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Underwater recordings of seismic airgun surveys in the deep-water Beaufort Sea and on the shallow-water
Chukchi Sea shelf were made from sites on the continental slope and shelf break north-northwest of Point
Barrow, Alaska. Airgun pulses from the deep-water survey were recorded more than 500 km away, and from the
shallow-water survey up to ~100km. In the deep-water, received sound pressure levels show spherical
spreading propagation; whereas, sound exposure levels exhibit cylindrical spreading propagation. Over the

shallow-water shelf, transmission losses were much greater than spherical spreading, due to energy loss in the
seafloor. Understanding how sound propagates across large spatial scales in the Arctic Ocean is important for
better management and mitigation of anthropogenic noise pollution in marine soundscapes, especially as di-
minished ice in the Arctic Ocean allows for longer range sound propagation.

1. Introduction

Declining sea ice provides increased access to the Arctic, raising
concerns about future levels of anthropogenic noise pollution and how
it may affect wildlife. Of increasing interest are seismic surveys oc-
curring in the Beaufort and Chukchi Seas (Fig. 1), which utilize airgun
arrays to acquire information about sub-seafloor features, including oil
and gas reserves and other geologic structures. Airgun arrays generate
repeatable pulses with source sound pressure levels up to 260 dB,, re 1
pPa @ 1m (peak-to-peak) in the frequency band from 5 to 300 Hz
(Turner et al., 2006). Although these pulses are directed at the seafloor,
acoustic energy also radiates horizontally (Dragoset, 1984, 2000), en-
sonifying the water column and creating increased noise levels (e.g.,
Roth et al., 2012). Because of the high source levels and low-frequency
content of airgun arrays (Hildebrand, 2009), seismic pulses have been
detected at hundreds or even thousands of kilometers range (Thode
et al., 2010; Nieukirk et al., 2004). Environmental factors that produce
acoustic waveguides, with low sound transmission losses, facilitate the
spread of noise pollution over a wide area.

In the deep waters of the Arctic Ocean and other polar regions
where cold surface water temperatures are nearly constant with depth,
sound velocity generally increases with depth from the surface to the
bottom. Under these conditions, a sound channel is created by upward
refraction in the water column and by repeated reflection from the sea
surface. When ice is present, scattering from its rough canopy limits the
long-range propagation of sound to only low frequencies (< ~40 Hz).
Much of the work on Arctic propagation to date has been focused on
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ice-covered waters and the excess scattering that occurs as the signal
interacts with the rough underside of the ice (Marsh and Mellen, 1963;
Buck and Greene, 1964; DiNapoli and Mellen, 1986; LePage and
Schmidt, 1994; Gavrilov and Mikhalevsky, 2006). With climate change
leading to diminishing ice cover, studies have begun to examine pro-
pagation under ice-free conditions (Thode et al., 2010), and have found
substantially higher amplitude long-range sound propagation.

In the deep-water Beaufort Sea, the near-surface acoustic waveguide
minimizes the effects of bottom topography on sound propagation and
contributes to long-range refractive propagation with reduced trans-
mission loss (Yang, 1984; Thode et al., 2010). In comparison, the
shallow-water Chukchi Sea creates an acoustic waveguide between the
seafloor and sea surface. In this case, sound propagation is dominated
by the signal's reflections with the seafloor and sea surface, but its in-
teraction with the sub-seafloor sediments can also influence the pro-
pagation distance (Ireland et al., 2007; Gavrilov and Mikhalevsky,
2006; Bongiovanni et al., 1995).

As a seismic pulse propagates in an acoustic waveguide, it becomes
increasingly distorted due to dispersion. In both shallow-water and
near-surface waveguides, each normal mode has a distinctive dispersion
curve, describing how different frequencies travel at different velo-
cities, allowing the dispersion to be modeled (e.g. Medwin and Clay,
1998; Jensen et al., 2000). With known source signals, their dispersion
can be used to estimate the distance between the source and the re-
ceiver (e.g., Wiggins et al., 2004; Munger et al., 2011).

In this study, we use normal mode dispersion modeling (NMDM) to
estimate ranges to seismic airgun surveys in the deep-water Beaufort
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Fig. 1. Bathymetric map of the study site including the Beaufort Sea and
Chukchi Sea. The white dots in the deep-water Beaufort Basin represent track
lines completed by the Canadian Coast Guard Ship Louis S. St-Laurent (LSSL)
during a geophysical seismic survey conducted in 2007. The circles on the
shallow-water Chukchi Shelf represent the track line completed by M/V
Norseman, the marine mammal passive acoustic monitoring vessel that ac-
companied the airgun survey vessel R/V Geo Arctic during the 2013 survey. The
black circles represent the portion of the survey line used for analysis, and the
white circles represent the omitted portion of the line that did not exhibit
shallow-water waveguide normal mode dispersion. The black squares (C and D)
represent the high-frequency acoustic recording package (HARP) deployment
sites near the shelf break. Black bathymetric contours are at 100, 1000, 2000,
and 3000 m depths with darker shading indicating deeper depths.

