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Peer-Reviewed Technical Communication

International Airgun Modeling Workshop: Validation of Source
Signature and Sound Propagation Models—Dublin (Ireland),

July 16, 2016—Problem Description
Michael A. Ainslie , Robert M. Laws, and H. Özkan Sertlek

Abstract—Computer models can be used to predict the sound field near
an airgun or airgun array. The accuracy of such predictions can be assessed
either by a process of verification (comparison with alternative theoretical
solution to the same computational problem) or by validation (comparison
with measurement). A set of verification test problems is described, as used
originally by participants in the International Airgun Modeling Workshop
held in Dublin, Ireland on July 16, 2016, and now by other authors in this
special issue. The main inputs specified are the characteristics of the source
(array geometry, airgun type and volume, and chamber pressure) and
of the propagation medium (mainly water depth and bottom type). Also
specified are source waveforms for individual airguns for authors wishing
to focus only on the propagation aspects of the problem. The outputs are
specified in terms of metrics derived from the sound pressure and sound
particle acceleration.

Index Terms—Airgun signature, propagation modeling, sound particle
acceleration, sound pressure, source waveform.

I. INTRODUCTION

A. Background

T HIS paper forms part of a series of papers in the Special Issue
on Verification and Validation of Airgun Source Signature and

Sound Propagation Models [1]. It describes a set of test problems used
by other contributors to this Special Issue. The same test cases–which
require either the calculation of source waveform (signature model) or
the sound field (propagation model) or both—were used previously in
a 2016 modeling workshop held in Dublin, Ireland, summarized in [2].
Source waveforms were made available to authors wishing to focus on
propagation.
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B. Terminology and Units

Airguns and sound propagation are specialized subjects, each with
their own specialized jargons. If, in describing the test cases, we were to
use the jargon of airgun sources, we would risk confusing propagation
specialists and vice versa. At the risk of confusing both groups equally,
instead we adopt a standard with international consensus, namely ISO
18405:2017 “Underwater Acoustics—Terminology” [3].

To avoid ambiguity, all parameters are specified in units compatible
with the International System of Units (SI). Conversions to custom-
ary units, widely used to characterize airguns, follow IEEE 260.1-2004
“Letter Symbols for Units of Measurement (SI Customary Inch–Pound
Units, and Certain Other Units)” [4]. Of particular interest in this re-
gard are the pound–force per square inch, often abbreviated “psi,”
and the cubic inch. The psi (1 lbf/in2) is a unit of pressure given by
1 lbf/in2 � 6895 Pa. The cubic inch (1 in3) is a unit of volume given by
1 in3 = (25.4 mm)3 � 0.016387 L.

C. Content and Structure

The purpose of this paper is to specify a series of test problems
involving the calculation of the sound field resulting from the use of
an airgun or airgun array in shallow water. The coordinate systems
used are specified in Section II. The airgun sources and the propagation
medium are described in Sections III and IV, respectively, followed by
a list of four test problems (see Section V) and some closing remarks
(see Section VI).

II. COORDINATE SYSTEMS

Three different coordinate systems are used as follows.

A. Cartesian (x, y, z)

Cartesian coordinates are used to specify the geometry of the source
arrays. A right-handed Cartesian coordinate system is adopted with x
increasing ahead, y increasing to starboard, and z increasing downward.
The spatial origin is at the sea surface.

B. Cylindrical Polar (r, z, φ)

Cylindrical polar coordinates are used to specify receiver positions:
z = depth from sea surface, r = horizontal distance from origin, and
φ = bearing clockwise from the x-axis looking down (clockwise from
straight ahead in plan view). The spatial origin is at the sea surface
(in the same position as for the Cartesian coordinates). Conversion to
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TABLE I
SOURCES S1, S2, AND S3

A source depth of 5 m is chosen to facilitate comparison with an equivalent problem [5]
based on the 2010 Weston Modeling Workshop [6].

