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Seismic airgun sound was measured with an autonomous passive acoustic

recorder as a function of distance from 18.6 to 164.2 km in shallow water

(<70 m) at the continental shelf of the East Siberian Sea in September 2019. The

least-square regression curves were derived in the zero-to-peak sound pressure

level, sound exposure level, and band level in a frequency range between 10 and

300 Hz using the initial amplitude scaled from the near-field hydrophone data. In

addition, propagation modeling based on the parabolic equation with the

measured source spectrum was performed for range-dependent bathymetry,

and the results were compared with the band level of the measurements. The

sediment structure of the measurement area was a thin layer of iceberg-scoured

postglacial mud overlying a fast bottom with high density based on grounding

events of past ice masses. The observed precursor arrivals, modal dispersion, and

rapid decrease in spectrum level at low frequencies can be explained by the

condition of the high-velocity sediment. Our results can be applied to studies on

the inversion of ocean boundary conditions andmeasurement geometry and basic

data for noise impact assessment.
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1 Introduction

Seismic surveys have been conducted for natural resource

exploration and geoscientific investigation. The seismic wave

produced by airgun arrays towed behind a research vessel is one of

the representative anthropogenic noise sources with extremely high

sound pressure levels at low frequencies. The source levels of airgun

arrays are estimated to be 200–260 dB re 1mPa at the zero-to-peak

sound pressure level and 186–228 dB re 1mPa2s at the sound exposure
level, although they may vary with airgun type, operating scheme, and

anisotropic radiation pattern (Caldwell and Dragoset, 2000; Thode

et al., 2010; Hermannsen et al., 2015; Gisiner, 2016; Duncan et al.,

2017; Martin et al., 2017; van der Schaar et al., 2017; Kavanagh et al.,

2019). Airgun pulses reflected from the seafloor and subsurface

interface between two sedimentary layers with different densities

and velocities (i.e., acoustic impedance) are received at a streamer

corresponding to hydrophone line array lengths of up to several km;

then, the geological structure below the seafloor is shown as an image.

The sea surface-reflected path of an airgun pulse, which is typically

generated close to the sea surface at a depth of 5–15 m, is produced

sequentially after the direct path with a perfectly negative phase as a

mirror source. Due to the arrival time difference from the direct path,

the sea surface-reflected path causes frequency nullings in the

received spectral shape, which are referred to as “ghost notch”

(Caldwell and Dragoset, 2000; Prior et al., 2021).

Different types of compressed air sources have been used over the

past few decades (Ziolkowski, 1970; Krail, 2010; Gisiner, 2016). The

generator-injector (GI) airgun, developed in 1989, consists of two air

chambers instead of one (Pascouet, 1991). The waveform generated

from this airgun is characterized by a clear primary pulse and a high

primary-to-bubble ratio using the extra air of the injector with a time

delay (Landrø, 1992; Krail, 2010). The injection mechanism reduces

residual bubble oscillations to improve the seismic data quality.

Bubble oscillations can also be reduced by using airgun arrays. The

use of a single airgun is rare, and dozens of airguns have been used in

the field (Gisiner, 2016). Airgun arrays also produce a beam pattern in

a vertically downward direction and increase the source level, which is

an important factor for acquiring accurate and deep stratigraphic

images. The energy output of the airgun array is linearly proportional

to the number of guns, the firing pressure, and the cube root of the

volume of the array (Dragoset, 1990; Dragoset, 2000).

Studies on predictions of source signatures and underwater

propagation have been conducted (e.g., International Airgun

Modeling Workshop). Ziolkowski predicted the amplitude of the

source signature based on Gilmore’s equation in 1970, and the

prediction methods for near-field signatures have been extensively

developed and well matched with measurements (Ziolkowski et al.,

1982; Landrø et al., 1991; Laws et al., 1998). In addition, several models

for predicting propagation characteristics are being developed, such as

Cagam, Gundalf, Nucleus and AAMS (Alexander, 2000; Gisiner, 2016;

Ainslie et al., 2019; Duncan and Gavrilov, 2019). Propagation

prediction over long distances has been conducted with numerical

models based on the parabolic equation, normal mode, wavenumber

integration, and ray theory, including some of the models mentioned

above (Hovem et al., 2012; Duncan et al., 2013; Koessler et al., 2017;

Ainslie et al., 2019; Heaney and Campbell, 2019). Seismic airgun sound,

which is dominant at frequencies below ~125 Hz (Caldwell and
Frontiers in Marine Science 02
Dragoset, 2000; Heaney and Campbell, 2019), interacts with ocean

boundaries and shows acoustic characteristics depending on the

sediment type, water depth, and sound speed profile (Duncan et al.,

2013; Ainslie et al., 2016; Martin et al., 2017; Abadi and Freneau, 2019).