Sea and on the Chukchi Sea shelf from single long-term autonomous
acoustic recorders deployed on the continental shelf and slope break
north-northwest of Point Barrow, Alaska. Source-receiver range esti-
mates were also obtained from seismic survey reports allowing NMDM
range estimates to be validated. Knowledge of the source-receiver range
allowed for the examination of waveguide sound transmission loss in
deep-water and on the shelf using both sound pressure levels and sound
exposure levels measured from these recordings. Sound transmission
loss estimates are important for defining affected areas in managing
noise pollution for marine soundscapes.

2. Methods
2.1. Acoustic measurements and analysis

To record natural and man-made underwater sounds over long
periods, two high-frequency acoustic recording packages (HARPs;
Wiggins and Hildebrand, 2007) were deployed in the Arctic (Fig. 1).
One HARP was deployed in 2007 north-northwest of Point Barrow,
Alaska on the continental slope between the Chukchi Shelf and Beaufort
Basin at a depth of 328 m (Site C). Another HARP was deployed in 2013
on the shelf southwest of Site C at a depth of 100 m (Site D). HARPs
consist of a tethered hydrophone sensor buoyed above the seafloor
~10m or more, low-power data acquisition system with large data
storage (~2 and ~5 TB for 2007 and 2013, respectively), batteries,
electronic housings, flotation, and acoustic release system to jettison
ballast which is used to fix the instrument to the seafloor until instru-
ment recovery.

In 2007, the HARP recorded with a schedule of approximately 7 min
out of every 14 min using a 32-kHz sample rate and 16-bit digitizer. In
2013, the HARP recorded with a schedule of approximately 10 min out
of every 15 min using the same digitizer sampling at 200 kHz. During
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open-water conditions in the late summer or early fall, the HARPs were
recovered to retrieve the recordings, renovated with new data storage
hard disk drives, batteries and ballast, and redeployed to the seafloor.
HARP hydrophone calibrations were conducted at Scripps Institution of
Oceanography and at the U.S. Navy's Transducer Evaluation Center
(TRANSDEC) in San Diego, California. TRANSDEC calibrations con-
firmed the predicted hydrophone response, based on laboratory mea-
surements of the preamplifier electronics with 40 dB of gain and the
manufacturer-specified sensitivity of the hydrophone transducers
(—202dB re V/uPa), to be within = 1-2dB of the calibration mea-
sured response.

Raw data from these instruments were processed into XWAV format
files that are similar to standard lossless audio WAV format, but include
additional information in an expanded header (Wiggins and
Hildebrand, 2007). Acoustic analysis of XWAVs was accomplished
using a MATLAB-based (The MathWorks Inc., Natick, MA) program
Triton (Wiggins and Hildebrand, 2007) to view spectrograms of XWAV
files, playback recorded sounds, and log start and end times of seismic
airgun pulses. Sound pressure spectrum level and spectrogram plots for
the HARP data were calculated using the Welch method (Welch, 1967),
with Hann windows, 1 Hz frequency bins, and 0% overlap for spectrum
and 95% overlap for spectrogram plots.

During seismic airgun surveys, wave trains of sequential airgun
pulses typically occur for long periods (hours to days) with a constant
inter-pulse interval of 10's of seconds. When the seismic source is far
away from the recorder (100's of km), received signals are similar for
many hours because survey ship speeds (~8 kmh ™) do not result in a
significant change in range (Roth et al., 2012).

For the deep-water survey in 2007, start and end times of 20 suc-
cessive seismic pulses were logged every 224 min to investigate po-
tential changes in the received signal of the seismic source. This time
period for pulse evaluation was chosen to accommodate 16 complete 7-
min windows based on the instrument's 50% recording schedule.
Masking, attenuation and other factors often made it difficult to log all
20 successive pulses in an evaluation time period. If a bout of 20 pulses
could not be logged every 224 min, another bout was selected before or
after to fill in gaps between logged bouts.