TABLE II
AIRGUN PROPERTIES FOR USE IN TEST CASES

The interpulse interval (or repetition rate) affects the average airgun temperature [7].

TABLE III
SOURCE S1 CONFIGURATION

TABLE IV
SOURCE S2 CONFIGURATION

The total array volume is 21.549 L (1315 cubic inches).

Cartesian coordinates are effected using

x = r cos (φ)

y = r sin (φ)

z = z.

C. Spherical Polar (θ, φ)

Spherical polar coordinates are used to characterize the directional
dependence of the source signature (the source waveform of an airgun
array varies with bearing and elevation): θ is the elevation angle

Fig. 1. Source S1 is situated directly beneath the origin.

increasing downward from horizontal and φ is the bearing angle
defined in the same way as in cylindrical coordinates.

III. SOURCE SPECIFICATION

A. Overview

Three different sources are considered, denoted by “S1” to “S3.”
These are a single Bolt 1500LL airgun (S1), a single line array of six
airguns, including S1 (S2), and an array comprising three subarrays,
including S2 as the center subarray (S3) (see Table I).

For purposes of identification, Table I uses customary units, as con-
ventionally used by airgun suppliers. In the rest of this specification, SI
units are followed, with an approximate conversion to customary units
in brackets where appropriate. Airgun properties common to all three
sources are specified in Table II.

The density of water and the acceleration due to gravity are specified
to be ρ = 1000 kg/m3 and g = 9.81 m/s2, respectively. Using these
values, the following properties follow from Table II:

1) the water pressure at depth z = 5 m is Pw = Patm + ρgz =
150.4 kPa (22 lbf/in2);

2) the chamber (or gauge) pressure (Pg = Ptot − Patm) is
13 789.5 kPa (2000 lbf/in2);

3) the airgun pressure relative to the hydrostatic pressure
(Ptot − Pw) is 13 740.5 kPa (1993 lbf/in2).

The source description includes signatures calculated using Agora
[8]. These signatures (source waveforms) form part of the problem
description and were made available to authors wishing to focus on
propagation aspects. The Agora input files and source code are avail-
able from the Ocean Acoustics Library [9]. The corresponding source
waveforms are available from IEEE Dataport [10].

B. Choice of Spatial and Temporal Origins

For all sources, the spatial origin is at the sea surface. For S1, it is
directly above the airgun; for S2, it is directly above the third airgun
(S2G03); and for S3, it is directly above the third airgun in the center
array (S3G09).

For S1, participants are requested to select and specify a time origin
of their own choices. For S2 and S3, the airguns are nominally fired
simultaneously. In a commercial airgun array, there is typically an
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Fig. 2. S1 source waveform s(t) (left) and the magnitude of its spectrum |S(f)| (right).

Fig. 3. S1 surface-affected source waveforms s′(t) (left) and the magnitude of their spectra |S′(f)| (right). The elevation angles (θ) are 20° (red) and 90° (black)
from horizontal.

Fig. 4. Plan view of source S2 layout. The source is at y = 0 and is towed
toward the right.

automatic adjustment of the timing of the firing pulses. This is done
to synchronize the actual onset of the main pressure pulses. The time
delay between the firing pulse and the airgun acoustic pulse onset
usually varies between airguns in the array, but it is approximately
constant for each airgun.

Before the main pulse is emitted, there can be various acoustic pre-
cursors that result from the initial movement of mechanical parts and
the fluid flows. Airgun modeling codes often include these precur-
sor signals in some way, but they are not used in the synchronization
process.

To represent the synchronization process in a simple way with
the modeled data, the notional sources have been synchronized by

time shifting them after simulation such that the pulse onsets are
simultaneous. To do this without the precursor signals upsetting the
calculation, the pulse onset is deemed to start when the source wave-
form reaches a value of 20 kPa·m, and the time origin has been chosen
to ensure that this onset occurs at a time of 10 ms for each notional
source. This value is small enough to correspond with the onset of the
pulse while large enough to not be triggered by the precursor.