Therefore, acoustic interpretations of airgun sound propagation that

incorporate knowledge of the operating scheme and the ocean

environment are needed.

In this study, we focus on airgun sound propagation in shallow

water on the East Siberian Shelf, which has rarely been studied from

geological and hydroacoustic perspectives. The East Siberian Shelf is a

region where the distribution of subsea permafrost has been reported

(Brown et al., 1997; Romanovskii, 2004). Mega-scale glacial lineations

and moraine ridges observed at the East Siberian-Chukchi continental

margin indicate widespread grounding events of southern-sourced

large-scale ice masses (i.e., ice sheets) during glacial periods

(Hegewald and Jokat, 2013; Niessen et al., 2013; Dove et al., 2014;

Kim et al., 2021). The surficial layer is covered with relatively soft,

unconsolidated sediments in the form of iceberg-scoured postglacial

sediments overlying the cemented subsurface sediment (O'Regan

et al., 2017; Jin, 2020). The acoustic characteristics of airgun sound,

such as the effect of the cutoff frequency, precursor arrival, and modal

dispersion, can be observed under these conditions and can be

described by normal mode theory (Frisk, 1994; Jensen, 2011;

Landrø and Hatchell, 2012; Duncan et al., 2013; Keen et al., 2018).

Therefore, we discuss acoustic characteristics based on the

measurements of surficial sediment core data and multibeam

images. However, we cannot obtain geoacoustic parameters from

the deep subbottom structure, so we suggest that the lower layer could

consist of a fast bottom based on the geological history of the region.

This paper is the first to use a waveform measured at a near-field

hydrophone, which has been typically used for only the quality

control of airgun firing, to predict airgun sound propagation as the

source spectrum in the numerical model. In addition, the ship tracks

of the survey vessel moved approximately 150 km in a constant

direction and at a constant speed, making the recorded airgun sound

ideal acoustic data to study sound propagation. Our results can be

used to understand the variations in the acoustic environment of the

Arctic Ocean due to increased anthropogenic noise with a warming

Arctic climate. In other words, Arctic sea-ice reduction, leading to

increased human activities such as shipping and seismic surveys,

contributes to a wealth of new scientific data (Kim et al., 2021);

however, changes in the underwater acoustic environment due to

anthrophony can affect the growth, survival, reproduction,

communication, and habitat diversity of marine life (Slabbekoorn

et al., 2010; Hawkins and Popper, 2017).
2 Methods

2.1 Moored autonomous acoustic recorder
and multichannel seismic survey

An autonomous passive acoustic recorder (AURAL-M2, Multi-

Electronique Inc.) was moored in the East Siberian Shelf (74°

37.327’N, 174° 56.397’E) at a depth of 57 m, corresponding to 13 m

above the seafloor (Figure 1A and Figure 2A). AURAL-M2 was set to

record acoustic data for 10 minutes every hour with a 16-bit
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resolution and a 32,768 Hz sampling rate. The receiving voltage

sensitivity of the hydrophone is −165 dB re 1V/mPa and almost flat

with a ± 2 dB error in the frequency range of 10 Hz to 10 kHz (De

Robertis and Wilson, 2011). AURAL-M2, deployed in August 2019,

recorded the acoustic data for one year. Among the one-year

recordings, the acoustic data from 18:00 on 9 September to 11:10

on 10 September were used in the analysis.

The ice breaking research vessel (IBRV) ARAON multichannel

seismic (MCS) survey was conducted in the Chukchi–East Siberian

Continental Margin from 2 to 10 September 2019 (Jin, 2020). The

ARAON approached AURAL-M2 from 02:54 on 9 September in a

constant direction, and the closest point of approach (CPA) occurred at

15:47; then, the vessel moved away from AURAL-M2 until 18:24 on 10

September. Data from the transect where the distance increased from

the CPA were used. The data from when the waveform was saturated at

close distances from 16:00 to 17:10 on the 9th and from when the signal-

to-noise ratio was too small to detect from 12:00 to 18:00 on the 10th

were excluded from the analysis. A total of 1,017 airgun pulses were

generated in the ARAON MCS system for 180 minutes. The distance

from the firing location to AURAL-M2 was calculated using GPS data

of ARAON MCS system (Figure 1B) and was verified using automatic

identification system (AIS) data (Marine Traffic, 2019). The ship speed

remained at 4.5 knots during the MCS survey, and the distance

variations within 10 minutes ranged from 1.3 to 1.4 km (Jin, 2020).