For the shallow-water survey in 2013, the seismic survey line ana-
lyzed was shorter in time and distance covered, so start and end times
were logged more frequently with 10 airgun signals every 15 min for
the duration of the survey line. Only signals exhibiting clear modal
separation were selected for analysis, reducing the pulses evaluated to
those originating from on the shelf at water depths less than 100 m
(Fig. 1; black circles).

Airgun signals are impulsive, so it is often preferable to measure
their amplitude as peak-to-peak (PP) or zero-to-peak (i.e., peak [P])
sound pressure level (SPL) rather than root-mean-square (RMS), which
typically is used to measure continuous or nearly continuous signals.
The RMS SPL of a long duration sinusoid signal is 9 dB below its PP SPL,
but for a pulsed signal, the RMS SPL can be 20 dB or more below the PP
SPL and is sensitive to signal duration (Madsen, 2005). RMS SPL was
calculated from the square of the instantaneous pressure, P(t), of the
signal at time t integrated and averaged over the signal duration (T) and
reference pressure P = 1 pPa:

T T
P(t)*dt P(t)dt
RMS = 10 X log,, lfof = 10 X log,, j(;f
T Pref Pref
— 10 x log,, (T) €})

In a regime of dispersive propagation, the total duration of the
seismic signal increases with propagation range as the initial impulse is
broadened to become more sinusoidal and extended in time. Under
these circumstances, sound exposure level (SEL) is a useful metric to
capture the total extent of the pulse, essentially retaining the energy
that is contained within the longer pulse duration. SEL accounts for the
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total energy within a sound by using the cumulative sum of the squared
pressure over the duration of the sound (e.g., Southall et al., 2007;
Munger et al., 2011):

T
P(t)%dt
‘/‘Of =RMS + 10 X loglo(T)

ref (2)

SEL = 10 X log,,

PP and RMS received SPL and SEL were measured for each logged
seismic pulse after the pressure time series was band pass filtered using
a 4th order elliptic filter over the frequency range 10-1000 Hz to
minimize energy from other sources. The filter had a wider frequency
band than needed for airgun pulses to avoid edge effects associated
with narrower band elliptic filters. The RMS SPL time window, T, was
determined as the interval over which the cumulative pulse energy
curve rises from 5% to 95% of the total energy (Madsen, 2005). As the
seismic pulse propagates through a dispersive waveguide, the time
window will increase with increasing range. HARP recording were
converted to absolute SPLs based on laboratory calibration of HARP
hydrophones.

Transmission loss (TL) quantitatively describes the decrease in SPL
of sound as it travels a distance in the ocean between source and re-
ceiver, and relates the sound's received level (RL) to its source level (SL)
by the sonar equation (Urick, 1983):

RL = SL-TL 3

Transmission loss is the sum of loss from spreading and attenuation.
Spreading is a reduction of the sound levels with increased range as it
geometrically spreads outward from the source distributing its energy
across the region. Attenuation includes losses from absorption, scat-
tering and leakage out of sound channels. At low frequencies
(i.e., < ~100 Hz), airgun sound absorption was negligible, and the re-
cordings were during ice-free periods during low sea state, so scattering
from the air-sea interface of both waveguides was low. However,
leakage and scattering caused by the frequent interaction of the sound
waves at the seafloor in the shallow-water waveguide may be sig-
nificant as these waves propagate long distances.

Once NMDM ranges were estimated for the pulses (see Section 2.2
below), received levels and their respective ranges were used to esti-
mate transmission loss by fitting received levels in decibels versus the
logarithm base-10 of the ranges to a line via a linear regression model.
The regression coefficient, or slope (m) of the line, provides a metric of
TL and is often used to describe simple spreading loss in the range-
dependent equation:
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for example, cylindrical spreading (m = 10) and spherical
spreading (m = 20). The regression error term, or y-intercept of the
line, is the estimated source level in Eq. (3) when the slope is constant
over all ranges down to 1 m.

2.2. Range estimation — normal mode dispersion modeling

The normal mode algorithm, Kraken, implemented in the Acoustics
Toolbox (http://oalib.hlsresearch.com/), was used to generate NMDMs
for the deep-water (Beaufort Sea) and shallow-water (Chukchi Sea)
regions. Models for the two regions differed greatly because of the two
different sound speed environments. Using the mode-specific group
velocities from the models, synthetic spectrograms at various ranges
were created for both deep- and shallow-water regions assuming a
broadband, short duration impulsive source. A MATLAB-based tool was
developed and utilized to overlay synthetic spectrograms on HARP-re-
corded airgun pulses from both sites to estimate the range that provided
the best qualitative fit. The tool enabled an analyst to vary the amount
of dispersion in the synthetic spectrogram by adjusting the propagation
distance. A best-fit was determined by finding the range that produced
a multi-mode spectrogram with the shape that most closely matched the
modes and start/end times of the recorded seismic signal.

