.82) and lower

for PC2 through PC10 (r? < 0.36). The residual variability is
the component of the spectrum that is not explained by the PCR
model. This is interpreted as additional randomness that cannot
be predicted from the dependent variables, and it is modeled by
introducing a random deviation into the PCR model

y () 9)

where A is a random variable with standard normal distribution
and s§," ) is the standard error of the best-fit model for PCn.

The best-fit PCR model [i.e., (8)] predicts high-frequency
spectra for single airguns. Shot-to-shot variability is simulated
using a Monte Carlo algorithm, where the spectral distribution is
sampled by repeated evaluation of (8) and (9), assigning random
values to o and A on each iteration (~300 iterations per PC
per airgun are sufficient for most arrays). Note that (8) only
predicts the magnitude of the high-frequency spectrum, since
the cepstrum discards phase information. Furthermore, while
this model treats the high-frequency radiation of the bubble as
isotropic, the actual radiation at these frequencies is likely to
have directivity, due to deviations from sphericity. The isotropic
approximation is nonetheless reasonable in this case because
such directivity is likely to vary from shot to shot and, thus, will
be smoothed out during the stochastic Monte Carlo simulation.

The high-frequency spectrum from (8) must still be combined
with the low-frequency pressure signatures from the physical
model to predict the broadband output of an array in the time-
domain (i.e., from O to 25 kHz). The integrated model uses the
mean spectrum from the high-frequency module to adjust the
magnitude of the spectrum of the source waveforms predicted by
the low-frequency module. In this step, the source waveforms
are windowed around the initial peak, and the magnitude of
the discrete Fourier transform over a 50-ms period is adjusted to
match the stochastic PCR spectrum, with a linear transition from
700 to 900 Hz between the low-frequency and high-frequency
predictions (the spectra of measured airguns transition from
repeatable to stochastic around 1 kHz). Note that the resulting
source waveforms correspond to the mean high-frequency spec-
trum (i.e., the centroid of the distribution) for each airgun in the
array. Thus, a stochastic model is used to shape the spectrum
of the initial peak of the source waveforms so that they match
experimental measurements.

:Y(”)—l—Axsg,")

IV. WORKSHOP PROBLEM RESULTS

Using AASM, source waveforms were calculated for the three
workshop sources (see Fig. 4). Briefly, the three source config-
urations are as follows.

S1) Asingle 2.53 L (155 in’) airgun.

S2) A 6-element, single-string array with 21.6 L (1315 in®)

total volume.

S3) A 17-element, three-string array with 54.6-L (3333-in’)
total volume, and 0.5-m (rms) random scatter in the air-
gun locations.

The nominal array depth is 5 m and the nominal firing pres-
sure is 13 790 kPa (2000 1bf/in?) in all cases. For comparison, the
time alignment of the source waveforms has been shifted such
that £ = 10ms is the time when the signal first passes above
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Fig.4. Source waveforms for the three workshop sources (S1, S2, and S3), as
calculated by AASM. Insets show the first 25 ms of the waveforms.

20 kPa-m. The AASM source waveforms included airgun—
airgun pressure interactions for all three source configurations
(the choice of whether to model interactions was left to the
workshop participants). The reader is referred to the full prob-
lem description for additional details [1].

The AASM source waveforms were compared to the Agora-2
source waveforms that were distributed to the IAMW workshop
participants (see Fig. 5). Comparisons of the waveforms show
that the bubble oscillation periods are in good agreement be-
tween the two models, but that the initial peak pressures pre-
dicted by AASM are approximately double those of Agora-2.
Similarly, comparisons of the spectra show that low-frequency
peaks (corresponding to the bubble oscillation periods) are in
good agreement between the two models, but that the spec-
tra diverge above 100 Hz, with AASM predicting more high-
frequency energy output than Agora-2. Another difference be-
tween these two models is that the Agora-2 source waveforms
did not include airgun—airgun interactions but AASM did. The
interactions manifest themselves as oscillations superimposed
on the peak decay during the first tens of milliseconds of the
AASM waveforms. However, interactions are of secondary im-
portance in this case and not responsible for the differences in
the initial peak pressures. Thus, the main difference between the
two models is in the initial pressure onset, which corresponds to
the release of air from the gun ports. Differences in the steepness
of the initial peaks are also responsible for observed differences
in the amplitude spectra above 100 Hz. Differences between
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Fig. 5. Comparison of source waveforms (left) and amplitude spectra (right)