Two GI airguns (GI-SOURCE 355, Sercel) were arranged frontward

and backward with an interplate distance of 2.5 m, and the total

volume, working pressure, and pulse interval of the sources were 710

in3 (each 355 in3 volume; 250 and 105 in3 for the generator and injector,

respectively), ~14 MPa, and ~10.8 sec, respectively (Jin, 2020). Two

near-field hydrophones (AGH-7100-C, Geophysical Products Inc.) and

two pressure sensors (AGH-D500, Geophysical Products Inc.) were

placed at gunplates approximately 1 m above each airgun. The airgun

firing depth was consistently 6 m. There was no sea ice during the MCS

survey (Figure 1A), and the sea surface was calm with low waves and

weak winds; therefore, there was no change in the firing depth records

of the MCS system. Multibeam bathymetry data recorded during the

MCS survey show that the water depth decreased from 65 m at the

outer shelf to 42 m at the inner shelf (Figure 2A). The sound speed
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profile obtained from the conductivity-temperature-depth (CTD) data,

measured on 14 September (green circles in Figure 1A), indicates a

depth average of 1,442 m/s, with a range of 1,438 and 1,448 m/s (blue

line in Figure 2B). The CTD data measured in the direction of the MCS

survey track on the same day at a depth of 55 m exhibit a similar trend

of sound speed profile (red line in Figure 2B). Surficial sediment cores

were sampled at three depths of 73, 51 and 49 m in the 2021 research

cruise (black circles in Figure 1A), and their mean grain sizes (MGS)

were 6.7, 8.0, and 10.3 f , respectively (where, f=log2(d/d0) , d is the

grain diameter, and do is a reference length of 1 mm, Supplementary

Data 1.1 and Supplementary Figure 1).
2.2 Airgun pulse detection and analysis

Airgun pulses were detected by using matched filtering of a

representative single pulse to recordings every 10 minutes (Han

et al., 2021). Airgun sounds were quantified using three metrics: the

zero-to-peak sound pressure level Lp, the sound exposure level LE and

the band level LB calculated from acoustic data after a bandpass filter

with a dominant frequency range between 10 and 300 Hz (Kinsler,

2000; ISO 18405, 2017). These are shown below:

Lp = 20 log10 (
ppk
p0

) (1)

LE , LB = 10log10(
Ep
Ep,0

)

where Ep =
Z t2

t1
p2(t)dt

(2)

where p(t) and ppk are the measured sound pressure and its peak

absolute value, respectively. p0=1mPa and Ep,0=1mPa2s are reference

values of the sound pressure and the time-integrated squared sound

pressure, respectively. t1 and t2 are the start and end points of the time

window, respectively, for consideration of the exposure duration (ISO

18405, 2017; Han and Choi, 2022). The spectrum level was estimated

using the sound exposure spectral density with units of dB re 1mPa2s/
Hz (ISO 18405, 2017), which was computed from a single pulse of 4-
BA

FIGURE 1

(A) Map of the measurement area with the sea ice concentration on 9 September showing the AURAL-M2 mooring location (red cross), seismic survey
track (blue line), two CTD casting sites (green circles) and three core sampling sites (black circles). (B) The distance from AURAL-M2 to IBRV ARAON. The
distances for 10 minutes every hour when the AURAL-M2 was working are represented by red circles.
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sec duration with a fast Fourier transform (FFT) length of

32,768 points.

The waveform measured at the near-field hydrophone exhibited a

spike-like signature and showed the direct path as a primary positive

peak at 0.025 sec and the sea surface-reflected path as a relatively

small negative peak at 0.032 sec (Figure 3A). The arrival time

difference between the direct path and sea surface-reflected path

was predicted to be ~7 ms based on the source-receiver geometry,

and it was in close agreement with the measured waveform. Figure 3B

illustrates the normalized amplitude-weighting spectrum calculated

from the intensity average of 2,034 waveforms. Average curves were

calculated from all data, which indicate a spectral peak at 27 Hz, and

for the direct path only shown by the black dashed line, which was

applied to the input of numerical propagation modeling in Section 2.3

(ISO 18405, 2017). The typical receiving voltage sensitivity of the

near-field hydrophones is flat with ~ 7–7.5 V/bar (≈ -203 dB re 1V/

mPa; AGH-7100-C, Geophysical Products Inc.). Two GI airguns

released compressed air simultaneously, and near-field hydrophone

signatures had an average peak of ~1.46 MPa. Landrø (1992) reported
Frontiers in Marine Science 04
that GI airguns with volumes of 45 and 105 in3 produced peaks of

approximately 0.16 and 0.22 MPa, respectively. In this study, the

primary peak was predicted to be 0.56 MPa based on the relationship

between the energy output and cube root of the generator volume.

