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1 INTRODUCTION

Arctic climate is important on global and regional scales, influencing global temperatures, global sea
level, and commercial and native coastal community activities. The Arctic energy budget is controlled
by atmospheric temperatures, cloud cover, wind patterns, freshwater discharge, oceanic forcing and
sea ice cover. Of particular importance, sea ice cover buffers air-sea heat flux and modulates solar
radiation absorption. The Arctic environment has been experiencing changes in recent decades: (a)
average increases in atmospheric temperatures exceed those of the rest of the globe by a factor of
two;"23 (b) the summer sea ice area coverage is 40% lower;*%® and (c) average sea ice thickness
has decreased.*’ While the Arctic continues to be ice-covered for a vast majority of the year, an
increasingly larger fraction of the winter sea ice is first-year ice. Given these recent changes to the
Arctic environment, new observations and modeling are required in order to understand the relative
contributions of these environmental parameters and to better predict Arctic climate. To that end,
work in the 1980s demonstrated that mechanical properties of Arctic sea ice can be inferred by
observation of the speeds of compressional, shear and flexural waves generated through in-ice
conversion of impulsive energy.®® The work presented here (a) advances the work from the 1980s
and 1990s by making use of coherent sources with which broadband signals can be generated to
replace the manually-generated signals, leveraging processing gain and improving temporal
resolution via matched filter; and (b) demonstrates the potential for remote, autonomous monitoring
of sea ice mechanical properties.

2 ACOUSTIC WAVES IN ARCTIC SEA ICE

Arctic ocean circulation models are informed by sea ice models, the primary parameter of which is
ice thickness. The high degree of uncertainty in the two primary means of sea ice thickness
estimation--passive microwave and altimetry--is enhanced by snow cover.'® In situ methods of ice
property inference were studied near the end of the Cold War in the 1980's and 1990's.3® These
methods relied on the elastic properties of the ice sheet: the compressional, shear and flexural wave
energies have different wave speeds.'"121314 Mechanical properties of the ice were inferred through
a series of equations relating the observed wave speeds to sea ice properties; specifically, the bulk
modulus of elasticity, ice density, Poisson's ratio and ice thickness.®' More recently, it was
discovered that the mere act of walking on the ice sheet generates resonances in the ice, the
frequencies of which correlate to ice thickness.’® These investigations relied upon impulsive or near-
impulsive sources of sound (e.g., explosive sources in the water, hammer/ball drops and footsteps)
applied directly to the ice. Rather than relying on anthropogenically-induced signals, vibrational
energy generated by natural sources (e.g., seismic signals, ice cracking and ridging, ice floes rubbing
at the edges’”'819) has been recently exploited for passive ice property inference.?%2!

The use of active sources such as lead ball drops on the ice offers advantages in terms of a somewhat
controlled, broadband source signal (depending on weight and height of release) and known timing,
while possessing inherent risk and expense (humans on floating ice in a hazardous environment).
The use of passive sources offers less risk, but less control and more signal processing investment.
A new alternative approach to ice property inference presented here consists of using electrically-
driven coherent sources to probe the ice with broadband signals. This approach provides a number
of advantages over impulses generated by ball drops and natural sources: (a) control of signal
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spectral content, (b) expanded spectral content (higher source levels at higher frequencies), (c)
significant processing gain, (d) increased temporal resolution, and (e) the potential for remote
deployment and operation.

This new approach requires sources and receivers designed to excite and observe signals in elastic
substrates rather than those designed for in-water use. The sources used in this work are "tactile
sound transducers" (TST) and the receivers are "cryophones”, details of which are presented in the
next section.

