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Abstract: The Shallow Water Canada Basin Acoustic Propagation
Experiment was conducted on the Chukchi Sea continental shelf from
October 2016 to November 2017. The experimental goals were to access
(1) long-range (basin-scale) and (2) short-range (shallow-water) spatial
and temporal energy variation. This letter focuses on a 20-dB energy
change of acoustic signals in the frequency band 700–1100 Hz from
June to August 2017 occurring along two shallow-water tracks from a
common source, correlated with the occurrence of an oceanographic
event in the top 150-m water column due to a Pacific Water outflow
from the Bering Sea and retreat of the Marginal Ice Zone.
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1. Introduction

Studying shallow water acoustic waveguides has been a topic of scientific interest for
several decades.1 In that regard, establishing relationships between oceanographic vari-
ability and acoustic wave propagation is an important question.2 In acoustical oceanog-
raphy, temporal and spatial variability of the sound speed profile links the physical
oceanographic parameters to sound propagation. Spatial and temporal variability in the
sound speed profile or changing bathymetry in the horizontal plane can cause various
propagation effects.3 However, very few cases have shown the simultaneous measure-
ments of acoustic signal propagation along with detailed oceanographic measurements
in complex waveguide environments.

The Arctic environment has been going through major changes over the past
several decades. A number of oceanographic observations have been conducted on and
around the Beaufort Sea and Chukchi Sea continental shelves with good examples
shown in Refs. 4 and 5. In those regions, the variability of the water column, sea ice,
and bathymetric changes along an acoustic track creates a complex acoustic waveguide.
Here, we present results from a subset of a yearlong experiment conducted on the
Chukchi Sea shelf where simultaneous measurements of acoustic signal propagation
and oceanographic parameters were made. A significant acoustic energy fluctuation
(around 20 dB) is reported during a time period when the warm Pacific Water outflow
from the Bering Sea entered the acoustic source-receiver tracks. Understanding the
detailed mechanism of this energy fluctuation is a key in providing future acoustical
oceanography and potential tomography on the arctic shelf break region. In addition to
the large energy fluctuation, it is important to point out the azimuthal dependence of
the acoustic signal on the oceanographic temporal variability. The same source signa-
ture shows strong temporal variability at different receivers separated by 30�.

In Secs. 2 and 3, we present the simultaneously measured environmental and
acoustic data and analyses of the observed data. Section 4 presents a summary.