C. Source S1

S1 (see Table III) is the third airgun from source S2 (see Table IV).
The spatial origin is at the sea surface, directly above the airgun. See
also Fig. 1.

The source waveform s(t) for source S1 and the magnitude of the
corresponding source spectrum |S(f)| are plotted in Fig. 2. The source
waveform is sometimes referred to as the “notional source signature”
[11]–[13].

The source spectrum S(f) is the Fourier transform of s(t) [3]

S(f) =

∫ +∞

−∞
s(t) exp(−2 πi ft)dt. (1)

The corresponding energy source spectral density level LS,E can be
defined in terms of the source spectrum using [8]

LS,E ≡ 10 lg
2|S(f)|2

1 μPa2 ·m2 · s ·Hz−1
dB. (2)

Authorized licensed use limited to: TU Delft Library. Downloaded on March 31,2020 at 12:39:14 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 5. Source waveforms s(t) of the six S2 airguns (left) and the magnitude of their spectra |S(f)| (right). The orange curve indicates the same airgun as S1.

Fig. 6. S2 surface-affected source waveforms s′(t) (left) and the magnitude of their spectra |S′(f)| (right). The elevation angles (θ) are 20° [blue: straight ahead
(φ = 0); red: broadside (φ = 90◦)] and 90° (black) from horizontal.

The factor 2 in (2) is needed to convert a double-sided spectral density
into a single-sided one [3]. The reference value of 1 μPa2 ·m2 · s ·
Hz−1 is preferred over 1 μPa2 ·m2 ·Hz−2 (or 1 μPa ·m ·Hz−1) to
emphasize the nature of 2|S(f)|2 as the spectral density of the energy
source factor [3].

The surface-affected source waveform s′(t) for source S1 and
the magnitude of the corresponding surface-affected source spectrum
|S ′ + (f)| are plotted in Fig. 3. Before calculating these and other spec-
tra, the time-domain signal is first padded with zeros for 10 s after the
signal.

The surface-affected quantities include the contribution from the
source’s image (“ghost”) in the sea surface, and the surface-affected
source spectrum S ′(f) is the Fourier transform of s′(t) [3]

S ′(f) =
∫ +∞

−∞
s′(t) exp(−2 πi ft)dt. (3)

The corresponding surface-affected energy source spectral density
level LS′,E can then be defined as

LS′,E ≡ 10 log10
2|S ′(f)|2

1 μPa2 ·m2 · s ·Hz−1
dB . (4)

TABLE V
SOURCE S3 CONFIGURATION

D. Source S2

The geometry of S2 is illustrated by Fig. 4 and specified in Table IV.
The spatial origin is at the sea surface, directly above the third airgun
(S2G03, which is identical to S1).

The source waveforms and source spectra for each of the six S2
airguns are plotted in Fig. 5. The surface-affected source waveform
and spectrum for the array are plotted in Fig. 6. Here and throughout,
the Agora waveforms are aligned before any processing to pass through
20 kPa·m at 10 ms.

E. Source S3

The array chosen for S3 (see Table V) is the one used in a 2008
survey commissioned by Shell (EPE L09-FF 4D, September 23, 2008

Authorized licensed use limited to: TU Delft Library. Downloaded on March 31,2020 at 12:39:14 UTC from IEEE Xplore.  Restrictions apply. 
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TABLE VI
SOURCE S3 CONFIGURATION

Nominal x coordinates are indicated in brackets. Nominal y coordinates in meters are (+15, 0, −15) for starboard, center, and port
arrays, respectively. Nominal z coordinates are 5 m for all airguns. The total array volume is 54.618 L (3333 cubic inches).

Fig. 7. Plan view (left) and side view (right) of source S3 layout. The source is towed toward the right.

to October 15, 2008; port array), using an array with a source depth of
5 m and no airgun clusters.