3 DATA COLLECTION

In March 2024, an acoustics field experiment was conducted during Ilce Camp Whale, established
and maintained by the U.S. Navy Arctic Submarine Laboratory. Located approximately 200 nm NNE
of Prudhoe Bay, Alaska in the Beaufort Sea in 12,000 ft. of water, the ice camp experienced light and
variable winds during the acoustic data collection period. The ice floe consisted of both first-year and
multi-year ice: the ice camp itself was built on multi-year ice, while the acoustic tests were conducted
on first-year ice that was approximately 1.2 m thick. Figure 1 shows the instrument laydown pattern
with separation distances anchored at the Vertical Line Array (VLA) of four hydrophones in the water
column (black), three different TSTs (red), four single-channel (S#) and three triaxial (T#) cryophones
(black) and an eight-channel microphone array (green). The TSTs and cryophones were frozen into
the top two inches of ice to ensure good transfer of vibrational energy between the ice and the
instrument. The microphone array was suspended 10-15 cm above the ice.

Microphone Array (20m) /_./. 35m »»J,A_-»»"’ s4
&f
~4.2m { Bearing (64°)
Relative
' —m
W/ act TST’s 19.5m 10.1m m —_— ‘ EFact
~2m S~ “”“*—\,,u_x
4 34.8m —9
S1 S3

Figure 1. Instrument laydown pattern in first-year sea ice in the Beaufort Sea in March 2024,
consisting of a Vertical Line Array (VLA, black) of hydrophones in the water, Tactical Sound
Transducers (TST, red) and cryophones (S# and T#, black) frozen into the ice, and an 8-channel
microphone array suspended 10-15 cm above the ice (green).

There were three different TSTs designed to drive vibrations in elastic substrates: SolidDrive SD1,
ClarkSynthesis AW439 and the Buttkicker CT; each has its own nominal spectral response band (60-
15,000 Hz, 5-17,000 Hz, 5-200 Hz). The TSTs were driven by battery-powered amplifiers, and the
signals were provided in .wav files by Apple Nano audio players.

The cryophones consisted of accelerometers (PCB Piezotronics, Models 306M133 and 393B05), pre-
amp signal conditioners (PCB Piezotronics, Model 485B36) and single-channel, AudioMoth digital
recorders,?? installed inside 4-inch diameter, 8'-15" tall Blue Robotics acrylic cylinders with aluminum
endplates.

A series of linear frequency modulated (LFM) signals with different bands and pulselengths were
transmitted by the TSTs, in order to explore the signal space for optimal in-ice transmission
characteristics. The bands spanned frequencies of 10 Hz to 10 kHz, and the pulselengths ranged
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from 0.01 seconds to 5 seconds. Each signal was separated by a 6-second inter-pulse period, to
minimize the chance of signal overlap by reflections from the seabed. The entire 1.25-hour long
series of signals was played in the evening hours during periods of minimal camp activity to minimize
corrupting background noise in the signal received by the cryophones.

4 ANALYSIS

The use of coherent broadband LFM signals generated by electrically-driven sources facilitates the
use of matched filter signal processing (MFP). The MFP provides significant processing gain,
increases temporal resolution, and acts as an out-of-band and in-band noise filter. The results
below are derived from the data collected very recently, and thus, are considered preliminary in
nature. The analysis presented here is limited to signals transmitted by the SolidDrive TST and
received by single-channel vertically-oriented cryophones S2 and S4 on March 7, 2024.

Figure 2 is a plot of matched filter output (MFO) relative amplitude vs. time (hh:mm:ss.s Z) of
signals received at S2 (blue) and S4 (red) after being transmitted by TST SD1. The transmitted
signal in this case was a 2-second long, 10-500 Hz LFM. The MFO peaks are separated in time by
37 msec and differ in magnitude by a factor of 3.5. Each reception consists of a peak followed by a
low-frequency tail below 100 Hz. The late-arriving low-frequency tail is due to the dispersion of
vertically-oriented flexural waves whose phase speeds are proportional to frequency.
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Figure 2. Matched filter output (MFO) relative amplitude vs. time (hh:mm:ss.s Z) of signals received
at S2 (blue) and S4 (red).

