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ABSTRACT:

Investigation of sound pressure waveforms helps the selection of appropriate metrics to evaluate their effects on
marine life in relation to noise thresholds. As marine animals move farther away from a sound source, the temporal
characteristics of sound pressure may be influenced by interactions with the sediment and the sea surface. Sound
pressure kurtosis and root-mean-square (rms) sound pressure are quantitative characteristics that depend on the
shape of a sound pulse, with kurtosis related to the qualitative characteristic “impulsiveness.” After verifying the
propagation modeling approach using selected test cases from the JAM Workshop held in Cambridge, UK, in 2022,
the time dispersion values of pressure signals produced by an individual airgun shot across various sediment types
are analyzed. The results reveal that there is significant pulse dispersion when the seabed consists of predominantly
sand-type sediments: i.e., the airgun signal duration increases considerably over long distances, thus decreasing the
kurtosis of a sequence of pulses, whereas the pulse dispersion is more limited for clay and silt-type sediments. The
range variations of frequency weighted kurtosis and rms sound pressure differ from those of the unweighted kurtosis,
depending on the corresponding lower and upper roll-off frequencies corresponding to different marine animal
groups. © 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1121/10.0034709

(Received 29 February 2024; revised 28 November 2024; accepted 3 December 2024; published online 24 December 2024)

[Editor: James F. Lynch]

I. INTRODUCTION

The underwater sound produced by anthropogenic
activities can lead to various impacts on aquatic life, includ-
ing physical injuries, shifts in hearing thresholds (both per-
manent and temporary), and alterations in the behavior of
marine species (Carroll et al., 2017; Erbe et al., 2022). To
assess the potential impact comprehensively, researchers
have defined various impact thresholds for marine mammals
(Southall er al., 2019). These thresholds provide crucial
benchmarks for assessing the effects of anthropogenic activ-
ities on marine ecosystems. Proposed thresholds account for
differences between “pulse” and “non-pulse” sounds, where
it is found that the animal hearing organ is more susceptible
to auditory injury from impulsive sounds. Furthermore,
appropriate auditory weighting functions could be used to
account for differences in frequency-selective hearing

“This paper is part of a special issue on Verification and Validation of
Source and Propagation Models for Underwater Sound.
®Email: osertlek@gmail.com
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sensitivity of different marine animal groups. The band-
width of sound signals, time-dependence, as well as auditory
hearing functions are thus critical as they play an important
role in impact assessment studies. The variations in band-
width for the analysis can affect the kurtosis and root-mean-
square (rms) sound pressure, depending on how the sound
energy is distributed across frequencies for different source
signals.

Due to the high levels and impulsive nature of sound gen-
erated by marine airgun operations, this is one of several sound
sources that are of particular concern when it comes to impact
on marine life (Slabbekoorn et al., 2010; Gedamke et al.,
2011; Slabbekoorn et al., 2019; Merchant et al., 2020; Prior
et al., 2021; Sidorovskaia and Li, 2022). When marine airgun
operations take place in shallow waters, sound waves reflect
multiple times from the sea surface and the seabed. Airgun
pulses cover a wide frequency band; they are characterised by
several frequency components, each traveling at its own group
velocity, leading to different arrival times at the receiver loca-
tion. Consequently, the time signal at a receiver’s location is
dispersed, i.e., is altered in both duration and amplitude,

©Author(s) 2024.
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compared to the signal at the source (Sertlek and Aksoy 2013;
Guan ef al., 2015). This dispersion of the time signal makes
the categorisation of the sound sources ambiguous and the
choice of the impact criteria challenging (Hastie et al., 2019;
Martin et al., 2020).

Quantitative approaches are being explored to apply a
single impact threshold to describe the impulsiveness of
underwater sounds that can account for the characteristics of
the signals based on kurtosis of the pressure waveform (von
Benda-Beckmann et al., 2022; Zeddies et al., 2023).
Kurtosis, a statistical measure (Miiller et al., 2020), has
been proposed as a quantitative alternative to the
“impulsiveness” of time domain underwater acoustic signals
(Martin et al., 2020). The use of kurtosis has primarily been
driven by hearing studies in humans and land mammals that
indicate that growth of hearing loss is better predicted when
including kurtosis of the signal than when just using the con-
ventional equal-energy rule (Zhao et al., 2010; Goley et al.,
2011; Henderson and Hamernik, 2012; Kastelein et al.,
2017). In previous studies, kurtosis has been determined for
various underwater noise sources, such as airguns, pile-
driving, underwater explosions, and sonar for a limited num-
ber of conditions, and has shown to vary depending on the
source type. In practice, through propagation effects the kur-
tosis of a signal will also change with distance.