The geometry of S3 is specified in Table VI and illustrated by Fig. 7.
The S3 airgun positions (see Table VI) include some random pertur-
bations relative to the nominal positions (in brackets). The spatial ori-
gin is at the sea surface, directly above the third airgun of the center
subarray (S3G09). To achieve this, after applying the random offsets
from the position of all airguns, the entire array is shifted such that
S3G09 is located at (0, 0, 5) m. The departures from the airguns’
nominal positions are drawn from a Gaussian distribution. After ap-
plication of the random offsets to the airguns from their nominal po-
sitions, S3G09 is at (0.86, 0.15, 4.61) m. The entire array is displaced
by (−0.86, −0.15, +0.39) m to place S3G09 at (0, 0, 5) m precisely,
leading to the coordinates of Table VI. Apart from the small random off-
sets from the nominal airgun positions, the center subarray is identical
to S2.

The random perturbations in S3 are to prevent artificial coherent
reinforcement of the airgun signal at high frequency. Similar pertur-
bations could have been applied to S2 for the same reason, but it was
preferred to keep this case simple to avoid unnecessary computational
and logistical complexity in the step from S1 to S2.

Scatter in x (the standard deviation of the distribution around the
nominal position) is 0.25 m. Scatter in y is 0.50 m. Scatter in z is
0.50 m. The distributions in x, y, and z are assumed Gaussian and
uncorrelated.

Airgun bubbles interact with each other: each bubble is subjected not
only to the ambient pressure, but also to the fluctuating sound pressure
caused by the sound field radiated by other bubbles and their surface-
reflected images. The interactions cause the emitted notional source
waveform of a bubble to be modified compared with when it is fired
alone. Because of the influence of surface reflections, this modification
is needed even for a single airgun.

Authorized licensed use limited to: TU Delft Library. Downloaded on March 31,2020 at 12:39:14 UTC from IEEE Xplore.  Restrictions apply. 



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

Fig. 8. Source waveform (left) and magnitude of its spectrum (right) of the 17 airguns of source S3. Orange curves indicate the same airguns as S2.

Fig. 9. S3 surface-affected source waveforms s′(t) (left) and the magnitude of their spectra |S′(f)| (right). The elevation angles (θ) are 20° [blue: straight ahead
(φ = 0); red: broadside (φ = 90◦)] and 90° (black) from horizontal.

Fig. 10. Source spectra |S(f)| of the six S2 airguns predicted using Agora-2 (left, repeated from Fig. 5) and Agora-1 (right). The orange curve indicates the
same airgun as S1.

The source waveform and source spectra for the 17 airguns of the
S3 source are plotted in Fig. 8. The surface-affected source waveform
and corresponding spectra for the array are plotted in Fig. 9.

F. Source Waveform Model

1) Overview: Airgun sourcewaveforms were calculated using the
Agora source signature model [8], available from the Ocean Acous-
tics Library [9]. These waveforms were made available to potential
contributors to this special issue and placed in Dataport [10]. A set of
differential equations involving the bubble radius is constructed includ-
ing terms representing mass transfer, thermal effects, gas pressure laws,

and momentum. Following [14], Agora applies Gilmore’s equation and
additionally includes mass and heat transfer [15], [16]. By means of a
recursive solution of this differential equation system, Agora calculates
the bubble radius, bubble wall velocity, temperature, and mass of the
bubble. The radiated pressures from each airgun are then separately
calculated from these parameters. Bubble interactions are added as a
perturbation to the ambient pressure [17]. The state of the gas inside
the airgun differs from that of the air bubble; the two states are linked
by equations describing the flow of air through the airgun ports [15].