Because there was an unknown scaling factor in the analog-digital

converter (Hotshot, Teledyne RTS), the sound pressure levels were

calculated from near-field hydrophone signatures scaled by 0.38,

resulting in a value close to the theoretically predicted value. Lp, LE,

and LB were 235 dB re 1 mPa @ 1 m, 210 dB re 1 mPa2s @ 1 m, and 210

dB re 1 mPa2s @ 1 m, respectively, with standard deviations of 0.5, 0.7

and 0.7 dB, respectively, based on 2,034 pulses (Sound exposure level

of 210 dB re 1 mPa2s @ 1 m equals sound exposure source level). LE
and LB, calculated from signatures with or without the sea surface-

reflected path, showed differences of 1.0 and 1.3 dB, respectively. This

effect was not considered in this paper because scaled sound pressure

levels were used. The sound pressure levels at a distance of 1 m were

used as the starting point of the regression curves showing the

decrement of airgun sound energy as a function of distance. The

sound pressure level at a distance of 1 m could be replaced with the
BA

FIGURE 3

(A) Normalized waveforms of 2,034 airgun pulses (thin gray lines) measured at two near-field hydrophones and their ensemble average (thick black line).
(B) Their normalized amplitude-weighting spectra. Black solid and dashed lines represent intensity average curves calculated with and without a surface-
reflected path, respectively.
BA

FIGURE 2

(A) The geometry of MCS airgun sound measurements. (B) Vertical sound speed profiles measured at 17:59 and 20:50 on 14 September.
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source level, which was expressed by two types of mean-square sound

pressure level with a reference value of “1 mPa @ 1 m” and the time-

integrated squared sound pressure level called the sound exposure

source level with a reference value of “1 mPa2s @ 1 m” (ISO 18405,

2017). In this study, the zero-to-peak sound pressure level was used

instead of the mean-square sound pressure level because the absolute

peak value of the impulsive waveform is appropriate for the

assessment of loudness in the time domain.
2.3 Propagation modeling of the airgun
sound based on the parabolic equation

Airgun sound propagation was predicted using the broadband

application of a range-dependent acoustic model (RAM), which is

based on a parabolic equation (PE) and is appropriate for range-

dependent bathymetry (Collins, 1993). The source and receiver

positions were interchanged under the principle of reciprocity to

consider the operating condition for a moving source and a fixed

receiver in the propagation model. Because two airguns were used in

our study, unlike the previous studies in which dozens of airguns were

used, they can be considered a point source in the far-field region

(Caldwell and Dragoset, 2000). The principle of reciprocity stipulates

that the sound pressure at position B due to a source at position A is

equal to the pressure at A due to a similar source at B. The principle is

very general and valid in cases where the acoustic wave undergoes

reflection and refraction at boundaries on its path from the source to

the receiver (Hovem et al., 2012). The source depth was set to 57 m,

and the acoustic field emitted from the source can be expressed as a

function of frequency at the receiver position (r,z):

p(r, z, f ) = G(r, z, f )A(f )e−iwt (3)

where G(r,z,f) is Green’s function predicted by the RAM and w is the

angular frequency. A(f) is an amplitude-weighting spectrum

corresponding to the normalized source spectrum shown in Figure 3B.

Proper range step and depth grid spacing, as suggested by the

relationship with the wavelength, were applied to the model inputs

(Jensen, 2011), and their convergence tests were performed with steps

corresponding to upper and lower frequencies. The input parameters

applied for PE model prediction are listed in Supplementary Table 1.
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Because the integrated energy in the frequency range up to the first notch

differs by less than 3 dB from that integrated higher than the first notch

(Caldwell and Dragoset, 2000), the frequency band was considered to be

between 10 Hz and 300 Hz with a 2 Hz bin. LB in a given frequency

bandwidth can be estimated using Parseval’s theorem (Ainslie, 2010;

Dahl and Dall'Osto, 2017) as follows:

LB(r, z) = −10 log10½
1
B

Z 

p(r, z, f )p*(r, z, f )df � + K (4)

where B is the frequency bandwidth. The asterisk indicates a

complex conjugate, and K is an offset constant. If the given bandwidth

covers the entire airgun sound spectrum, the PE modeling output in

LB equals LE.

The environmental conditions at the site, such as the sound speed

profile in the water and bathymetry, were used as model inputs. We

constructed a two-layer geoacoustic bottommodel based on the collected

core samples and the previous survey results. According to the core

samples obtained from the SWERUS–C3 (SWERUS–C3: Swedish –

Russian – US Arctic Ocean Investigation of Climate–Cryosphere–

Carbon Interactions) expedition performed at a distance of

approximately 430 km from our measurements in the East Siberian

Shelf, the sound speed (c1) and bulk density (r1) of the surficial layer

increased with depth within 1,471–1,590 m/s and 1.22–1.67 g/cm3

(O'Regan et al., 2017), respectively. The sound speed of 1,471 m/s in

the surficial sediment was similar to that in the MGS of 6.7 f sediment

obtained from a core sample close to AURAL-M2 at the outer shelf

(Ainslie, 2010). The lower layer was composed of an acoustically

transparent material based on the subbottom profiler images in the

SWERUS–C3 and those acquired simultaneously with the MCS survey

(Jin, 2020). The sound speed (c2) and density (r2) measured from the

core sample reaching some of the lower layer were approximately 1,590

m/s and 1.67 g/cm3, respectively (O'Regan et al., 2017), and they

corresponded a sediment MGS of 3.8 f (Ainslie, 2010). Consequently,

the uppermost layer (layer-1) was set to the mud composed of soft

unconsolidated sediments less than 4 m thick, and the lower layer (layer-

2) was set to the diamicton with a thickness of 60m (O'Regan et al., 2017;