For the deep-water survey in 2007, modeled range estimates were
compared to reported positions of the Canadian Coast Guard Ship Louis
S. St-Laurent (LSSL) at specific times in the deep-water Beaufort Sea to
verify range estimates. For the shallow-water survey in 2013, modeled
range estimates were compared to the track lines of the marine
mammal passive acoustic monitoring (PAM) vessel M/V Norseman,
which was ~7.5km ahead of the airgun survey vessel R/V Geo Arctic.

2.3. Seismic surveys and environmental model parameters

2.3.1. Deep-water Beaufort Sea

An airgun source measurement experiment was conducted in
August 2009 using the seismic airgun array on the LSSL and a calibrated
hydrophone receiver lowered to ~150 m depth from the United States
Coast Guard Cutter Healy (Roth and Schmidt, 2010). The array, similar
to the one used aboard the LSSL during the deep-water survey in 2007,
was composed of three Sercel G-gun airguns and had a total volume of
1150 in.® with a measured zero-to-peak source level of 235 dB,re 1 pPa
@ 1 m (5.75 bar-m) and peak-to-peak source level of 241 dB,, re 1 pPa
@ 1m (11.75bar-m) (Jackson, 2007; Roth and Schmidt, 2010). These
recordings revealed the main pulse to be about 0.02 s in duration with

TL (dB) = m*log,,(range) (&) ) h
most of the energy below 1000 Hz (Fig. 2). Inspection of the pulse
2000 195 g Fig. 2. Source (a) spectrogram, (b) sound
—— - a) 190 ® pressure level time series and (c) sound pres-
g . 185 & sure level frequency spectrum of a pulse from
N
§£1000 I 1™ 180 s the LSSL airgun array corrected for spherical
L 500+ 1475 i spreading and the calibrated hydrophone fre-
B - o quency response, recorded approximately
a o
~ 300m from the seismic source in the deep-
w5 ae o3 b) water Beaufort Sea (from Roth and Schmidt,
see 2010).
(==
a8 20
8o &
3¢ a
[
6.5 L
0 0.05 0.1 0.15
© 7 Time (s)
@ _ * 200
o % ® c)
i L ]
c E o
== g
3 8 1160
®a T
w2
5 140 - 1 1 1 1 I I I I
& 8 200 400 600 800 1000 1200 1400 1600 1800 2000

Frequency (Hz)


http://oalib.hlsresearch.com/

K.A. Keen et al.

50 1

1000

Depth (m)

—~ 1500

2000
100K

Depth (m

2500

3000

3500

4000
1420 1440 1460 1480 1500 1520

Sound Speed (m/s)

28 1430 1432 1434 1436 1438 1440 1442 1444
Sound Speed (m/s)

2O

Fig. 3. Sound speed profile used to model the dispersion and range estimation
for airgun pulses in the deep-water waveguide. The profile was estimated from
averaged conductivity-temperature-depth (CTD) casts collected in the deep-
water Beaufort Sea during the LSSL seismic cruise in 2007. The CTDs showed a
highly variable layer in the top 150 m; below this layer, sound speed increases
linearly with depth due to increasing pressure.

shows an initial increase in pressure, followed by a decrease of pressure
from a reflection off the hull of the ship, and then a negative pressure
air-sea interface reflection, followed by the bubble pulse.

Between 16 September and 7 October 2007, seismic pulses were
produced by the LSSL conducting a geophysical survey in the deep-
water Beaufort Sea (Fig. 1). Sound velocity casts were made during the
LSSL's 2007 expedition from 900 to 3000 m over the survey area using
an Applied Microsystems SV Plus V2 sound velocity meter with a 5000-
m depth limit (Jackson, 2007). Multiple sound velocity casts below
~150m had variability of less than = 1m/s and were averaged to
create a sound speed profile (Fig. 3) that formed the basis for the deep-
water model. The model includes a layer in which the top 50 m had
higher variability around + 5m/s, but not enough to affect NMDM
range estimation. Below this layer, the sound speed profile increases
linearly with depth due to increasing pressure.