To provide insight into how the shape of the airgun pulse
is affected by its environment through sound propagation and
auditory filtering, this paper investigates the effect of the sedi-
ment types and range on the time dispersion of sound pressure
signals created by a single airgun shot in shallow waters. The
focus is placed on the determination of kurtosis of the signal
and rms sound pressure under different environmental condi-
tions. Simulations are based on a shallow water test case from
JIP Acoustic Modelling (JAM) Workshop, held in Cambridge,
UK, in 2022 (Ainslie et al., 2024). First, the proposed model-
ling approach to calculate sound pressure is verified by multi-
model comparisons, including normal modes, parabolic
equation, and wave number integration methods. Following
the model verification study, the time dispersion of the sound
pressure at different distances is investigated for both the
workshop test case and its modified version by replacing the
half-space sediment layer with other possible sediment types.
The sound pressure is weighted based on the selected auditory
weighting functions for marine mammals (Southall et al.,
2019) and fishes (Lucke et al., 2024). The sound pressure kur-
tosis and rms sound pressure, based on both unweighted and
weighted sound pressures, are calculated for different sediment
types at selected ranges. In all discussion hereafter, the under-
water acoustical terminology follows ISO 18405:2017 (ISO,
2017).

Il. SOUND PROPAGATION, KURTOSIS, AND RMS
SOUND PRESSURE

A. Airgun source signature

Marine airguns find widespread use in exploring oil and
gas reserves beneath the ocean’s sediment layers. During an

J. Acoust. Soc. Am. 156 (6), December 2024

airgun shot, compressed air in the airgun chamber is rapidly
released, creating a bubble in the water (Dragoset, 1990;
Laws et al., 1990; Caldwell and Dragoset, 2000). Because
airguns are typically positioned close to the sea surface,
around 5-6 m deep, their signals strongly interact with the
sea surface. The upward-traveling sound wave reflects off
the sea surface, giving rise to a down-going wave with a
time delay, commonly referred to as the “surface ghost” and
affected by the sea surface reflectivity at different sea states
(Sertlek and Blacquiere, 2019). Airguns are typically clus-
tered in arrays to direct the acoustic beam towards the sea-
bed with increased amplitude.

Airgun source signatures can be estimated on the basis
of mathematical solutions of a system of coupled differential
equations, including various physics-based models such as
air-bubble hydrodynamics, gas pressure, thermodynamics,
and mass transfer laws (Ziolkowski, 1970; Laws et al.,
1990; MacGillivray, 2006). The accuracies of different air-
gun modelling approaches were compared in different work-
shops, including various scenarios with single airgun shots
and several airguns positioned in an array. Marine airgun
modelling workshops were held in Dublin, Ireland, in 2016
(Ainslie et al.,, 2019; Halvorsen et al., 2019) and
Cambridge, UK, in 2022 (Ainslie et al., 2024). To investi-
gate the developments of the modelling approaches, the
same test case was included in both workshops for calculat-
ing the time dispersion from a single airgun shot at specified
distances. The notional source signature of a single airgun
scenario (described as the “S1” test case in the first Airgun
Modelling Workshop 2016 in Dublin), which is calculated
using an open-source airgun modelling software (AGORA)
(Sertlek and Ainslie, 2015), was also used for Scenario B1
of the second airgun modelling workshop (JAM Workshop)
in Cambridge. The time domain source waveform and fre-
quency spectrum of the single airgun source signature are
shown in Fig. 1.

Based on this airgun source waveform, the sound pres-
sure in the time domain, which is required to calculate the
kurtosis and rms sound pressure, is calculated at the horizon-
tal distances 30 m, 300 m, and 3 km. In Sec. II C, the detailed
description of the propagation model and its comparisons
with other propagation models are described.

B. Calculation of kurtosis and rms sound pressure

The kurtosis and rms sound pressure are the quantities
that can be directly calculated from the pressure in the time
domain. Kurtosis is a statistical measure that quantifies the
length of tails in the input data. It is not influenced by the
scaling of the amplitude of signals. Miiller er al. (2020)
applied kurtosis to the time domain sound pressure signals
and summarized its detailed properties. The sound pressure
kurtosis, f3, is calculated as

p="ra 1)

==,
1253
where
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FIG. 1. (Color online) Airgun source waveform (left) and spectrum (right).
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is the sound pressure variance, p(¢) is sound pressure, p is
mean sound pressure, and fy and ¢, are the time points where
the signal starts and ends, respectively [ISO 18405:2017
(IS0, 2017)].

The rms sound pressure is calculated as

1 g
Prms = J pz([)d’- )
I — 1o )y

It is related to the mean square sound pressure, as described
in ISO 18405:2017 (ISO, 2017). A temporal observation
window with 0.1 s duration is applied as a sliding time win-
dow to calculate rms sound pressure, representative of
marine mammal auditory integration time (Lucke er al.,
2024).