2) Agora-1 and Agora-2: Two versions of Agora data were sup-
plied to authors. Agora-1 data were distributed in 2016, a few months

Authorized licensed use limited to: TU Delft Library. Downloaded on March 31,2020 at 12:39:14 UTC from IEEE Xplore.  Restrictions apply. 
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TABLE VII
MEDIUM PARAMETERS

Fig. 11. Propagation medium. The seabed is perfectly smooth, with properties
shown in Table VII (artwork by E. Küsel, with permission).

before the Dublin workshop [2]. Agora-2 data were made available in
March 2018. The differences between these two data sets (see Fig. 10)
are mainly associated with minor code changes. Further, an adjustment
was made to the water temperature from 22.2 °C (used with Agora-1)
to 10.0 °C (Agora-2). The tick in the right-hand graph at low frequency
(<5 Hz) is caused by an error identified in Agora-1 that was corrected in
Agora-2. The error appears in the S2 and S3 waveforms, but not in S1.
Authors not using their own source waveform model were encouraged
to use the Agora-2 data set, as available from IEEE Dataport [10].

IV. MEDIUM SPECIFICATION

The propagation medium (see Table VII and Fig. 11) is based on the
2010 Weston Memorial Workshop (WMW) [6], adapted for the shallow
water problem (50-m water depth instead of 100 m) as described by
Colin et al. [5]. The reason for choosing the WMW scenarios is that
benchmark solutions exist for some cases of interest [18], [19].

The absorption coefficient of seawater as a function of frequency f
follows [20]:

αwater

Np · km−1
= 1.40× 10−2 F 2

F 2 + 1.152
+ 5.58

F 2

F 2 + 75.62

+ 3.90× 10−5 F 2 (5)

where F is the frequency in kilohertz, i.e., F = f/(1 kHz).
Alternatively, converting to decibels

αwater

dB · km−1
= 0.1216

F 2

F 2 + 1.152
+ 48.47

F 2

F 2 + 75.62

+ 3.874× 10−4 F 2. (6)

The sea surface and seabed are both smooth (zero roughness). The
sediment is a fluid (zero shear speed). The symbol α represents the
imaginary part of the complex wave number

k =
2πf

c
+ iα. (7)

TABLE VIII
SUMMARY OF WORKSHOP PROBLEMS

V. PROBLEM SPECIFICATION

A. List of Test Problems

A list of the test problems is shown in Table VIII.
Authors were encouraged to evaluate the following properties of the

source (see Table IX):
1) source waveform s (known alternatively as the “notional source

signature” [11], [12]) of individual airguns versus time t;
2) source spectrum S of individual airguns versus frequency f ;
3) surface-affected source waveform s′ of sources S1, S2, and S3

versus time t;
4) surface-affected source spectrum S ′ of sources S1, S2, and S3

versus frequency f .
Authors were encouraged to evaluate the following properties of the

sound field (see Table X):
1) sound pressure p and sound particle acceleration a versus time

t;
2) sound pressure exposure level LE,p,ddec and sound particle ac-

celeration exposure level LE,a,ddec in decidecade frequency
bands versus center frequency fc;

3) sound pressure exposure level LE,p,ddec and sound particle ac-
celeration exposure level LE,a,ddec in decidecade frequency
bands versus range r;

4) propagation loss and broadband sound exposure level versus
range r.

B. Decidecade Frequency Bands

One-tenth decade (decidecade) frequency bands are calculated ac-
cording to IEC 61260-1:2014 [21] (IEC 61260-1:2014 refers to de-
cidecade bands as “one-third octave” bands). The center frequency for
decidecade band with index n is given by

fc = 1000 · 10n/10 Hz. (8)

The band-edge frequencies are one-twentieth of a decade above and
below the center frequency

fmin = 10−1/20 fc (9)

fmax = 10+1/20 fc (10)

such that the decidecade band whose center frequency is 1 kHz (n = 0)
spans the frequency range 0.89125–1.1220 kHz. Selected decidecade
bands referred to later in this paper are listed in Table XI.

VI. CLOSING REMARKS

We conclude with some remarks on the realism of the test cases and
the accuracy of the source waveform provided.