2. Environmental data

Simultaneously conducted with a separate, deep-water experiment, the Shallow Water
Canada Basin Acoustic Propagation Experiment (SW CANAPE) was performed over
the period of October 15, 2016 through November 11, 2017 to quantify the propaga-
tion of sound signals in variable oceanographic conditions, including the shelf region
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of the Chukchi Sea and the adjacent shelf region.6 The goals of the experiment were
two-fold: (1) to study broadband signal propagation from a deep water to a shallow
water (SW) region and (2) to assess propagation of broadband sound signals in a shal-
low water region of the Chukchi shelf in the presence of variable oceanography. In
this paper, we focus on a 20-dB acoustic signal energy variation that occurred from
June 29–August 20, 2017 along two acoustic tracks extending from the 123-m through
the 224-m isobaths. These tracks were separated by 30� on the Chukchi Sea shelf, ema-
nating from a common source. The observed energy variation is correlated with the
occurrence of a large oceanographic event spanning the top 150 m of the water column
due to a Pacific Water outflow from the Bering Sea and the retreat of the Marginal Ice
Zone during the aforementioned observation period. During the experiment, the
University of Delaware (UD) array of oceanographic moorings (UD1–UD5 and UD7)
on the continental shelf measured the temporal and spatial variability of the environ-
ment. We focus our analysis on the signals emitted from one of the two SW sources
provided by the U.S. Naval Research Laboratory (NRL S2 in Fig. 1) and received by
two SW Autonomous Multichannel Acoustic Recorder (AMAR) arrays (R2 and R3 in
Fig. 1, with an array separation of 15.8 km) to show the directionality of the acoustic
wave propagation in this region. We consider two 32-km acoustic tracks (S2-R2 and
S2-R3) defined by two sides of a 30� sector where the common acoustic source was
placed at the apex (S2) and the maximum spatial and temporal variation of acoustic
energy was observed at R2 and R3 (see Fig. 1). Water column temperature profiles
were measured at various depths at the source (S2) and two oceanographic moorings
(i.e., UD1 and UD3). As shown in Figs. 1 and 2, AMAR2 and AMAR3 were close to
UD1 and UD3, respectively. The inset of Fig. 1 shows water depth along the two
sound propagation tracks. One was along the 100-m isobath in water depth ranging
from 156 to 123 m and the other crossed the 200-m isobath in water depth ranging
from 156 to 224 m. Table 1 summarizes the coordinates of the experimental assets.
Figure 2 shows Sentinel-1 satellite7 images of surface ice evolution overlaid by the
positions of the acoustic sources, receivers, and sound propagation tracks for four dif-
ferent geotimes (i.e., June 29, July 6, July 11, and July 29). Satellite image processing,
including calibration, speckle filtering, and terrain correction, has been applied to the raw
image data. Figures 3(a)–3(f) show simultaneously measured waveguide parameters start-
ing from the daily sea ice concentration Fig. 3(a) obtained from the European
Organization for the Exploitation of Meteorological Satellites Ocean and Sea Ice Satellite
Application Facility.8 These data are reported on a 10� 10 km grid at a time scale of
1 day. Figure 3(a) shows the reduction of surface ice from above 60% in the beginning of
July to a no-ice condition (0%) after July 22, 2017. This percentage of ice coverage reduc-
tion is consistent with the available Sentinel satellite images from specific days during
this period (see Fig. 2). We also notice that prior to the ice melt there are strong

Fig. 1. (Color online) (a) Experimental configuration showing locations of the sound source (S2), the receiver
arrays (R2 and R3), and the environmental sensors (UD1 and UD3). (b) Bathymetry of the two waveguides’
cross sections (S2-R2 shown as a dashed-dotted curve and S2-R3 shown as a solid curve). Locations of the
source and each receiver array in water column are marked as squares.
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oceanographic features in the water column depicted by the temperature profiles in Figs.
3(b), 3(c), and 3(d). These profiles were low-pass filtered using a fourth order Butterworth
filter, downsampled to hourly, and plotted as a function of depth and time (from June 29,
2017 12:00 UTC to August 20, 2017 12:00 UTC) at S2, UD3, and UD1, respectively.
The depths of the temperature sensors are marked as circles. The salinity in the upper and
lower water column was recorded by two CTD sensors (marked as up triangles) on each
environmental array.

3. Acoustic data

The acoustic source S2, deployed on the continental shelf, transmitted linear frequency
modulated (LFM) signals in two frequency bands: (1) 700–1100 Hz and (2) 1.5–4 kHz.
The S2 source broadcasted down sweeping LFM signals with duration of 2 s for
12 min every 4 h, every day of the year. The nominal source depth was 100 m and is
marked as a square in Fig. 3(b); the hydrophone depths are marked as squares in Fig.
3(c) for R3 and in Fig. 3(d) for R2. Here, we focus on the LFM data in the frequency
band of 700–1100 Hz. The acoustic signals from S2 were recorded at a sampling rate
of 16 kHz. The acoustic data recorded by channel 5 of the AMARs (at a depth of
150.8 m for R3 and 98.8 m for R2) are utilized. The left panel of Figs. 3(e) and 3(f)
shows the spectrogram and the energy level of the match filtered signals (the impulse
response) as a function of geotime for the acoustic transmissions along S2-R3 and
S2-R2, respectively. We calculate the acoustic energy of each pulse using9

