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ABSTRACT:
Arctic glacial bays are among the loudest natural environments in the ocean, owing to heavy submarine melting,

calving, freshwater discharge, and ice–wave interactions. Understanding the coherence and vertical directionality of

the ambient sound there can provide insights about the mechanisms behind the ice loss in these regions. It can also

provide key information for operating technologies such as sonar, communication, and navigation systems. To study

the unexplored sound coherence and vertical directionality in glacial bays, a vertical hydrophone array was

deployed, and acoustic measurements were made at four glacier termini in Hornsund Fjord, Spitsbergen, in June and

July 2019. The measurements show that the sound generated by melting glacier ice is more dominant in the upper

portion of the water column near the glacier terminus. The melt water from the submarine melting and the

freshwater discharge from the glacier create a glacially modified water duct near the sea surface. This disrupts the

inter-sensor vertical coherence in the channel. However, some coherence across the duct is preserved for sound aris-

ing from spatially localized events at low frequencies. Overall, the observations in this study can help improve the

understanding of the submarine melting phenomenon in glacial bays. VC 2020 Acoustical Society of America.
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I. INTRODUCTION

The Arctic is becoming a hotspot of attention, espe-

cially because it is one of the focal points of global climate

change (Sutherland et al., 2019). The rise in surface temper-

ature there has been twice as fast as the global average

(Overland et al., 2017). A significant component (60%) of

the global sea level rise between 2006 and 2015 is attributed

to the melting of glaciers and ice-sheets (Oppenheimer

et al., 2019). These rapid changes have also spurred an

increased technological focus in this region in fields includ-

ing underwater sonar (Carper, 2017; Hines et al., 2018),

communications (Freitag et al., 2016), shipping (Miller and

Ruiz, 2014), marine robotics, and oil and gas exploration

(Gautier et al., 2009). When operating technologies such as

sonar, robotics, and communication devices in the underwa-

ter Arctic environment, the spatial coherence and direction-

ality of the acoustic field should be considered. This can

help better predict the performance of sonar and

communication systems (Freitag et al., 2019; Zhang, 2014),

strategize where to optimally place acoustic equipment, or

serve as an input to navigational path-planning algorithms to

tackle challenges posed by the ambient sound. Knowledge

of the spatial correlation structure can also help in strategiz-

ing the placement of array sensors so as to maximize the

signal-to-noise ratio (SNR) gain (Cron and Sherman, 1962).

Recognizing this importance, the directionality and coher-

ence of shallow-water ambient sound have been studied by

many authors previously, e.g., Buckingham (1981,1997),

Deane et al. (1997), Harrison (1996), and Kuperman (1980),

in the context of sources such as wind-induced breaking

waves and shipping. This work examines the vertical direc-

tionality and coherence of ambient acoustic sound in an

Arctic glacial bay.

Acoustics is a suitable tool to probe underwater envi-

ronments over long ranges in the Arctic as sound waves

propagate better in water as compared to electromagnetic

waves. Characterizing the acoustic field in the Arctic is key

to better understanding and exploring this region. It is also

crucial for improving the performance of various technolo-

gies deployed there. Acoustical studies, starting from the

1960s (Macpherson, 1962; Milne and Ganton, 1964), have

explored the seasonality, directionality, and statistics of the

noise in the Arctic. Urick (1971) showed that melting

glacier ice generates impulsive underwater sound due to the

release of air bubbles in the glacier ice. These bubbles have
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gas pressures approaching 2 MPa (Scholander and Nutt,

1960). Some of them are released explosively from the melt-

ing ice, creating impulsive transients that can have peak

pressures of over 100 Pa (Deane et al., 2019). A consider-

able amount of research has been undertaken on the acous-

tics in the Arctic open ocean, fjords, and sea-ice covered

environments and the processes behind it (e.g., Collins

et al., 2019; Dziak et al., 2015; Pettit, 2012; Pettit et al.,
2012; Pritchard, 1990; Sanjana et al., 2018). Long-term

monitoring studies based on acoustics have been proposed

in the Arctic open ocean (Kinda et al., 2013, 2015) and at

glaciers (Deane et al., 2014; Schulz et al., 2008).

Among Arctic environments, the sound in glacial bays

particularly poses a challenge due to its high levels, time-

varying nature, and distinct statistical properties (Deane

et al., 2014; Głowacki et al., 2015; Pettit et al., 2015).