C. Propagation modelling and verification tests

The sound pressure can be modeled in the time domain
to be used in the kurtosis and rms sound pressure calcula-
tions. For this purpose, it is critical to choose an appropriate
propagation modelling approach that can provide accurate
results over a wide frequency band based on the source
spectrum of the airgun used in this study. For the calculation
of the time dispersion at the different range points, the
SILENCE model, which is based on the complex wave num-
ber integration method, is used (Peng et al., 2021).
SILENCE was originally developed for modeling pile-
driving sound, including the effect of a layered elastic
sediment. It is capable of generating pressure, velocity, dis-
placement, and stress fields. The original version of the
model is coupled with a pile-driving source model
(Tsouvalas and Metrikine, 2014). However, in this study, it

4244 J. Acoust. Soc. Am. 156 (6), December 2024

has been modified slightly to calculate propagation loss for
a point source in a Pekeris waveguide without elastic sedi-
ment properties to solve the test cases from the JAM
Workshop (Ainslie et al., 2024). The pressure field of
Pekeris ocean environment is represented as a finite sum of
modes and a complex wavenumber integral with the use
of the Ewing—Jardetzky—Press (EJP) cut (Buckingham and
Giddens, 2006). The solution is extended from two fluid
layers into the case of a fluid layer overlying a solid bottom
half-space, as discussed in Peng ef al. (2021). The detailed
mathematical description of the propagation model is given
in the Appendix. The accuracy of the SILENCE model is
verified by comparing the propagation loss (PL) outputs
with other well-known propagation model results. The prop-
agation models used in the multi-model comparisons are
listed in Table I.

In these comparisons, the shallow water test case (Al)
from the JAM Workshop in 2022 is used (Ainslie et al.,
2024). The test case scenario, Al, is based on a Pekeris
waveguide with a water depth of 50 m for a sand-type sea-
bed. A constant sound speed of 1500 m/s is used. The source
and receiver depths are 5Sm and 15m, respectively. The
problem geometry is shown in Fig. 2.

The comparisons are performed for ranges up to 30 km
at 50, 100, 500, and 1000 Hz, as shown in Fig. 3.

TABLE I. Propagation models in the model verifications.

Model type Model

KRAKENC (Porter, 1992)
OASES (Schmidt, 2004)
SCOOTER (Porter, 1992)
SILENCE (Peng et al., 2021)

Normal mode models
Wavenumber integration models

Parabolic equation models RAM (Collins, 1993)
FWRAM

(MacGillivray and Chapman, 2012)

Sertlek et al.

00:G1:60 202 J8quiedsq LE


https://doi.org/10.1121/10.0034709

J
Surface
[[$]J Source
Zg=5m
¢ = 1500 m/s
H =50m p = 1000 kg/m3
a=0

— =—=—c—1500-m/s =
Psea = 1000 kg/m3
Aspq = 0.5dB /A

FIG. 2. (Color online) Problem geometry. Adapted from Fig. 1 of Ainslie
et al. (2024).

The propagation loss results from SILENCE model
agree with the other well-known propagation modelling
results. A comprehensive analysis of the specific variances
among these propagation models is beyond the scope of this
paper. Such a comparison has already been extensively cov-
ered in previous publications (Kisel and Siderius, 2019;
Sertlek et al., 2019).

The time dispersion resulting from a single airgun shot
can be determined at various distances using Fourier analy-
sis. Initially, a frequency domain transfer function is com-
puted by running the propagation model for each frequency
component included in the source spectrum. Subsequently,
this transfer function is multiplied by the airgun source spec-
trum. Finally, the time dispersion is calculated through an
inverse Fourier transformation of this product. As an exam-
ple, a verification test case, B1, from the JAM Workshop is
used (Ainslie et al., 2024). Based on this test case, the time
dispersion from the single airgun shot shown in Fig. 1 is cal-
culated at 300 and 3000 m. The transfer function is calcu-
lated between 2.75Hz and 2818.5Hz, as defined in the
workshop scenarios. The frequency resolution in the calcu-
lation is chosen as 0.25 Hz. SILENCE’s results are verified
by comparing with FWRAM results at 30, 300, and 3000 m,
as shown in Fig. 4. FWRAM is based on parabolic equation
model that takes into full account the far-field, angle-depen-
dent radiation pattern of the airgun array (MacGillivray and
Chapman, 2012). More detailed comparisons between
SILENCE and other propagation models (OASES,
SCOOTER, and normal modes) are available from the JAM
Workshop report (Ainslie et al., 2023).

lll. PARAMETRIC STUDY

The workshop test case is modified by replacing the
sediment properties with some other potential sediment
types. The properties of sediment types (representative grain

J. Acoust. Soc. Am. 156 (6), December 2024
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FIG. 3. (Color online) Comparison of propagation loss (PL) [re I m?(dB)]
results of SILENCE with other models at 50, 100, 500, and 1000 Hz.

size, sound speed, density and absorption) used in the com-
parisons are described in Table II (Ainslie, 2010). The sedi-
ment types are ranked by increasing order based on their
representative grain sizes.