EðTgÞ ¼
ðf2

f1

E0ðf ;TgÞdf; (1)

where f1 and f2 are the lower (700 Hz) and upper (1100 Hz) frequency limits of the
signal. E0(f, Tg) is the energy spectral density as a function of frequency at geotime Tg.
The acoustic energy is obtained by integrating E0 over the frequency band (700–1100 Hz).
The black circles in the left panel of Figs. 3(e) and 3(f) represent the acoustic energy level
(i.e., 10 * log[E(Tg)]) in units of dB. Correspondingly, the curves in the right panel show
the energy spectral density level [i.e., 10 * log(E0)] at selected geotimes (June 29, July 11,

Fig. 2. (Color online) Sentinel-1 satellite images of surface ice evolution overlaid by the positions of acoustic
source, receivers, and the sound propagation tracks for four different geotimes. The contour lines indicate depth
isobaths (m). The reduction of surface ice was observed at different geotimes from (a) to (d).

Table 1. Locations of the experimental assets used in this paper.

Assets Long. (�) Lat. (�) Sensor Depth (m) Water Depth (m)

UD1 �159.0318 72.7029 23 to 137 145
UD3 �158.8346 72.7726 21 to 211 219
AMAR2 �159.1219 72.6693 91 to 109 123
AMAR3 �158.8166 72.7787 136 to 171 224
NRL S2 �158.2143 72.5638 72 to 147 156
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August 9 for S2-R3; and June 29, August 9, August 15 for S2-R2). It is noted that the sig-
nal energy level at two receiver arrays separated by around 32 km from the same source is
drastically different due to the spatial, temporal, and three-dimensional effects. These
effects include the changes in bathymetry [see Fig. 1(a)] and surface roughness between
source and each receiver array as well as the temperature profiles along each track.

Fig. 3. (Color online) (a) The daily ice concentration obtained from atmospherically corrected Special Sensor
Microwave Imager and Sounder (SSMIS) brightness temperatures. Two geotime zones (1 and 2) corresponding
to sea surface (ice-covered and ice-free) conditions are defined (zone 1 from June 29 to July 22, 2017, and zone 2
from July 22 to August 20, 2017), respectively. (b), (c), and (d) Temperature as a function of depth and time at
S2, UD3, and UD1, respectively. Sensors are marked as circles and up triangles. (e) and (f) Spectrogram and
energy of the impulse response for the acoustic transmissions along S2-R3 and S2-R2, respectively.
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Three geotimes (i.e., June 29, July 11, August 9) are selected to explain the
fluctuation along the S2-R3 track. These geotimes corresponded to various stages of
surface ice from partial coverage to the ice-free sea surface condition. A 20-dB increase
in acoustic energy is observed in both the left and right panels of Fig. 3(e), mainly due
to the formation of the sound duct centered at 120 m. In the right panel of Fig. 3(c),
the temperature profiles at these three geotimes indicate the upper 120-m water
changed from iso-thermal on June 29 to downward refracting on August 9 while the
lower water column remained upward refracting. Thus, the sound propagation was
focused in this new, subsurface sound duct during the ice-free condition (i.e., 0% ice
concentration after July 22). The energy fluctuation along the S2-R2 track shows
entirely different patterns [see Fig. 3(f)]. The magenta curves, obtained by least-square
fittings to the energy data, indicate a 10 dB increase in signal energy from July 5 to
July 22. During the ice-free time period (after July 22), it exhibits a larger variation
(up to 12 dB) than the other track. Six geotimes are grouped as three pairs and marked
as 1 through 6 in the left panel of Fig. 3(f). Each group contains one peak and one
energy trough. The slope for lines 1–2, 3–4, and 5–6 are around 1.14 dB/day. The cor-
responding three pairs of temperature profiles at UD1 and S2 are plotted in Figs.
4(a)–4(c). The temperature measurements at S2 were only made in a small portion
of the water column [see the depths of the temperature sensors in the right panel of
Fig. 3(b)]. No temperature data were obtained above 70 m and from 115 to 145 m.
Thus, the temperature profiles at UD1, which were the closest environmental mooring
to R2, are utilized to explain these observations. The trough energy at geotime 1 is
attributed to the defocusing effect caused by the concavity of the temperature profile
near 120-m water [see Fig. 4(a)]. At geotime 3, a strong thermocline (around 100 m
water depth) caused a downward refracting condition that increased the interaction
between the signal and seafloor, which resulted in a larger signal attenuation compared