The average sound speed profile and a single layer bottom were
used as inputs for sound propagation modeling. A simple bottom type
with a compressional wave speed of 1800 m/s and a density of 1.6 g/
cm?® was used for the deep-water regions since basin depths greater than
3500 m and a steep continental slope suggest limited bottom interaction
by the refracted seismic pulses during long-range propagation. Modeled
spectrograms were qualitatively fit to acoustic data between approxi-
mately 300 and 800 km range in 10 km increments. The position of the
LSSL was logged every half hour in the seismic watch log, allowing
approximate positions within 15 min of each seismic pulse to be com-
pared to NMDM ranges. Although the LSSL operated in both ice-covered
and open-water conditions in the Beaufort Sea (Jackson, 2007), the
path between the LSSL and the HARP was largely ice-free (Spreen et al.,
2008; Jackson, 2007), so an air-sea interface was used as the surface of
the model.

2.3.2. Shallow-water Chukchi Sea

A seismic airgun survey was conducted in support of oil and gas
lease sales in the Chukchi Sea from 14 August to 31 October 2013 by
TGS-NOPEC Geophysical Company. During the survey, the source
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vessel R/V Geo Arctic towed a 40-gun airgun array (26 active, 14 spare)
with a discharge volume of 3280 in® deployed at 6 m depth and trans-
ited over a two-dimensional grid pattern (Cate et al., 2014). Seismic
pulses were emitted at intervals of 8-12s while the R/V Geo Arctic
traveled at an average speed of 4.6 knots (8.5 km h ™). Independent of
the HARP recordings, acoustic recordings from an array of JASCO
Applied Sciences recorders during this seismic survey show the source
sound pressure levels were approximately 245dB,,s re 1 yPa @ 1 m
(Cate et al., 2014).

The Chukchi Sea sound propagation model was constructed from a
homogenous water column sound speed profile of 1465 m/s and a se-
diment layer with a compressional wave speed of 1900 m/s and density
of 1.9 g/cm®; where geoacoustic parameters were taken as median va-
lues for sediment based on the general local geology because no direct
measurements were available (Ireland et al., 2007). The majority of the
survey line was conducted on a region of the shelf with a water depth of
~70m, and the HARP hydrophone receiver depth was 55m. The
modeled normal mode spectrograms were fit to HARP data between 35
and 100 km in 5 km increments. A smaller range increment than for the
deep-water was used to accommodate the shorter survey distance on
the Chukchi Shelf. Modeled range estimates were compared to reported
track line positions to verify locations to within 7.5 km.

3. Results
3.1. Deep-water sound propagation in the Beaufort Sea

Airgun pulses from the LSSL survey in the deep-water Beaufort Sea
were recorded between approximately 300 km and 750 km away and
showed dispersed signal arrivals with durations extending over 4s for
the nearest pulses to almost 9 s for the farthest pulses. A spectrogram of
the recorded pulses clearly shows separate modes sweeping up in fre-
quency throughout the pulse arrivals (Fig. 4), and sound pressure am-
plitude time series have low signal-to-noise ratio for these arrivals be-
cause of the relatively high background sound pressure levels across
this band for this region (e.g., Roth et al., 2012).

Normal-mode modeled synthetic spectrograms for the seismic
source in the deep-water Beaufort Sea were calculated for 18 logged
airgun bouts recorded from 16 September through 7 October 2007. An
example of a synthetic spectrogram for an impulsive source 510 km
away overlaid on a seismic pulse received at Site C shows a good fit to
the first four modes (Fig. 5). Using NMDM for all logged bouts, range
estimates were within 50 km of the positions from the LSSL seismic
watch log.

Airgun pulse received sound pressure levels decreased with in-
creasing range in the deep-water, near-surface waveguide of the
Beaufort Sea (Fig. 6). Linear regression modeling of the received SPLs
and range (Table 1) show that the propagation losses for PP and RMS
SPLs are similar to spherical spreading (i.e., 20 *log;¢[range]); whereas,
those for SELs are similar to cylindrical spreading (e,
10 *logiolrange]). Estimated PP SPL from the y-intercept of the fitted
line is about 9 dB lower than Roth and Schmidt (2010) measured, but
RL variability at some ranges is up to 5dB and the coefficient of de-
termination, R? is not high, suggesting the simple regression model
does not account for all the variance.

3.2. Shallow-water sound propagation in the Chukchi Sea

Seismic airgun pulses propagated in the shallow-water Chukchi Sea
show modes that sweep down in frequency over time (Fig. 7), which is
distinctly different from the deep-water Beaufort Sea where the modes
sweep up in frequency over time. When background sound levels are
low, an inflection in the first mode can be observed near 10 Hz where
the modal energy above this frequency is primarily in the water column
and the energy below this frequency is primarily within the seafloor.