Studies around the world have shown that glacial bays are

among the loudest natural environments in the ocean. The

sound levels in these regions in calm weather conditions are

comparable to those reported in the open ocean at Sea State

4 or higher (Tegowski et al., 2011). The ambient soundscape

arises from a rich array of spatially diverse sources radiating

sound in distinct spectral bands (Deane et al., 2014; Pettit

et al., 2012). The sound field has different statistical proper-

ties in different bands as noted by Tegowski et al. (2011).

Furthermore, the changing thermohaline structure of the

water column across seasons significantly alters the sound-

speed profile (SSP) and impacts sound propagation in the

region (Glowacki et al., 2016).

Apart from providing key input for effective use of

underwater technologies, understanding the coherence and

vertical directionality in the Arctic can also reveal insights

into the physical processes driving the soundscape in this

region. In the context of the Arctic, Glowacki et al. (2018)

studied the directionality of underwater sound from melting

icebergs, whereas Zakarauskas and Thorleifson (1991)

described the directionality of ice-cracking sounds under sea

ice. Poulsen and Schmidt (2016) reported vertical direction-

ality measurements in the Arctic Ocean in the presence of

the Beaufort lens, showing that most of the ambient sound

comes in at angles close to the horizontal plane. However,

studies on the coherence and directionality of the ambient

sound in the challenging environment encountered in glacial

bays have been limited. To date, the horizontal directional-

ity in glacial bays has been studied (Deane et al., 2014;

Głowacki et al., 2015), and the effect of the thermohaline

structure of the water channel on acoustic propagation has

been reported (Glowacki et al., 2016). Preliminary vertical

directionality measurements in Svalbard showed that the

majority of the acoustic energy from submarine glacier

melting (SGM) emanated from the top tens of meters of the

underwater part of the glacier terminus (Deane and

Glowacki, 2018). There has been no detailed study on the

vertical directionality and spatial coherence of the ambient

soundscape in glacial bays so far.

In order to study these aspects of the ambient sound in

glacial bays, a vertical hydrophone array was deployed and

acoustic measurements were made in Hornsund Fjord,

Spitsbergen, in June and July 2019. This paper is organized

as follows. Section II discusses details of the experiment

undertaken in Spitsbergen to collect data and how this

region compares with glacial bays in other regions. Section

III discusses the sound sources observed in this region, Sec.

IV analyzes their vertical coherence, and Sec. V presents the

results on the vertical directionality of the sound.

Conclusions are drawn in Sec. VI.

II. EXPERIMENT DETAILS AND STUDY REGION

The study area includes the glacial bays of four gla-

ciers—Hansbreen, Paierlbreen, Muhlbacherbreen, and

Samarinbreen [locations in Fig. 1(a) and field deployment

photos in Figs. 2(b) and 2(c)]. These are polythermal gla-

ciers having a mixed basal thermal regime, consisting of

both warm ice (at close to the melting point at prevalent

pressure conditions) and cold ice (below the melting point;

Glasser, 2011). The total area of the glacier cover in

Hornsund Fjord has diminished by approximately 172 km2

in the period from 1899 to 2010 (Błaszczyk et al., 2013).

With a positive mean annual trend in temperature of 1.14 �C
per decade in the last four decades, this region has been

warming at a rate that is six times higher than the global

average (Wawrzyniak and Osuch, 2020). Tidewater glaciers

constitute 97% of the glacierized areas in Hornsund. On an

average, they lose 40% of their mass via frontal ablation

(Błaszczyk et al., 2019), and their retreat rate is higher

than the average of other Svalbard tidewater glaciers. This is

likely due to the entry of warm waters of the West

Spitsbergen Current and the warm marine climate, which

make this region more sensitive to climate change (Błaszczyk

et al., 2013). Bathymetric surveys indicate the mean fjord

depth in this region is 93 m (Moskalik et al., 2013).

The ambient sound field in these glacial bays, as well as

in similar ones in Alaska and Antarctica, is attributed to four

main sources—iceberg calving, SGM, freshwater discharge,

and ice–wave interactions (Deane et al., 2014; Pettit et al.,
2012). Calving is defined as a mechanical loss of ice from

glaciers and ice shelves (Benn et al., 2007), and freshwater

discharge refers to the discharge of meltwater from the gla-

cier, which results from surface melting. Natural sources

like rain and wind-induced breaking waves, biological sour-

ces, and anthropogenic sources, such as shipping, also make

contributions that are time and location dependent. The

ambient sound level exhibits temporal and spatial variations

induced by seasonality or variation of the sources and envi-

ronmental factors such as thermohaline structure of the bay,

bathymetry, ocean-surface conditions, and weather.