Fig. 4. (Color online) (a), (b), and (c) Temperature profiles for six different geotimes at UD1 and S2; (d) and (e)
temporal correlation coefficient as a function of lag time at R3 and R2, respectively. Reference times for Zone 1
and 2 are June 29 and July 27, respectively.
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to geotime 4 [see Fig. 4(b)], when the thermocline occurs around 40 m, and the signal
does not suffer as much bottom interaction. The water column at geotime 5 was
almost isothermal below 80 m while the temperature profile of geotime 6 reached its
minimum at the depth of 120 m, close to the source depth. Therefore, more energy
propagated around the temperature minimum at geotime 6 [see Fig. 4(c)].

To study the fluctuation of acoustic signals in the dynamic shallow water
waveguide, we calculate the correlation coefficient as a function of lag time in the
same manner as shown in Refs. 10 and 11. The correlation coefficient is obtained by
the equation

q DT ; sð Þ ¼

ðDT

0
p1ðtÞp1ðtþ sÞdtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðDT

0
p2

1ðtÞdt�
ðDT

0
p2

1ðtþ sÞdt

s ;

where DT is the integration time, s is the time lag, p1(t) is the reference signal received
at time t, and p1(t þ s) is the received signal with a time lag s.

Figures 4(d) and 4(e) show the measured temporal correlation coefficient as a
function of lag time at R3 and R2, respectively. We define two geotime zones [zone 1 and
2 shown in Fig. 3(a)] depicting ice-covered and ice-free conditions. The reference geotime
corresponding to zero lag time for these two zones are June 29 and July 27, respectively.
Figure 4(d) demonstrates higher correlation coefficient for zone 2 (ice-free) than zone 1
(60% ice coverage) along the S2-R3 track, because the effect of the fluctuations from the
sea surface and bottom were mitigated due to the formation of strong sound duct in zone
2 [see Fig. 3(c)]. In zone 1, the temperature profile above 120 m shows a well-mixed layer,
causing acoustic energy loss due to interaction with the surface ice. Figure 4(e) shows
smaller correlation coefficients for zone 2 along the S2-R2 track, which could be due to
the changes in bathymetry between source and receiver causing more bottom interaction
of the acoustic signal. A different variation of the temperature profiles compared to the
R2-R3 track could also contribute [see Figs. 3(c) and 3(d)].

4. Summary

This express letter presents detailed measurements of a large energy variation during
SW CANAPE. The 20 dB energy change was correlated with occurrence of an oceano-
graphic event spanning the top 150 m water column caused by a Pacific Water outflow
from the Bering Sea and the retreat of the Marginal Ice Zone. Simultaneously mea-
sured acoustic propagation in the frequency band of 700–1100 Hz and oceanographic
measurement of temperature in water column reveal a strong azimuthal dependence in
the received signal energy from the same sound source along two separate along-shelf
acoustic tracks. A clear distinction between ice-covered and ice-free conditions in the
waveguide is not the only driver of the strong energy variation. Rather, the combined
effects due to the oceanographic changes, as well as temporal and spatial effects,
including those of the sea surface, sea bottom, and out-of-plane propagation, could be
responsible. Water column oceanographic changes due to the seasonal dynamic
exchange between the Pacific Water and the Atlantic Water on the Chukchi shelf along
with spatial and temporal changes of sea ice and spatial variability of the sea bottom
cause insonification that is azimuthally variable in geotime. It is noticed that the larg-
est energy variability occurs during the melting of the surface ice from mid-June to
mid-July, 2017. That is coincidental with the warm Pacific Water outflow and the
upwelling of warm Atlantic Water around Chukchi shelf break.
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