Distances from the seismic source to the HARP obtained using
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Fig. 5. Spectrogram of a seismic airgun pulse from the Beaufort Basin recorded
at Site C overlaid with a synthetic spectrogram (white modes) using the NMDM
and a best-fit range estimate. The best-fit model estimated the source array to

be approximately 510 km from Site C; whereas, the actual distance was 507 km,
which is within the 10 km resolution of the NMDM.

synthetic spectrograms from the NMDM overlaid on airgun pulses from
the seismic survey ranged from approximately 35 km to 100 km for the
8 logged bouts between 23 September, 22:30:00 GMT, and 24
September 2013, 08:30:00 GMT. Pulse durations in the shallow-water
waveguide increased from about 1.0 s to ~1.7 s up to 90 km range, after
which pulse spreading increased more rapidly to almost 3.0s near
100 km. A synthetic spectrogram for an impulsive source 35km away
overlaid on a seismic pulse received at Site D shows a good fit to the
first two modes and perhaps the faint third mode (Fig. 8).

Airgun pulse received sound pressure levels decreased with in-
creasing range in the shallow-water waveguide of the Chukchi Sea
(Fig. 9). Linear regression modeling of the received SPLs and range
(Table 2) show that the propagation losses are much greater than
spherical spreading with TL regression coefficients around 50, sug-
gesting attenuation over the shallow-water shelf is more significant
than for the deep-water waveguide. Also, the exceedingly high TL re-
gression coefficients (i.e., slope) result in TL regression errors (i.e., y-

intercept) that are unrealistically too high to represent estimated source
levels with more than 360 dB,, re 1 pPa @ 1 m, while the coefficient of
determination values, R%, were high (~0.9) based on low variability
and a good fit of the data to the modeled line.

An independent sound propagation and source verification test
performed by JASCO Applied Sciences in the Chukchi Sea (Cate et al.,
2014) yielded a best-fit curve of:

RMS SPL = —21.3 *log,,(range [m]) — 0.00026*(range [m])

+ 2449dBre 1 puPa @ 1m 5)

For ranges less than about 10 km, the propagation loss was similar
to spherical spreading, but at larger distances, an additional significant
range-dependent loss term (0.00026 *range [m]) was needed to fit the
data. RMS SPL received levels from Site D versus the range were plotted
for both NMDM estimated ranges and PAM vessel derived ranges along
with JASCO's propagation curve (Fig. 10).

4. Discussion

Signal dispersion is key to understanding sound propagation in the
Arctic because of the presence of acoustic waveguides for both deep-
water and on-shelf propagation. In deep-water, low-frequency waves
travel faster than high-frequency waves for each normal mode
(Kutschale, 1977; Yang, 1984) such that an airgun impulse appears as
an upswept signal when propagation ranges are > ~50 km. In contrast,
low-frequency waves travel slower on the shelf than high-frequency
waves for each mode (e.g., Wiggins et al., 2004) such that an airgun
impulse appears as a downswept signal. In both cases, pulse spreading
increased with increasing range, but was much less in the shallow-water
waveguide than the deep-water waveguide due to the longer propaga-
tion ranges in the deep-water. In either case, spectrograms from single
sensor (i.e., non-array) recordings can be modeled to estimate source-
receiver range using the sound propagation environment and requiring
only knowledge of the source frequency-temporal characteristics
without needing knowledge of the source location.

Pulse spreading owing to dispersion suggests that PP and RMS SPL
signal measures may be inadequate to capture the total airgun pulse
energy. Pulse spreading in the deep-water waveguide presented here
results in PP and RMS SPLs with an apparent ~20 *log;o(range)
transmission loss similar to spherical spreading and estimated source
level difference between PP and RMS of ~9dB as expected for quasi-
continuous sinusoidal signals. In contrast, using the SEL over the
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Fig. 6. Deep-water seismic airgun pulse received levels
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Table 1

Linear regression values for plots in Fig. 6 for the transmission loss of airgun
pulses in the deep-water Beaufort Sea. RL Type, TL regression coefficient (i.e.,
slope) and standard deviation (std), TL regression error (i.e., y-intercept) and
standard deviation (std), and coefficient of determination (R?).

pulses are a function of range and were stretched to around 5s over
500 km range, their ratio can be can be rewritten as T =~ range * 10~°
sm ™. Inserting this relationship into Eq. (2) shows the SEL transmis-
sion loss regression coefficient and estimated source level in Table 1 are
similar to what is expected from the RMS SPL measurements.