Jin, 2020). The acoustic properties of the sediment corresponding to the

MGS in Ainslie (2010) are shown in Table 1. Because we could not find

any data addressing acoustic properties over 10 f , those of 9 f , which is
the most fine-grained value in Ainslie (2010), were used. Sound speeds,

densities, and attenuation coefficients in layer-1, which corresponded to
TABLE 1 Mean grain size (f ), sound speeds (c), densities (p) and attenuations (a) applied in the two-layer bottom structure model.

Inner shelf Outer shelf

Layer-1

f 9.0 6.7

c1 (m/s) 1,424 1,471

r1 (g/cm3) 1.39 1.53

a1 (dB/l) 0.0793 0.1532

Layer-2

Very-fine sand Very-coarse sand

f 3.8 -1

c2 (m/s) 1,588 1,928

r2 (g/cm3) 1.82 2.55

a2 (dB/l) 1.1006 0.9076
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6.7 f at the outer shelf and 9.0 f at the inner shelf, were linearly

interpolated and range-dependently considered in the model (Table 1

and Supplementary Figure 2).
3 Results

3.1 Acoustic characteristics of airgun pulses

The 180-minute acoustic data are shown by the waveform and

spectrogram in Figures 4A, B. A total of 979 airgun pulses were

detected over 54 pulses per 10 minutes, and their sound pressure
Frontiers in Marine Science 06
levels in Lp and LE decreased from 143 to 107 dB re 1mPa and from

132 to 99 dB re 1mPa2s, respectively, with distance (blue and red

circles in Figure 5). Most of the undetected pulses spanned the

beginning and end of the 10-minute recordings. The sound

exposure spectral densities of airgun pulses and their average

spectra are depicted by the thin gray lines and thick black lines,

respectively, in Figure 4C. The spectrum levels from 10 to 300 Hz

were relatively high, and the low-frequency energy below 50 Hz

decreased rapidly from dark- to light-gray thin lines with increasing

distance. This feature could be caused by the cutoff frequency in the

shallow water waveguide, as will be discussed in Section 4. The ghost

notch, which is twice the source depth divided by the sound speed in

water, was observed near approximately 298 Hz (Caldwell and
B

C D

E

A

FIGURE 4

(A) Waveform and (B) spectrogram from 18:00 on 9 September to 11:10 on 10 September. Both are expressed by recorded acoustic data in a series of a
10-min recording and 50-min break schedule. (C) The sound exposure spectral densities of 979 pulses measured from short to long distances are
expressed as dark- to light-gray thin lines. The intensity average and median spectrum levels are expressed as dashed and solid black lines, respectively.
Median spectrum levels estimated from full acoustic data with and without airgun sound are represented by blue and red solid lines. (D) and (E) show the
waveform and spectrogram of a single airgun pulse measured at the beginning of recording (8,192 fast Fourier transform points and 4,096-point
Hanning window).
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Dragoset, 2000). When the depth-averaged sound speed of 1,442 m/s

was considered in this relationship, the airgun firing depth was

estimated to be approximately 2.4 m, shallower than the actual

firing depth of 6 m (Jin, 2020). The ghost notch is exactly

determined by the reciprocal of the arrival time difference between

the direct and surface-reflected path, and that of approximately

120 Hz is predicted at the firing depth of 6 m at a close distance.

When the distance between source and receiver increases, the arrival

time difference decreases, and high-frequency ghost notches may

occur at the long distances (Landrø and Amundsen, 2018). The

median sound exposure spectral densities of full acoustic data with

and without airgun sounds are represented by blue and red solid lines

in Figure 4C, which were taken from the intensity average of the

mean-square sound pressure spectral densities estimated from the 1-

minute segments compensated for the same time length of 4 sec as the

airgun sound exposure spectral density. The airgun sound

contributed to the increase in the ambient noise level by up to 13.8

dB re 1mPa2s/Hz at 39 Hz, and the effective frequency band between

10 and 800 Hz was similar to that in Han et al. (2021). Figures 4D, E

show the waveform and spectrogram of a single pulse measured at the

beginning of recordings. The 99% energy was concentrated within the

duration of ~1.2 sec, and this length increased to 4 sec as the distance

increased. A relatively weak amplitude early arrival was shown at

approximately 4.6 sec, which will be discussed in Section 4.
3.2 Propagation of airgun sounds as a
function of distance