A. Effect of bandwidth on sound pressure and
kurtosis

Another factor that affects the time dispersion is the fre-
quency bandwidth considered. In order to demonstrate the
effect of bandwidth on the time dispersion, the calculations
for the workshop case are repeated for the different fre-
quency bands [based on the Svein Vaage dataset used during
the JAM Workshop (Prior et al., 2021; Ainslie et al., 2024)],
as listed in Table III. The time dispersion results are shown
in Fig. 5.

When the lower frequency limit considered in the com-
putation decreases, both the peak sound pressure and the
kurtosis values are affected. When frequencies below
281.8 Hz are excluded from the computations (band 3), the

Sertlek etal. 4245
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FIG. 4. (Color online) Comparison of the time domain waveforms calcu-
lated with different propagation models (SILENCE and FWRAM). Shown
is sound pressure vs time for ranges 30m (upper), 300 m (middle), and
3000 m (lower).

pressure values decrease considerably because most of the
airgun energy is concentrated at these low frequencies out-
side the chosen bandwidth. Slight differences are visible
between band 1 and band 2 results.

B. Time dispersion

The sound pressure at the selected receiver ranges as
30, 300, and 3000m is plotted versus time in Fig. 6. The
receiver depth is 15 m for these comparisons. Other parame-
ters remain the same as in the workshop case except for the
modifications in the sediment properties.

The time dispersion of airgun signals is significantly
influenced by the properties of the sediment, and this influ-
ence is contingent on the number of reflections occurring
between the sea surface and the sediment interface in the
same ocean environment. When there are few interactions

TABLE II. Properties of the sediment types used in the comparisons. The
sound speed in water is 1500 m/s.

Representative Sound Density Attenuation
Sediment type  grain size (¢) speed (m/s) (kg/m®) (dB/wavelength)

Coarse sand 0.5 1875 2231 0.87
Medium sand 1.5 1797 2086 0.88
Fine sand 2.5 1730 1945 0.89
Workshop case — 1700 2000 0.5

Very fine sand 35 1670 1817 0.49
Coarse silt 4.5 1615 1702 1.22
Medium silt 5.5 1570 1601 0.38
Fine silt 6.5 1535 1513 0.17
Very fine silt 7.5 1510 1439 0.11
Coarse clay 8.5 1490 1378 0.08
Medium clay 9.5 1470 1331 0.09

4246  J. Acoust. Soc. Am. 156 (6), December 2024

discernible differences can be observed in the amplitude and
duration of the pulse. The amplitude and duration of these
waves increase with increasing soil impedance.

In the case of sand-type sediment, a greater portion of
the sound energy remains in the water column, traveling
through multiple reflections from both the sea surface and
the seabed. In contrast, for silt- and clay-type sediments, a
significant portion of the sound energy is transmitted into
the sediment, resulting in lower signal amplitude and dura-
tion in the water and hence lower SEL values when com-
pared to scenarios involving sand-type sediment.

C. Kurtosis and rms sound pressure

Based on the time domain pressure waveforms shown
in Fig. 6, the kurtosis values can be calculated. The signal
time duration is set to 10s for the kurtosis calculations.
Kurtosis calculations can simplify the analysis of the time-
dispersion results and help to understand how pulse length is
affected by sediment properties and range.

Kurtosis is independent of the amplitude of the sound
pressure waveform. Thus, SEL, which is defined as
SEL = 10log,,(E,/Eo) dB, where E, is the sound exposure,
is also calculated as complementary information, based on
the same time domain pressure waveforms. For the SEL cal-
culation, E, is the time-integrated squared sound pressure
and Ey = p%to = 1 uPa’s is the reference value of time-
integrated squared sound pressure [ISO 18405:2017 (ISO,
2017)]. The reference sound pressure and time values are
po = 1 pPaand 7y = 1, respectively.

For some sediment types (e.g., very fine silt and
medium clay), sound pressure can decrease significantly
over distance. In real-life scenarios, ambient sound is always
present and can distort the time domain waveform. To illus-
trate this effect, Gaussian noise with a rms value of 1Pa
(corresponding to an SPL of 120dB) is added to the time
domain waveforms, as shown in Fig. 7. This addition helps
obtain more realistic kurtosis values by disregarding low-
amplitude sound pressures at long distances that fall below
the ambient sound level.