RL Type Slope (std) y-intercept (std) R? Estimates of airgun array source levels for the LSSL survey in the
dBrelpPa@1lm Beaufort Sea from the constant, y-axis intercept, range-independent

terms of the three linear regressions resulted in estimated source SPLs

PP SPL 19.2( = 1.4) 235.0 ( + 8.0) 0.41 . . . .
(dB,, re 1 uPa) lower than previously reported likely because of relatively low coeffi-
RMS SPL 204 ( + 1.1) 223.4 ( + 6.3) 0.55 cient of determination values, R?> < 0.6, indicating high variability in
(dBims re 1 pPa) linearly fitting the data to the model line. The extrapolation of the
SEL 11.5 ( = 1.0) 179.8 ( % 5.6) 0.33 linear fit to the source level at 1 m is about 6 dB less than the source PP

(dB re 1 pPa’s)

complete duration of the dispersed pulse eliminates the pulse spreading
effect, yielding a much lower ~10 *log;o(range) transmission loss,
which is consistent with cylindrical spreading in an idealized two-di-
mensional waveguide. Given that the durations of the deep-water

SPL estimate of 241 dB,,, re 1 pPa @ 1 m measured at 300 m from the
vessel (Roth and Schmidt, 2010), and may be less certain for RMS SPL
and SEL.

While the coefficient of determination values, R?, were high (~0.9)
for the shallow-water Chukchi Sea, indicating a good linear fit over the
ranges sampled, the transmission loss coefficient of regression and
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Fig. 7. Two seismic airgun pulses generated from the R/V Geo Arctic seismic airgun source in the shallow-water Chukchi Sea and recorded at Site D approximately
40 km from the source: (a) spectrogram, (b) received sound pressure level time series and (c) received sound pressure spectrum levels of the first pulse.
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Fig. 8. Spectrogram of a seismic airgun pulse on the Chukchi Shelf recorded at

Site D overlaid with a synthetic spectrogram (white modes) using the NMDM

and a best-fit range estimate. The best-fit model estimated the source array to
be approximately 35 km from Site D.

regression error were unrealistically too high to explain the transmis-
sion loss over the whole propagation path back to the source, sug-
gesting energy leakage from the waveguide from an additional at-
tenuation loss mechanism not observed in the deep-water waveguide.
An independent but nearly concurrent study showed transmission loss
similar to spherical spreading near the airgun source up to about 10 km,
but at greater ranges up to ~80 km, significant additional attenuation
losses were observed and an additional range-dependent term (i.e.,
~26 dB/100 km) was needed to describe the sound pressure level loss
as the airgun pulses propagated over the shelf.

The additional transmission loss could be caused by gas-saturated
sediments or an elastic seafloor with shear wave speeds less than the
speed of sound in the water column. In the latter case, some of the
acoustic compressional wave energy is converted to shear wave energy
at the water-seafloor interface which is then radiated in the seafloor and
unable to re-emerge in the water column, thus reducing the energy
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Table 2

Linear regression values for plots in Fig. 9 for the transmission loss of airgun
pulses in the shallow-water Chukchi Sea. RL Type, TL regression coefficient
(i.e., slope) and standard deviation (std), TL regression error (i.e., y-intercept)
and standard deviation (std), and coefficient of determination (R?).

RL Type Slope (std) y-intercept (std) R?
dBrel pyPa @1m

PP SPL 45.9 ( = 0.8) 363.6 ( = 4.0) 0.86

(dBpp re 1 puPa)

RMS SPL 51.8( = 0.9) 3743 ( = 4.2) 0.88

(dB,is re 1 pPa)

SEL 479 ( = 0.7) 356.9 ( = 3.5) 0.90
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dependent study best-fit propagation loss model with an attenuation term
(26 dB/100 km) is shown as a black curve and gray triangles (Cate et al., 2014).
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Fig. 9. Shallow-water airgun pulse received levels re-
a) corded at Site D versus the logarithm (base-10) of the
range derived from normal mode modeling (circles) and
from the M/V Norseman track lines (diamonds). (a) PP SPL
(dB,, re 1 pPa); (b) RMS SPL (dB,y re 1 pPa); (c) SEL (dB
rel uPazs). The TL regression coefficient (~50) is much
greater than spherical spreading (20), suggesting at-

tenuation is significant on the Chukchi Shelf.
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received at the hydrophone (e.g., Ellis and Chapman, 1985). In a similar
spatial-scale study on the shelf in the Bering Sea (70 m depth) with
similar source frequencies (~100Hz) to this study, TL regression
coefficients were estimated to be approximately 15 over 60-80 km
range (Munger et al., 2011), suggesting a much different sub-seafloor
geology and less leaky waveguide in the Bering Sea than the Chukchi
Sea.