Figure 5 shows the received levels of airgun pulses as a function of

distance in Lp, LE and LB, respectively. LE and LB were approximately

9 dB lower than Lp, and they showed a difference of less than 1 dB

until approximately 105 km. As the signal-to-noise ratio decreased

with distance, Lp and LE measured above 110 km were affected by the

ambient noise at the out-of-airgun sound frequencies. The maximum

standard deviations of the 18 distance groups in Lp and LE were 2.5

and 2.2 dB, respectively, and LB, which corresponded to the energy of

airgun sound only, showed a maximum standard deviation of 0.6 dB.
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When a sound source is a point source, sound propagation in

water is a function of distance in the form of Nlog(r), where r is the

distance in meters from a sound source and N is a spreading constant

that depends on the ocean environment (Jensen, 2011). The

regression curve of SL-Nlog(r)-ar was fit to the measurements,

where SL represents the mean sound pressure levels referenced to

1 m calculated from the near-field hydrophone measurements in

Section 2.2 and a is an attenuation coefficient. The two constants

estimated by the regression curves are listed in Table 2. The prediction

curve obtained using the PE model at a receiver depth of 6 m is shown

by a thick magenta line. The root mean squared errors (RMSE)

between measurements of LB and predictions of the regression curve

and PE model were 0.9 and 11.7 dB, respectively. The back-calculated

SL from the PE model prediction was 218 dB, 8 dB higher than the

sound pressure level of 210 dB calculated from the near-field

hydrophone measurements. SL predicted from the PE model differs

from that scaled from the measurements, and the reasons will be

discussed in the next section.

4 Discussion

The measurement region was shallow water less than 70 m with

range-dependent bottom composition, although the change in water

depth of 28 m is not large compared to the distance. Because the

low-frequency airgun sounds are transmitted through deep

and complex strata, the influence of sediment structure on

sound propagation could be significant. Assuming a point

source in shallow water, the spreading constant is close to 10,

corresponding to cylindrical spreading (Jensen, 2011). However,

the reason why the spreading constant derived from the regression

curve in Lp was slightly greater than spherical spreading (N=20) and

that in LE and LB was between spherical and cylindrical spreading is

due to the range-dependent bathymetry and attenuation effect of the

bottom boundary. The spreading constant could also vary with the

unknown scaling factor, although the scaled amplitudes

corresponding to the theoretical prediction were used as the initial

value. The PE model prediction with reconstructed sediment

structure was limited in consideration of acoustic properties of

subseafloor sedimentary units and their surface structural

topography. The reason why the back-calculated source level from

the PE model prediction was 8 dB higher than that measured could

be due to the same reason. Because PE model prediction curves

using normalized amplitude-weighting spectra estimated from the

direct path only and that with the surface-reflected path show

similar trends, each with a root mean square error of 0.4 dB, the

contribution of the sea surface-reflected path as the source spectrum

could be ignored. In this section, we discuss the range-dependent

propagation of airgun sounds. Then the application of inversely

estimated geoacoustic properties in layer-2 based on the geological

history of the region is considered.

Airgun sound increased the ambient noise level in a frequency

range below 800 Hz and was dominant below approximately 300 Hz.

Although the source spectrum indicates an energy peak of 27 Hz, the

spectrum levels below 50 Hz rapidly decrease in Figure 4C due to the

effect of the cutoff frequency. For a Pekeris waveguide, the cutoff

frequency (fc) of mode m is given by (Jensen, 2011)
FIGURE 5

Received levels of airgun sound as a function of distance in Lp, LE and
LB, which are represented by cyan, red, and black circles, respectively.
Thin lines with the same colors depict the linear regression fitting
curves using the least-squares method. Magenta solid and dashed
lines show the PE model prediction curves when acoustic properties
corresponding to 3.8 and -1 f were applied, respectively.
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fc =
c(m − 0:5)

2h
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(1 − ( c

c1
)2)

q (5)

where c and c1 are the sound speeds in water and sediment,

respectively, and h is water depth. When the sound speed in the

sediment is higher than that in water, perfect trapping of the modes

occur, and energy does not continually radiate out of the waveguide

(Frisk, 1994). When the depth-average sound speed of 1,442 m/s in

water and sediment sound speed in layer-1 were applied, the cutoff

frequency can only be estimated by the sound speed corresponding to

the 6.7 f at the outer shelf, and it was 26 Hz at mode-1 (h = 70). The

number of propagating modes at the pressure-release boundary

conditions was determined from (Jensen, 2011)

m =
2fh
c

(6)

When the center frequency of 27 Hz and depth-averaged sound

speed of 1,442 m/s in water were used, the numbers of propagating

modes were 1.6 and 2.6 at water depths of 42 (farthest location) and

70 m (receiver location), respectively.