Figure 3 presents the spatial, temporal and spectral structure of relative energy level (dB) of the
arrival in Figure 2 at S2 as a function of relative arrival time (sec) on the vertical axis and frequency
(Hz) on the horizontal axis. The earliest-arriving energy is in the 100-500 Hz band while the low-
frequency tail occurs below 100 Hz. No dispersion is observed above 100 Hz because the S2-S4
separation distance was only 21.2 m in the cryophone laydown geometry; the higher-speed
frequencies in the signal had insufficient range over which to separate in time and space. No
dispersion is observed below 45 Hz because the SD1 TST, with a nominal frequency response
band of 60-15,000 Hz, transmitted insufficient energy below 45 Hz. The maximum signal spectral
level observed at S2 (black) and S4 (red) in each frequency bin and a 4th degree polynomial fit are
plotted as circles and lines, respectively. Each arrival is approximated by a fifth-degree polynomial
fit, in order to extend the results to lower frequencies and better illustrate the low-frequency tail.
These fits aid the estimation of the time difference of the arrivals and thus, flexural wave phase
speed as a function of frequency between 15 Hz and 100 Hz.
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Figure 3. Relative energy level (dB) of the arrival in Figure 2 at S2 as a function of relative arrival
time (sec) on the vertical axis and frequency (Hz) on the horizontal axis; maximum signal spectral
level observed at S2 (black) and S4 (red) in each frequency bin (circles) and a 4th degree
polynomial fit (lines).

Figure 4 displays flexural wave phase speed (m/s) as a function of frequency (Hz) of this particular
observed set of arrivals (circles) and the modeled phase speed (line) of 1.2 m thick ice using
nominal values of mechanical properties (i.e., E = 7.2 x 10° Pa, p;c. = 910 kg/m?, p,,qrer = 1000
kg/m?3, u = 0.33, cwater = 1440 m/s, g = 9.8 m/s?).8'® The agreement is good at 60 Hz, but the model
under-predicts the observed phase speed at lower frequencies and over-predicts the observed
phase speed at higher frequencies. There are at least two explanations for this disagreement: (1)
the nominal values of mechanical ice properties used here are based on work done in the Beaufort
Sea in the 1980's, which indicates that the properties of the ice may be different now than 40 years
ago; and (2) while some dispersion is observable in Figure 3, the current 21.2 m separation
distance between S2 and S4 is inadequate to allow sufficient time and space for signal dispersion to
be properly observed.
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Figure 4. Flexural wave phase speed (m/s) as a function of frequency (Hz) of the observed set of
arrivals in Figure 3 (circles) and the modeled phase speed (line) of 1.2 m thick ice using nominal
values of mechanical properties.

5 CONCLUSION

An acoustics field experiment was conducted during Ice Camp Whale in March 2024 on an ice floe in
the Beaufort Sea, 200 nm NNE of Prudhoe Bay, Alaska, USA. Instruments were frozen into the top
2 inches of 1.2 m thick first-year ice to investigate the in-ice propagation of compressional, shear and
flexural waves generated by electrically-driven TSTs. This particular paper presents initial analysis
on a small subset of the data: 2-second long, 10-500 Hz broadband LFM signals. The signals
received by cryophones were matched filtered to increase signal-to-noise ratio and temporal
resolution. The MFO structure contains low-frequency tails below 100 Hz resulting from frequency-
dependent wave speed dispersion. The frequency-dependent time difference of arrivals at two
cryophones were used to estimate flexural wave phase speed of 400-600 m/s between 10 and 100
Hz. These initial results are approximately consistent with work published in the 1980's and 1990's8*°
and with modeled flexural wave phase speed®'®. Further analysis continues on the entire dataset.

Significantly, this work demonstrates that (1) flexural wave phase speed dispersion was observed,
after having been (2) generated by a coherent, ice-bound electrically-driven source. This approach
to sea ice property inference provides a number of advantages over impulses generated by ball drops
and natural sources, including control of and expanded spectral content, significant processing gain
and temporal resolution, and the potential for remote, autonomous, persistent monitoring of ice
properties.
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