In addition to environmental factors affecting transmission loss in
the shallow Chukchi Sea, geometric aspects of the source could also
contribute to the observed high transmission loss. For example, the
shallow source depth of 6 m creates a dipole effect which generally
reduces horizontal propagation compared to vertical propagation. Also,
airgun arrays typically have a horizontal directivity pattern with peak
sound pressure broadside to the long axis of the array, but the re-
cordings presented here were along this axis and therefore likely re-
sulted in reduced levels. Furthermore, depending on the configuration
and aspect of the airgun array source elements, higher levels of trans-
mission loss than from a single airgun can occur (Richardson et al.,
1995).

The presence or absence of ice has a profound impact on sound
transmission loss. Measurements of transmission loss conducted during
the winter (Marsh and Mellen, 1963; Buck and Greene, 1964; DiNapoli
and Mellen, 1986) suggest significant excess attenuation of about
~0.1dB/km @ 100 Hz above what would be expected from an ice-free
deep sound channel (Urick, 1983). Scattering from the rough under
surface of the ice cover is the dominant cause of excess attenuation.
During open-water conditions, Arctic sound propagation becomes
comparable to the deep sound channel (Thode et al., 2010).

Diminished ice in the Arctic Ocean allows for longer range sound
propagation, and during these ice-free periods, seismic surveys often
occur and overlap with the annual westward migration of the bowhead
whale (Balaena mysticetus) and fall subsistence hunt of native commu-
nities along the Beaufort and Chukchi Seas. In the presence of seismic
airgun activity, bowhead whales have exhibited signs of behavioral
disturbance and avoidance of the survey area with received SPLs ran-
ging from ~120 to ~170 dB,,s re 1 pPa (Richardson et al., 1986, 1999;
Ljungblad et al., 1988; McCauley et al., 2000; Miller et al., 2005), with
context (migrating vs. feeding) playing a significant role in the severity
of the response. For example, migrating bowhead whales have been
shown to move away from seismic airguns at low received levels
(~120dB,s re 1 pPa) (Miller et al., 1999; Richardson et al., 1999).
From our study, using a source SPL of 245 dB,,s re 1 pPa @ 1 m (i.e.,
from the R/V Geo Arctic's 26-active-gun airgun array), we estimate a
received SPL of 120 dB,,s re 1 pPa at ~135km range in the Beaufort
Basin and ~80 km in the Chukchi Sea, suggesting a disturbance area for
bowhead whales in the deep-water basin (57,256 km?) that is more
than twice as large as over the shallow-water shelf (20,106 km? > the
size of the state of New Jersey), potentially causing displacement from
important migratory routes, feeding areas and traditional hunting
grounds. Furthermore, because bowhead whale calls overlap the low-
frequency band of seismic airgun pulses (Clark and Johnson, 1984),
auditory masking of the calls from the seismic pulses may interfere with
the important functions of those calls.

5. Conclusions

Seismic airgun pulses propagate long distances underwater owing to
their low frequency (i.e., low absorption) and high sound pressure le-
vels. In the open-water Arctic, environmental factors create acoustic
waveguides which affect how signals propagate. Ideal waveguides
suggest low transmission losses similar to cylindrical spreading, but also
predict waveform dispersion spreading the signal's energy over long
periods. Increasing signal duration in a deep-water waveguide effec-
tively increases transmission losses for PP and RMS SPLs to those si-
milar to spherical spreading. On the other hand, SEL measurements
account for signal duration and show propagation losses similar to
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cylindrical spreading, suggesting SEL may be a better metric to describe
how impulses such as airguns propagate in dispersive environments.

Two different types of Arctic waveguides provided two different
types of dispersed airgun pulses. The deep-water Beaufort Sea near-
surface waveguide produces upsweeping signals with many modes over
100's of km; whereas, the shallow-water Chukchi Sea produces down-
sweeping signals that attenuate at a greater rate over a shorter distance
(10's of km). The additional loss term needed for the shallow-water
waveguide is likely due to the signal's acoustic energy being lost in a
seafloor with low shear speed, and therefore low shear strength, but
geometric aspects of the airgun array also may have contributed to the
observed high transmission loss.

Measuring and modeling sound propagation provides a better un-
derstanding of how seismic activities influence ambient noise levels,
and potentially wildlife, across large spatial scales. Received sound
pressure levels are often measured or calculated to determine the size of
an exclusion or safety zone radius, a mitigation measure employed to
protect marine mammals from injurious or disturbing sound levels. As a
result, understanding sound propagation in the Arctic can provide re-
source managers with the necessary tools and information to develop
effective mitigation measures for anthropogenic noise pollution.
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