The sound field in glacial bays in Hornsund may con-

trast glaciers in other regions which are characterized by the

presence of ice-tongues, sea ice, or ice melanges.1 The sea

ice season in Hornsund starts by late autumn or winter

(Muckenhuber et al., 2016). On the other hand, glaciers in

West or Southeast Greenland are characterized by the pres-

ence of sea ice, modulated by oceanic and atmospheric
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forcing (Straneo et al., 2013; Straneo et al., 2012). In the

presence of sea ice or ice melanges, additional mechanisms

not mentioned above may contribute to the sound field, such

as ice fracturing, ridging, surface waves, wind–ice interac-

tions, and thermal cracking (Lewis and Denner, 1988; Sagen

et al., 1990), and the sound level has been described as sta-

tistically non-Gaussian (Milne and Ganton, 1964). These

regions may also see higher contributions to the ambient

sound due to ice-ice collisions. Overall, these would lead to

the sound field in sea-ice covered bays having different

characteristics from the examples discussed in this paper.

To study the thermohaline properties, conductivity-tem-

perature-depth casts were used to make estimates of the SSP

in the four bays, shown in Fig. 1(b). While there is a large

spatial variability observed from one bay to another, one

common feature in all of them is the presence of a near-

surface low-soundspeed layer due to the intrusion of fresh-

water from the SGM and subglacial discharge at the glacier.

FIG. 2. (Color online) (a) Illustration of the field setup for the directionality measurement and (b),(c) photos from field deployments.

FIG. 1. (Color online) (a) Map of Hornsund Fjord where measurements were taken. Square boxes indicate the areas where acoustic measurements were

taken. The satellite image is courtesy of Sentinel-2A [Earth Resources Observation and Science (EROS) Center, 2020] via the United States Geological

Survey (USGS) Earth Explorer. (b) SSPs in the four glacial bays measured using conductivity-temperature-depth casts.
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This glacially modified water (GMW) occupies a surface

layer reaching down to about 15–20 m below the surface.

Due to this, the sound velocity changes with a positive gra-

dient of about 0.55 m/s/m from just below the surface down

to about 20 m (averaged for the four bays). Owing to the

presence of this GMW duct, a highly upward-refracting pro-

file is created inside the subsurface layer (Glowacki et al.,
2016). Such GMW layers have been observed spanning over

large horizontal areas in other regions as well, such as

Alaska, Greenland, and Antarctica (Arimitsu et al., 2016;

Jacobs et al., 2011; Jenkins and Jacobs, 2008; Straneo et al.,
2011). It will be seen later in this paper that this GMW duct

plays an important role in shaping the coherence of the

acoustic field in the glacial bays.

This thermohaline structure is observable for glacial

bays in Svalbard between the end of May and November

(Glowacki et al., 2016). However, it does not hold true

throughout the year because the ocean temperatures can

show large variations. Neither is this picture fully represen-

tative of the environments found in other glacial bays. In

Alaska, such thermohaline processes also occur in winter,

whereas in Antarctica, the ocean water temperature is

strongly influenced by weather patterns, sea ice conditions,

and the effect of the Antarctic Circumpolar Current (Deane

et al., 2019; Moffat and Meredith, 2018). While the GMW

duct span is observed to be 10–20 m in Hornsund, glaciers

in other locations may have deeper GMW layers, such as up

to 200 m depth in parts of Greenland (Straneo et al., 2011)

or Antarctica (Cape et al., 2019; Jacobs et al., 2011; Jenkins

and Jacobs, 2008).

To summarize, while the study in this paper gives

insight into the sound field in glacial bays in Hornsund

Fjord during the summer to fall months, it is not necessarily

fully representative of the acoustics at other times or in other

glacial bays.

To study the sound field in the region, underwater

sounds were recorded from a boat using an eight-element

18.4 m-long vertical hydrophone array [illustrated in Fig.

2(a)]. The array elements will henceforth be referred to by

their order on the array, beginning from the topmost hydro-

phone. The hydrophones were mounted on a line and non-

uniformly separated. Audio was captured at a sampling rate

of 96 kHz. To keep the array vertical, a weight was attached

to the end of the array line. However, the array still exhib-

ited a small amount of tilt due to the drag from the flow of

water. In order to detect the tilt, depth sensors were mounted

on the array line at two positions—0.34 m below the surface

mark and 0.34 m below hydrophone 8. Measures were taken

to reduce the effect of flow-induced strum noise on the array

recordings at high frequencies. Despite this, some contami-

nation from strum noise was observed at low frequencies

(below �100 Hz). The bottom depth was logged using a

Lawrence echosounder, and photographs supplemented with

compass data were taken from the boat. During the trials,

detailed logs were made of other events occurring in the

bay, such as calving and passing chunks of ice, that were

close enough to contribute significantly to the acoustic

recordings. Additionally, the Global Positioning System

(GPS) location of the boat was logged, and the range to the

closest point of the glacier face was measured using a laser-

based distance measurement device. Ranges were also mea-

sured to floating ice pieces that came close to the array. The

pieces of ice that have broken off from the glacier are

referred to as growlers if they have less than 1 m showing

above water (National Snow and Ice Data Center) and as

bergy-bits if they have more than 1 m but less than 5 m

showing above the water (National Snow and Ice Data

Center).