A relatively weak amplitude arrival was shown at approximately

4.6 sec in Figure 4D. When the sound speed in sediment is faster than

that in water, airgun sound transmitted over a long distance can be

incident on the seabed with a low grazing angle and could propagate

through the sediment as a precursor. It could arrive earlier than the

path transmitted through the water medium (Choi and Dahl, 2006).

Figure 6 shows the spectra of 10 precursor arrivals at the beginning of

recordings and the corresponding intensity average. Spectrum levels

analyzed in the 0.25 Hz band to increase the frequency resolution

show strong bimodal peaks at 6.87 and 8 and small peaks at 26.12,

29.88, 42.00, 50.87 and 86.12. The head wave sequence of the spectral

peaks corresponded to odd multiples of the mode-1 cutoff frequency

(Choi and Dahl, 2006). Because 10 precursor arrivals, being a
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snapshot measured at a distance of ~18,566 m, propagate through

the range-dependent bathymetry, cutoff frequencies could be

estimated using water depth at the source and receiver locations.

The predicted cutoff frequencies of the two modes were 26.1 and

78.2 Hz at a receiver depth of 70 m, and the source depth of 65 m

corresponded to frequencies of 28.1 and 84.2 Hz, similar to the small

spectral peak frequencies.

Airgun sound propagation showed a significant difference

between the measurements and PE model predictions. Although the

rare core data describing the sound speed and density in layer-2 were

cited, they may differ from our conditions. As mentioned in Section 1,

the survey region could be composed of cemented subsurface

sediment and was also reported to be the permafrost distributed

region (Brown et al., 1997; Romanovskii, 2004; Niessen et al., 2013;

O'Regan et al., 2017). The sound speed in frozen soils, which varies

with sediment type, depth, and temperature, is much higher than that

applied in the PE model predictions (LeBlanc et al., 2004). The

geoacoustic properties (i.e., sound speed, density, and attenuation)

of different sediment types could be applied as a function of mean

grain size (Ainslie, 2010), with sound speed increasing as mean grain

size decreases. Therefore, the acoustic properties of layer-2 were

manually varied from those corresponding to 3 f to -1 f to obtain

values that were consistent with the PE propagation model prediction

(Supplementary Figure 3). The following values of c2 = 1,928 m/s, r2 =
2.55 g/cm3 and a2 = 0.9076 dB/l corresponding to the acoustic

properties of -1 f were applied to those in layer-2 (Ainslie, 2010). The

PE model prediction curve using replaced acoustic properties shown

as a dashed magenta line in Figure 5 significantly improved the RMSE

of 1.8 dB but lower the back-calculated SL to 195 dB compared to the

theoretical prediction of 210 dB. When cutoff frequencies were

predicted using the geoacoustic properties of -1 f and water depth

in layer-2, which was calculated by the summation of water depth and

thickness in layer-1, the two modes at a receiver depth of 74 m were

7.9 and 23.6 Hz, and the source depth of 69 m corresponds to

frequencies of 8.4 and 25.2 Hz. The mode-1 cutoff frequency of

approximately 8 Hz in both cases was broadly similar to the measured

strong spectral peak of precursor arrivals. The applied thickness of the

layer-1 is linearly interpolated from 4 to 3 m. The variation in cutoff

frequencies with a thickness of 1 m was less than 0.5 Hz. Figure 7

shows the predicted cutoff frequencies as a function of depth inverted

on the x-axis to consider the depth variation for the source moving

away from the receiver, as shown in Figure 4B. As the water depth

decreases and the mode number increases, the cutoff frequency

increases. The cutoff frequencies of modes 1 and 2 were less than

40 Hz, and those of mode 3 did not exceed 50 Hz up to depths above

58 m. When the depth range dependently decreased, as in our

measurements, the increase in the cutoff frequency was steeper than

that predicted by the mode coupling (Katsnelson et al., 2012).
FIGURE 6

Mean-square sound spectral densities of precursor arrivals. The
spectrum levels of 10 pulses and their intensity average are
represented by thin gray lines and thick black line, respectively.
TABLE 2 Initial amplitude of regression curves for Lp, LE and LB which mean SPL calculated from the near-field hydrophone signature.

Initial amplitude (dB) N a (dB/km) RMSE (dB)

Peak sound pressure level, Lp 235 21.8 0.077 1.6

Sound exposure level, LE 210 18.1 0.093 1.4

Band level, LB 210 17.7 0.130 0.9
Spreading constant (N), absorption constant (a) and RMSE estimated from the regression curves.
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In addition, because the sound speed in the sediment layer is not

constant with the depth, the perfect trapping mode could not occur,

and the sound could propagate relatively weakly even below the

predicted cutoff frequency Figure 7.