A. Realism of the Environment

Certain features of shallow water sound propagation are deliberately
simplified to encourage modelers to focus on the source signature (cal-
culation of s(t) and S(f)) and the source-propagation model interface

Authorized licensed use limited to: TU Delft Library. Downloaded on March 31,2020 at 12:39:14 UTC from IEEE Xplore.  Restrictions apply. 
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TABLE IX
SUMMARY OF OUTPUT OPTIONS (SOURCE PROPERTIES)

Notes: 1) For complex spectra, the magnitude and argument of a complex quantity Z(f) are needed to provide a full description. In principle, this can be achieved by
plotting the magnitude A(f) = |Z(f)| and phase ψ = arg(Z) as a function of frequency, in the range (say) 0–7 kHz. In practice, the phase varies very quickly, and
it is more practical to plot its derivative. Suggested plots are A(f) and dψ/df on a logarithmic frequency axis from 1 to 10 kHz, and the phase itself ψ(f) from 0 to
100 Hz.
2) Padding with zeros in the time domain up to about 10 s ensures a smooth spectrum at low frequency.

TABLE X
SUMMARY OF OUTPUT OPTIONS (SOUND FIELD PROPERTIES)

a)Asterisks indicate preferred values.

b)A “rose” is a graph of a quantity (in this case sound pressure exposure level) versus φ in polar coordinates.

c)Frequencies are rounded to the nearest integer in hertz. Indices are n = [−20, −10, −3, 0, +3, +8, +10].

d)Frequencies indicated by an asterisk correspond to twice the original WMW frequencies of 250, 1000, and 3500 Hz. This ensures that in the absence
of absorption in water, the problem scales precisely with the water depth.
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TABLE XI
DECIDECADE FREQUENCY BANDS FOR SELECTED INDEX n

Note: Frequencies are rounded to five significant figures.

(calculation of sound pressure p(t) and sound particle accelerationa(t)
given s(t) orS(f) as input). Examples of possible future improvements
include incorporation of the following:

1) layering in the seabed [23];
2) shear waves in the seabed [24];
3) dispersion in the seabed [25];
4) roughness of the seabed or sea surface [26];
5) near-surface wind-generated bubbles [27].

B. Realism of the Source Description

Examples of possible future improvements taking into account the
following:

1) the position of the nearest neighbor for spatial offsets, including
statistical variations between pulses;

2) offsets in airgun firing times.

C. Accuracy of the Source Waveform

The source waveforms presented in this paper were calculated using
Agora-2. Agora was chosen in preference to other source waveform
models because it is a public domain code, developed by one of the au-
thors (H. Ö. Sertlek) and available with a GNU General Public License
from the Ocean Acoustics Library [9]. No claim is made on the accu-
racy of Agora relative to that of other airgun source waveform models
used in this Special Issue, in the Dublin workshop [2], or anywhere else.

ACKNOWLEDGMENT

The authors would like to thank Dr. M. B. Halvorsen (CSA Ocean
Sciences, Inc., Stuart, Florida) and Dr. K. D. Heaney (OASIS, Inc.,
Boone, NC, USA) for their comments on an earlier versions of this
problem description, J. Janmaat for the use of his magic wand, and R.
P. A. Dekeling (Netherlands Ministry of Infrastructure and the Environ-
ment, The Hague, The Netherlands) for his consistent and enthusiastic
support throughout.

REFERENCES

[1] M. A. Ainslie, K. D. Heaney, and A. O. MacGillivray, “Guest editorial:
Special Issue on Verification and Validation of Airgun Source Signature
and Sound Propagation Models,” IEEE J. Ocean. Eng., vol. 44, no. 3,
pp. 551–559, Jul. 2019.

[2] M. A. Ainslie et al., “Verification of airgun sound field models for envi-
ronmental impact assessment,” in Proc. Meetings Acoust., vol. 27, no. 1,
2016, Art. no. 070018.