In Fig. 8, the variations of kurtosis with and without
adding Gaussian noise are shown for different sediment
types and distances (as 30, 300, and 3000 m).

Sertlek et al.
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FIG. 5. (Color online) Time distribution calculations for different bandwidths. The sediment parameters from the workshop case are used. The minimum

and maximum frequencies are listed in Table III.

Consistent with the findings in the preceding section, it
is observed that sand-type sediments exhibit stronger reflec-
tions from the seabed in comparison to silt and clay sedi-
ments, leading to a notable impact on the kurtosis of the
sound pressure (Fig. 9). After adding Gaussian noise, when
the amplitude of sound pressure is very low (less than 6 Pa)
at 3000 m, a lower kurtosis value, converging to the kurtosis
of Gaussian noise (3), is observed, particularly for silt and
clay sediments.

The range-dependent variation of the kurtosis, SEL, and
peak sound pressure are shown for sand, silt, and clay sedi-
ment categories in Fig. 10.

As the range increases, the kurtosis decreases for sce-
narios involving sand-type sediments. Since most of the
sound energy remains in the water layer, sand-type sedi-
ments exhibit the highest SEL values for the sand-type sedi-
ments. Conversely, for silt and clay sediment types, sound
waves can easily penetrate the sediment layer, resulting in a
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FIG. 6. (Color online) Sound pressures at 30 m (left), 300 m (middle), and 3000 m (right) for different sediment types.
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FIG. 7. (Color online) Gaussian noise with rms sound pressure of 1 Pa.

smaller amount of energy staying in the water layer. This
explains the lower SEL values for silt and clay compared to
sand-type sediments. The sound pressure waveform mostly
includes sea surface reflections for silt and clay sediment
types, while sand-type sediment results include both sea sur-
face and sediment reflections. Therefore, the kurtosis is
larger for silt and clay sediments. However, since the ampli-
tude values are quite small, the range variation pattern
becomes sensitive to very small variations after a certain
range, as observed in very fine silt and clay sediment types.
For the rms sound pressure results, while the variations
between the different sand sediment types are small, the dif-
ferences between silt and clay sediment types appear to be
larger.

D. Weighted kurtosis and rms sound pressure

Time domain waveforms and kurtosis values could be
different after applying auditory weighting functions
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because energy at some frequencies is removed (filtered
out). To provide insight into the potential effect of sound on
marine life, the time domain sound pressure waveforms are
weighted by the auditory frequency weighting function
(AFWF) based on the proposed approach by Lucke et al.
(2024). In the following examples, the kurtosis and rms
sound pressure values calculated from the weighted sound
pressure waveforms are referred to as “weighted kurtosis”
and “weighted rms sound pressure,” respectively. In Table
IV, the upper and lower frequencies for different auditory
weighting functions are listed based on studies by Southall
et al. (2019), Southall et al. (2007), and Lucke et al. (2024),
respectively.

Figure 11 plots the source spectrum and auditory fre-
quency weighting functions that were applied in this study.
The AFWFs are based on studies by Southall ef al. (2007),
Southall et al. (2019), and Lucke et al. (2024). Showing the
functions together on the same plot highlights the range of
frequencies to which life is sensitive. Focusing on a single
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FIG. 8. (Color online) Kurtosis with (right) and without (left) additional Gaussian noise at 30, 300, and 3000 m for different sediment types. 7= 10 s. The

frequency band is between 2.818 Hz and 2818 Hz (band 1 in Table IIT).
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FIG. 9. (Color online) rms sound pres-
sure (left) and SEL (right) additional
Gaussian noise at 30, 300, and 3000 m
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taxon provides a skewed perspective. Notice the lack of
gaps across the frequency band.

As mentioned in Sec. II, the source spectrum and trans-
fer function were calculated for the range of 2.75Hz to
2818.5Hz, as defined by the JAM Workshop scenarios.
Consequently, since the auditory weighting functions for
high-frequency cetaceans (HF19), very high-frequency ceta-
ceans (VHF19), and sirenians fall outside this frequency
band, no examples are provided for these groups.

Selected marine mammal auditory frequency weighting
functions are shown in Fig. 11. To calculate weighted kurto-
sis values for marine mammals, these weighting functions
are applied to the time domain sound pressure with
Gaussian noise.

Figure 12 shows the variation of weighted kurtosis for
different sediment types. For the fishes (P1), the entire band-
width of the transfer function of sound propagation

@ 10000 P> e ]
@ —
£ 1000 } —
3

= 100 | ]

Range (km)

modeling is encompassed, and therefore, results will be
almost identical to the unweighted results, while for inverte-
brates (A1), small differences in the weighted kurtosis are
visible at short range (Fig. 12).