calculated by AASM and Agora-2, for case the center array of case S3 (sources
numbered S03G07-S03G12). Source waveforms from both models have been
time-aligned so that the signal crosses 20 kPa-m at ¢ = 10 ms. Insets on the left
panels show the first 30 ms of the source waveform. Annotations indicate the
airgun number from the problem description and the volume of each array ele-
ment. The AASM source waveforms include airgun—airgun interaction effects,
whereas the Agora-2 source waveforms do not.

AASM and Agora-2 are likely unrelated to AASM’s use of the
high-frequency module because the two models diverge well be-
low the 700-900-Hz transition band. Two other source models
presented at the 2016 IAMW workshop also predicted greater
overall high-frequency acoustical output than Agora-2 (see [2]
for additional comparisons).

The source waveforms are an intermediate step when calcu-
lating the radiated sound field from an airgun array. Most often,
the source waveforms of the individual airguns are summed
together with appropriate time delays to calculate the far-field
source waveform of the array in a specified direction. For the
purposes of the IAMW workshop, comparisons between mod-
els were performed in terms of the surface-affected source
waveform [2], which includes the contributions of surface
reflections (i.e., ghosts), assuming a perfectly-flat, perfectly-
reflective sea surface. Strictly speaking, the surface reflection is
a property of the propagation medium, not of the source; how-
ever, including surface reflections in the far-field signature is a
common convention in geophysical surveying and is thus useful
for comparison purposes. Surface-affected source waveforms
(see Fig. 6) and surface-affected amplitude spectra (see Fig. 7)
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were calculated from the source waveforms output by AASM for
all three workshop sources. However, surface-affected source
waveforms should not generally be used with acoustical prop-
agation models since such models generally take a separate
account of sea-surface reflections when computing propagation
loss.

V. DISCUSSION

Amplitude spectra from the five source models presented at
the IAMW were similar at low frequencies (less than 3-dB mis-
match below 200 Hz), but deviated substantially at high frequen-
cies (over 30-dB mismatch above 1 kHz) [2]. The differences
in the high-frequency model predictions were attributed to dif-
ferences in the rise times during the first 25 ms of the source
waveforms. Predictions from AASM were generally in the mid-
dle range of the source models presented at IAMW. Two possible
reasons for the observed mismatch between the different source
models are: First, differences in tuning data sets; and second,
differences in the port-throttling physics. The high-frequency
mismatch between models highlights the need for validating
model predictions against measurements.

The high-frequency sound emissions (>1 kHz) of airgun ar-
rays are difficult to predict accurately for several reasons. First,
the sources themselves are designed to be used at low frequen-
cies, and any high-frequency emissions are generally an un-
intended side effect (although a new type of airgun attempts
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Fig. 7. Surface affected amplitude spectra for S1 (top), S2 (middle), and S3

(bottom), as predicted by AASM. Receiver directions are defined such that 6 is
the angle below the horizontal plane and ¢ is the angle counterclockwise from
the +x axis.

to address this issue [21]). Second, the simplified model of an
expanding spherical bubble may not adequately capture bubble
behavior in the first few milliseconds after an airgun is fired (e.g.,
due to the asymmetry of the gun ports and vibrations induced by
solenoid actuation [22]). Third, sounds generated by nonlinear
effects, such as ghost cavitation, are not yet fully understood,
though some recent progress has been made by Khodabandeloo
et al. [23].

The stochastic PCR model implemented in AASM attempts
to address the first two issues by a way of an empirical approach
that does not depend on an in-depth understanding of the under-
lying physical phenomena. Nonetheless, developing an empiri-
cal model depends on the availability of a substantial collection
of high-quality signature data (e.g., [5]). AASM does not yet
account for nonlinear cavitation effects that lead to additional
high-frequency emissions for multigun arrays. Accounting for
these nonlinear effects would permit more accurate predictions
of sound emissions for large airgun arrays at frequencies above
1 kHz.
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