[3] Underwater Acoustics—Terminology, ISO 18405:2017, 2017.
[4] IEEE Standard Letter Symbols for Units of Measurement (SI Units, Cus-

tomary Inch-Pound Units, and Certain Other Units). (Revision of IEEE
Std 260.1-1993), IEEE STD-260.1-2004, 2004.

[5] M. E. G. D. Colin et al., “Definition and results of test cases for shipping
sound maps,” in Proc. OCEANS Conf., Genoa, Italy, 2015, pp. 1–9.

[6] M. A. Ainslie, Ed., “Editorial: Validation of sonar performance assessment
tools,” in Validation of Sonar Performance Assessment Tools: In Memory
of David E Weston. Cambridge, U.K.: Clare College, Apr. 2010, pp. 2–6.

[7] J. F. Parrish, “Air gun warmup,” in Proc. 55th Annu. SEG Meeting, 1985,
pp. 429–430.

[8] H. Ö. Sertlek and M. A. Ainslie, “Airgun source model (Agora): Its appli-
cation for seismic surveys sound maps in the Dutch North Sea,” in Proc.
Conf. Proc. UACE, Platanias, Crete, Greece, 2015, pp. 439–446.

[9] “AGORA: Airgun Array Signature Model 2,” Ocean Acoustics Li-
brary, 2018. [Online]. Available: https://oalib-acoustics.org/Sound%
20and%20Marine%20Mammals/AGORA_version2.zip

[10] H. Ö. Sertlek, M. A. Ainslie, and R. M. Laws, “Agora source sig-
natures for the International Airgun Modelling Workshop.” [Online].
Available:http://dx.doi.org/10.21227/5081-yr65

[11] A. Ziolkowski, G. Parkes, L. Hatton, and T. Haugland, “The signature of
an air gun array: Computation from near-field measurements including
interactions,” Geophysics, vol. 47, no. 10, pp. 1413–1421, 1982.

[12] G. E. Parkes, A. Ziolkowski, L. Hatton, and T. Haugland, “The signature
of an air gun array: Computation from near-field measurements includ-
ing interactions—Practical considerations,” Geophysics, vol. 49, no. 2,
pp. 105–111, 1984.

[13] R. Laws, M. Landrø, and L. Amundsen, “An experimental comparison of
three direct methods of marine source signature estimation,” Geophysics,
vol. 46, no. 4, pp. 353–389, 1998.

[14] A. Ziolkowski, “A method for calculating the output pressure waveform
from an air gun,” Geophys. J. Int., vol. 21, no. 2, pp. 137–161, 1970.

[15] R. M. Laws, L. Hatton, and M. Haartsen, “Computer modeling of clustered
airguns,” First Break, vol. 8, no. 9, pp. 331–338, 1990.

[16] A. O. MacGillivray, “Acoustic modelling study of seismic airgun noise
in queen charlotte basin,” M.Sc. thesis, School Earth Ocean Sci., Univ.
Victoria, Victoria, BC, Canada, 2006.

[17] A. Ziolkowski and G. Metselaar, “The pressure wave field of an air gun
array,” in Proc. SEG Annu. Meeting, 1984, pp. 274–276.

[18] H. Ö. Sertlek and M. A. Ainslie, “A depth-dependent formula for shallow
water propagation,” J. Acoust. Soc. Amer., vol. 136, no. 2, pp. 573–582,
2014.

[19] H. Ö. Sertlek, M. A. Ainslie, and K. D. Heaney, “Analytical
and numerical propagation loss predictions for gradually range-
dependent isospeed waveguides,” IEEE J. Ocean. Eng., 2018, doi:
10.1109/JOE.2018.2865640.

[20] M. A. Ainslie, Principles of Sonar Performance Modeling. Berlin, Ger-
many: Springer, 2010.

[21] Electroacoustics—Octave-Band and Fractional-Octave-Band Filters—
Part 1: Specifications, IEC 61260-1:2014, 2014.

[22] Quantities and Units—Part 2: Mathematical Signs and Symbols to Be Used
in the Natural Sciences and Technology, ISO 80000-2:2009, 2009.