Weighted kurtosis values exhibit a different range of
variation compared to the unweighted kurtosis results shown
in Fig. 10. Specifically, the weighted kurtosis for other
marine carnivores in water (OCW) decreases sharply below
a value of 40 beyond 400 m. These observations are based
on the sediment parameters of the workshop case. When
other sediment types are used, the range where kurtosis falls
below 40 can be different.

The rms sound pressure is also calculated using differ-
ent auditory weighting functions based on Lucke er al.

TABLE 1V. The lower and upper roll-off frequencies, and corresponding
exponents a and b, for the auditory weighting functions based on Southall
et al. (2007) and Lucke et al. (2024).

[—Workshop Case —— Medium Sand

Medium Silt ——Medium Clay - 4=40|

Roll-off
frequency/kHz Exponent
Hearing group Lower Upper a b
Marine mammals (Southall et al., 2019)
Low-frequency cetaceans (LF19) 0.200 19 1 2
Other marine carnivores 0.940 25 2 2
in water (OCW)
Marine mammals
(Southall et al., 2007)
Low-frequency cetaceans (LF07) 0.007 22 2 2
Mid-frequency cetaceans (MF07) 0.150 160 2 2
High-frequency cetaceans (HF07) 0.200 180 2 2
Pinnipeds in water (PW07) 0.075 75 2 2
Fishes and invertebrates
(Lucke et al., 2024)
Invertebrates (A1)* 0 0.47 N/A® 2
Fishes (P1) 0 1.24 N/A 2

FIG. 10. (Color online) Range variation of kurtosis, rms sound pressure
(Pa), and SEL re 1 ,uPazs (dB) for selected sediment types. The red dotted
line shows the kurtosis value of 40. T=10 s. The frequency band is
between 2.818 Hz and 2818 Hz (band 1 in Table III).
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“Al also applies to A3 (bony fishes without swim bladder) and A4 (bony
fishes with swim bladder not involved in hearing).

A2 applies to P1 (pressure sensitive, without adaptation).

“N/A, not applicable.
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(2024) for fish and Southall ez al. (2007) for different marine
animal groups, as shown in Fig. 13.

The dependence of rms sound pressure on the choice of
frequency band and, by extension, on the auditory frequency
weighting should be considered when developing impact
criteria. Based on the auditory weighting function from
Southall et al. (2007), HF cetaceans (HF07, corresponding

Workshop Case

——unweighted
— Low-frequency cetaceans (LF19)
EN Other marine carnivores in water (OCW)
1000 F ™y >~ 00000 e Invertebrates (A1)
g Fishes (P1)
------------------ s (3= 4()

0 0.5 1 1.5 2 25 3
Range (km)

FIG. 12. (Color online) Range variation of kurtosis for the marine mammal
auditory frequency weighting functions from Table IV. The red dotted line
is the kurtosis value of 40. T=10s.
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approximately to VHF19) have the lowest rms values, fol-
lowed by mid-frequency (MF) cetaceans (MF07, corre-
sponding approximately to HF19). The rms sound pressure
values used here are based on a single airgun, whereas rms
sound pressure for an airgun array would be higher.

IV. DISCUSSION

When the threshold value of § = 40 is exceeded for the
kurtosis values computed using a 1-min time window,
Martin et al. (2020) categorize these signals as “fully
impulsive.” As shown in the previous examples, kurtosis
depends on the environmental properties because of the
influence of these on propagation. Therefore, it could be
possible to see a transition from high to low kurtosis at suffi-
ciently large distances from the source (Hastie et al., 2019;
Martin et al., 2020). Without Gaussian noise, this transition
was not clearly seen for the examples chosen in this study
based on kurtosis. The effect could be seen more clearly in
the measurements when the ambient sound levels are higher
than the sound level of the source signal at the distant
ranges. After adding Gaussian noise, a kurtosis value lower
than 40 is observed for silt and clay sediments.