Figure 8 shows the expanded scale of Figure 4E with predicted

modal dispersion curves. Low-frequency impulsive airgun sound

propagating over several kilometers is dispersive, and the received

signal can be interpreted as a sum of modal components. Each mode

propagates with its frequency-dependent group velocities (vg), which

can be derived from the horizontal wavenumber (kh) and angular

frequency (w ) (Frisk, 1994; Jensen, 2011; Bonnel et al., 2020):

vg =
dw
dkh

(7)

The gray and black circles show dispersion curves predicted when

acoustic properties in layer-2, a distance of 18,566 m, and source and

receiver depths of 69 and 74 m were applied. The dispersion curves of

modes 1 and 2 appeared clearly in the spectrogram and were closely

matched with the prediction curves, whereas the curve of mode 3 was

vague. This trend could correspond with the number of propagating

modes of 2.6 and 2.7 calculated in Equation 6.

Propagation characteristics of airgun sound may vary depending

on the airgun type, operating scheme, and environmental variability

of the ocean. Although we predicted the transmission losses using the

regression curve with variables of the spreading constant and

attenuation coefficient, Thode et al. (2010) investigated airgun

sound propagation under cylindrical spreading with a single

variable of attenuation depending on the presence or absence of sea

ice cover. The attenuation coefficient may differ because their

measurements were conducted in a deeper water and at farther

distances than ours, and the airgun type was different. RAM was

used in the present study to investigate low-frequency dominant

airgun sound and range-dependent bottom properties. In addition,

other numerical models based on the normal mode or wavenumber

integration theorem may be used. Duncan et al. (2013) reported

relatively low transmission losses at narrow and low frequencies

related to the effect of the cemented hard rock layer with

attenuation coefficient and shear wave properties at the Australian

continental shelf. Although the contribution of shear wave properties

was not considered in the present study, if the lower layer is
Frontiers in Marine Science 09
consolidated enough to exhibit the effect of shear, it needs to be

considered in the seabed. Furthermore, the density and attenuation

coefficient of the sediment were applied based on the sound speed

corresponding to the measured mean grain size, but their

contribution to the sound propagation in the numerical model

prediction is significant. Once the high-resolution geological data

such as deep core measurements will be obtained, advanced

prediction and verification may be performed. Finally, the

precursor arrivals and modal dispersion discussed here were dealt

with only in a short-range with a high signal-to-noise ratio, and

intensive studies on their variation with distance are needed.
5 Conclusion and implications

Seismic airgun sounds were measured as a function of distance in

shallow water along the East Siberian Shelf, and their acoustic

characteristics in the time and frequency domains were

investigated. The measured sound pressure levels in Lp, LE, and LB
were compared with the predictions from the regression analysis with

the initial amplitude scaled from the near-field hydrophone data.

Range-dependent propagation of the airgun sounds were predicted by

using the broadband PE model with the measured source spectrum,

and those estimated from a high-velocity sedimentary layer based on

the geological history of the region are in close agreement with the

measured sound pressure level in LB showing slightly greater than

spherical spreading on the regression curve. The effects of the cutoff

frequency, precursor arrivals and modal dispersion were observed

and discussed considering the environmental conditions and

geometry of acoustic measurements. Our results imply that the

geoacoustic structure of the measurement area could be a

glaciogenic overcompacted sedimentary layer created by the

grounding events of ice masses through the repeated glacial

advance and retreat or be the permafrost distributed region.

Recently, studies on inversion using warping techniques have been

conducted (Thode et al., 2017; Bonnel et al., 2020). Our results can be

applied in the improved inversion of the geoacoustic parameters and

measurement geometry as a follow-up study combined with the

seismic survey data analysis of the period in progress and deep core
FIGURE 7

Cutoff frequency as a function of depth in layer-2 inverted on the x-
axis. Blue, red, and black lines show the cutoff frequencies of modes 1,
2, and 3, respectively. The shaded gray area represents the vertical
errors caused by the depth variation by ± 2 m.
FIGURE 8

The spectrogram of a single airgun pulse, which is an expanded scale
of Figure 4E. Gray and black circles represent the predicted modal
dispersion curves of the three modes at 69 and 74 m, respectively
(which are layer-2 depths at the source and receiver locations).
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data collection. In addition, the impact of anthropogenic noise

on the ocean environment is being actively studied based on

multidisciplinary research (Slabbekoorn et al., 2010; Ellison et al.,

2012; Hawkins and Popper, 2014; Ainslie et al., 2016), and our results

may be used for the impact assessment of airgun sound. However, it

should be carefully discussed; thus we focused on the acoustic

characteristics of seismic airgun sounds and their propagation. In

this regard, our results can be used to recognize the variations in the

underwater acoustic environment caused by seismic surveys and to

develop mitigation strategies and sustainable operating plans.
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