[23] E. L. Hamilton, “Geoacoustic modeling of the sea floor,” J. Acoust. Soc.
Amer., vol. 68, no. 5, pp. 1313–1340, 1980.

[24] J. M. Hovem, M. D. Richardson, and R. D. Stoll, Eds., Shear Waves in
Marine Sediments. New York, NY, USA: Springer, 2012.

[25] J.-X. Zhou, X.-Z. Zhang, and D. P. Knobles, “Low-frequency geoacoustic
model for the effective properties of sandy seabottoms,” J. Acoust. Soc.
Amer., vol. 125, no. 5, pp. 2847–2866, 2009.

[26] L. M. Brekhovskikh and Y. P. Lysanov, Fundamentals of Ocean Acoustics.
New York, NY, USA: Springer, 2003.

[27] M. A. Ainslie, “Effect of wind-generated bubbles on fixed range acoustic
attenuation in shallow water at 1–4 kHz,” J. Acoust. Soc. Amer., vol. 118,
no. 6, pp. 3513–3523, 2005.

Michael A. Ainslie received the B.Sc. degree in
physics from Imperial College London, London,
U.K., in 1981, the MASt degree in mathematics from
the University of Cambridge, Cambridge, U.K., in
2011, and the Ph.D. degree in seabed acoustics from
the University of Southampton, Southampton, U.K.,
in 1991.

He is currently a Senior Scientist with JASCO Ap-
plied Sciences (Germany), Eschborn, Germany, and
a Visiting Professor with the Institute of Sound and
Vibration Research, University of Southampton. He

is the author of the book Principles of Sonar Performance Modeling (Springer,
2010). His research interests include sonar performance modeling and effects
of sound on aquatic life.

Dr. Ainslie is a Convenor of the ISO Working Group ISO/TC 43/SC 3/WG
2 (Underwater Acoustical Terminology) and a Member of the ANSI Working
Group ANSI/S 3/WG73 (Bioacoustical Terminology).

Authorized licensed use limited to: TU Delft Library. Downloaded on March 31,2020 at 12:39:14 UTC from IEEE Xplore.  Restrictions apply. 

https://oalib-acoustics.org/Sound%20and%20Marine%20Mammals/AGORA_version2.zip
https://dx.doi.org/10.1109/JOE.2018.2865640


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

Robert M. Laws received the B.Sc. degree in physics
from Oxford University, Oxford, U.K., in 1976, and
the Ph.D. degree in geophysics from Imperial College
London, London, U.K., in 1991.

He worked in the field of marine seismic imaging
for much of his career, including more than 20 years
at Schlumberger’s research laboratory in Cambridge,
U.K. He is currently a Consultant on marine seis-
mic sources. His Ph.D. dissertation was on the topic
“modeling of oscillating airgun bubbles.” In recent
years, he has focused his attention on the impact of

seismic sources on marine life, and he was a key player in the development of
the E-source, a new design of airgun with a reduced environmental impact, and
of the BASS marine seismic vibrator.

H. Özkan Sertlek received the B.Sc. degree in elec-
tronic engineering and the M.S. degree in under-
water acoustic propagation from the Department of
Electronic Engineering, Gebze Technical University,
Gebze, Turkey, in 2006 and 2008, respectively, and
the Ph.D. degree in bioacoustics from the University
of Leiden, Leiden, The Netherlands, in 2016.

Between 2006 and 2011, he was a Researcher
with the Technical Research Council of Turkey
(TUBITAK). In summer 2009, he was a Research
Fellow with NATO Undersea Research Centre. He is

currently a Postdoctoral Researcher with Delft University of Technology, Delft,
The Netherlands. His scientific interests include underwater acoustic propaga-
tion methods, sound mapping for the environmental risk assessment, and seismic
sound source modeling.

Authorized licensed use limited to: TU Delft Library. Downloaded on March 31,2020 at 12:39:14 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