After adding Gaussian noise to the time domain wave-
form with a rms sound pressure of 1 Pa, which could be con-
sidered ambient sound (at 120dB), lower kurtosis values
were observed for silt and clay sediments. The chosen rms
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FIG. 13. (Color online) Range variation of rms sound pressure for different
auditory weighting functions from Lucke et al. (2024) (top) for fishes and
invertebrates and Southall er al. (2007) (bottom) for marine mammals.
More details about the invertebrates and fishes are given in Table III.
Sediment properties for the JAM Workshop case are used. T=0.1 s. The
rms sound pressure thresholds for behavioural effects are 31.6 Pa for fishes
and 100 Pa for mammals (NMFS, 2023).

sound pressure for the Gaussian noise appears to be reason-
able based on the NAVISON sound maps at 63 and 125 Hz
for Europe (Racca et al., 2024). In various locations within
European waters (especially English Channel and Strait of
Gibraltar), sound pressure level values can exceed 120dB,
even when averaged over a year in a single decidecade
band, especially in regions with a high shipping density
(Findlay et al., 2023; Sertlek et al., 2024). Thus, background
noise can complicate measuring and interpretation of kurto-
sis. Whether the background noise contributes to the hearing
risk depends on whether levels are substantially higher than
“effective quiet levels” (Ward et al., 1976), which have not
been established yet for marine mammals (Finneran, 2015).
In the examples shown in this study, sediment proper-
ties are characterized only by their density, compressional
wave speed, and attenuation. The observed differences in
the results caused by the different sediment types considered
do not include other more complicated effects that arise
when the sound speed gradient or shear rigidity of the sedi-
ment is considered, i.e., sediment is described by means of
layered elastic or poro-elastic models. When a more realistic
description of the sediment is considered, other effects, such
as soil damping, energy transferred into shear or Scholte
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waves, wave conversions upon wave incidence on seabed-
seawater interface, and multiple soil layers, may addition-
ally contribute to the differences in the results caused by the
different sediment types. It is to be expected that the consid-
eration of the elastic nature of a harder seabed, by means of
adding its corresponding capacity to deform in shear, may
alter these observations. These complicated effects are left
out of discussion here.

In biological impact assessments, kurtosis-adjusted
sound exposure levels for temporary threshold shift (TTS)
and permanent threshold shift (PTS) are currently being
investigated as an alternative metric (von Benda-Beckmann
et al., 2022; Zeddies et al., 2023; Lucke et al., 2024).
Although initial results indicate that kurtosis-corrected
sound exposure level may help to better predict TTS onset
for intermittent signals with a wide range of kurtosis values
in a small number of harbour porpoises, best model fits
seem to suggest different model parameters than found for
human noise studies (von Benda-Beckmann et al., 2022).
Various factors could be the cause of this difference, such as
differences in auditory effects considered (low levels of
TTS in porpoises vs PTS in humans and chinchillas), noise
exposure conditions (intermittent signals vs complex impul-
sive continuous noise exposures), exposure duration, as well
as species-specific differences in auditory system (von
Benda-Beckmann ez al., 2022). As such, the kurtosis =40
condition used here to delineate between impulsive and non-
impulsive should be considered indicative, and further
research is required to understand whether kurtosis helps in
better predicting impact of sound on marine mammal hear-
ing for a wider range of marine mammal species under dif-
ferent exposure conditions. If the kurtosis adjusted metrics
work well, there would be no need to distinguish between
“impulsive” and “non-impulsive.”

V. CONCLUSION

Acoustic propagation modelling of airgun sounds prop-
agating in shallow waters was carried out in this study to
investigate how the kurtosis and rms sound pressures are
affected by different sediment properties and range. First,
the propagation model SILENCE is validated through multi-
model comparisons using test cases from the JAM
Workshop in 2022. Good agreement is observed between
SILENCE and other modeling approaches. Next, based on
the time domain sound pressure results, the range variation
of kurtosis and rms sound pressure is analyzed for different
sediment types. For scenarios involving sand-type sedi-
ments, the sound pressure kurtosis of airgun signals
decreased with increasing distance from a sound source.
Conversely, in the cases of silt and clay sediment types, the
duration of acoustic signals and kurtosis were less influ-
enced by sediment reflections due to the weak reflections at
the water-sediment interface. A silty/clay sediment also led
to lower SELs. Similar to kurtosis, the rms sound pressure
values are also affected by different sediment properties and
vary by range. For the silt and clay sediment types, a faster
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variation in rms sound pressure is observed, which leads to
lower rms sound pressures at 3000 m. As described above,
this is again related to weaker reflections from the water-
sediment interface and the greater sound energy transmitted
to the silt and clay sediments.

Similar comparisons are conducted for the weighted
kurtosis and rms sound pressure calculations for the selected
invertebrates, fish, and marine mammal categories. Our
modelling highlighted that due to the wide range in hearing
sensitivities, kurtosis and rms sound pressure of the same
signal could be very different for species groups with differ-
ent hearing sensitivities. The range variations of weighted
kurtosis differ from those of unweighted kurtosis. At the
same time, the kurtosis and rms sound pressure also depend
on the choice of bandwidth and weighting functions, as
illustrated by the examples. The effects of hearing sensitiv-
ity and appropriate weighting need to be considered when
developing noise impact criteria, as well as when reporting
measurements of kurtosis or sound pressure.
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on the EJP branch cut for the Pekeris waveguide (right).
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APPENDIX: MATHEMATICAL DESCRIPTION
OF PROPAGATION MODEL (SILENCE)

This appendix explains the detailed derivations of
SILENCE propagation model.

1. Governing equations

Cylindrical coordinates are utilized, i.e., (r, 0, z) with r
representing the radial coordinate, 6 representing the azi-
muthal coordinate and z representing the depth coordinate
with the origin being positioned at the sea surface as shown
in Fig. 14. The sea surface is designated as z = zj, while the
interface between the water and the top fluid sediment layer
is positioned at z;. Furthermore, the interfaces within the
fluid sediment layer are located at z = z;, where j spans from
2 to N. It is assumed that the sediment extends to infinity in
the vertical direction, and a point source is positioned at a
depth that is denoted as z;.

The partial differential equations governing the dynamic
response of the Pekeris waveguide in the time domain are

1 82]75 r,z,t
Vepe(r,z,t) — g% =0, (A1)
<

in which ¢ = w, s;, with w being the fluid and s; being the
sediment layer. Introducing the displacement potentials
Oy d’s,» allows one to relate the displacement to the scalar
potential as follows:

u: = V.. (A2)

The corresponding governing equation in the case of an
inviscid acoustic fluid reads

L Pelr,00)

V2he(r,z,1) —— =0. (A3)
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In the equation above, ¢ denotes the speeds of the com-
pressional waves in either water or sediment. The pressure
release boundary condition is imposed at the sea surface. At
the water-sediment and sediment-sediment interfaces, pres-
sure and vertical displacement continuity are imposed. The
set of boundary and interface conditions reads as

pw(rv 20, t) - 07 (A4)
pw(r7 Z]7 t) :psl (ra Zl? t)? (AS)

st(”, Zj+17 t) :pS/H (7’, Zj+1’ t)’

w‘vj(r, Zjt1, l) =Wy, (r, Zj41,s t). (A6)

After performing the Fourier transformation on the bound-
ary equation and interface equation in Egs. (A4)—-(A6) to
transition into the frequency domain, the Hankel transform
and complex contour integration approach are used to obtain
a closed-form solution in the frequency domain as

Flk) = j £ Wolker)rdr, (A7)
fr) = ij(kr)fo(k,~r>k,<dkr, (A8)

in which f(r) and f(k.) denote the functions in the fre-
quency and Hankel domains. Jo(k,r) is the Bessel function
of the first kind of order zero, and %, is the horizontal wave-
number of the medium. Transformation of the boundary
equation and interface equation into the Hankel domain
yields

Pk, 20, @) =0, (A9)
law(kr'a 1, (JJ) :ﬁxl (kr> 21, (j)), (A10)

ﬁsj(kh Zjt1, (,U) :ﬁs/,l (k1‘7 Zjt1, O))7

WS, (kl‘a Zj+15 Cl)) = WS/H (km Zj+1, (,L)) (All)

2. Green’s function

A pressure type (volume injection) unit amplitude point
source is placed at z = z; in the water as shown in Fig. 2.
The equations of motion for the displacement potential in
the Hankel domain read as

d? 18 oz—z

o [0 - S A
d2 2 ~g

a2 e | @ (kr, 2325, ) = 0, (A13)

in which k_ . =,/ kZ — k2, with & = wor s; for the water or

sediment layer. The solutions for the displacement potentials
are the sum of a particular solution and the general solution
to the homogeneous equation
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¢, (ke 2325, 0) = +ASehent 4 ASehen

—pw? Amik,,,
(A14)
b (ko 2324, ©) = A5, 157 + AS e T (ALS)
On(kry 2324, ) = Ay, e 7, (A16)

in which the coefficients Af (i = 1,2, ..., 2N + 1) are unde-
termined complex amplitudes. By substituting the expres-
sions into the boundary and interface conditions, the final
set of linear algebraic equations with unknowns Af is
obtained. Applying the inverse Hankel transform and with
the use of relationships of the Bessel functions, the Green’s
function in the frequency domain is obtained as

o 1T .
d)é(r,z;zs, )= _EJ q’)i(kr, 25 Zs, a))H(()Z) (k1) ke, dk, .

(A17)

The integral along the real axis of the complex &, plane can
be deformed by using the complex contour integration
method. The expressions of the displacement potential func-
tions in frequency are given as a summation of a finite num-
ber of poles (in the case of a fluid layer overlying a fluid
half-space) supplemented by the EJP branch line
integration:

M
=in Z Res (&f (k,(.’") ) 23 Zg, w) H(<J2) (k’(nz>r) k,(.m))
- %J G5 (ky, 2325, 0)HP (o)l (A18)
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