In this work, the focus is on three dominant natural

sources in the Hornsund Fjord region, namely SGM, calv-

ing, and melting of drifting ice pieces. Each one of these has

distinct spectral signatures and spatial coherence properties.

Characteristics of other natural sources (e.g., wind-induced

breaking waves, rain) and anthropogenic sources (e.g., ship-

ping) have been well-studied in the literature and, hence,

will not be considered here.

The most dominant and steadily observed sound is that

of SGM. It is strongest in the 0.5–3 kHz band but contains

energy all the way up to 15 kHz and beyond [Figs. 3(a) and

3(c)]. It arises due to a superposition of numerous bubble

explosion events occurring across the face of the glacier.

SGM produces a steady signal with near-Gaussian statistics,

consistent with observations by Tegowski et al. (2011,

2012) and Glowacki et al. (2018) on the sound at frequen-

cies above 2.5 kHz. This is because at sufficiently large dis-

tances from the glacier, the acoustic time series observed at

the hydrophones arises from numerous bubble explosion

events originating from a large area of the glacier terminus.

Thus, the time series is not characterized by a few strong

and dominating outlier events originating from a small

region of the glacier face. Rather, it has an envelope of

nearly constant magnitude, which gives rise to a Gaussian

distribution. Figure 3(a) is a plot of the spectrogram of a

10-s recording when the closest point at the glacier wall was

273 m away from the array. The recording contains SGM

background sounds and a calving event at 5 s. The power

spectral density (PSD) of SGM is compared against other

sounds in Fig. 3(c).

Occasionally, calving events occur in the bay where

icebergs detach from the glacier terminus and impact the sea

surface. This produces intermittent impulsive transient

sounds through the various phases of the calving event

(Glowacki, 2020; Pettit, 2012). Each of these phases emits

sound signatures in different bands [see Figs. 3(a) and 3(c)],

spanning from very low frequencies (�20 Hz) up to 30 kHz.

Previously, Tegowski et al. (2011, 2012) have observed that

the ambient sound in the spectral band corresponding to

calving is statistically non-Gaussian, predominantly due to

the effect of these impulsive transients. For calving events

in Hornsund Fjord bays, the source levels can go over

200 dB re 1 lPa at 1 m from the point of impact (Glowacki

and Deane, 2020). The levels recorded at the hydrophones

depend largely on the depth and distance of the hydrophone

from the point of impact.
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III. SOUND SOURCES

The ice pieces resulting from calving float around in the

bay and undergo melting due to contact with seawater. The

observed acoustic signature of melting ice pieces is largely

dependent on their distance from the recording instrument.

The statistics of the sound produced by nearby ice pieces is

non-Gaussian. This is because the heterogeneity of individ-

ual bubble explosions observed at a nearby receiver leads

to a heavy-tailed distribution (Glowacki et al., 2018). Figure

3(b) shows the spectrogram of a 10-s recording at a hydro-

phone when a bergy-bit was close to the array (7 m away).

The spectrum of the bergy-bit melting is similar to that of

SGM [Fig. 3(c)]. However, in the example shown, the for-

mer is recorded at a higher sound level (4 dB higher at

1 kHz) due to the proximity of the bergy-bit. Qualitatively,

the impulsive events indicating the bubble explosions are

more clearly visible in the spectrogram and time series of

the bergy-bit’s melting sound [Figs. 3(b) and 3(d), respec-

tively] as compared to the spectrogram of SGM [Fig. 3(a)].

IV. VERTICAL COHERENCE

In Figs. 4–6, inter-hydrophone coherence curves are

plotted for different types of acoustics events. The coher-

ence Cðf Þ at a frequency f between any two hydrophones i
and j is defined as (Cox, 1973)

Cðf Þ ¼
hSiðf ÞS�j ðf Þiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

hSiðf ÞS�i ðf ÞihSjðf ÞS�j ðf Þi
q ; (1)

where Siðf Þ is the Fourier transform of the pressure time

series at hydrophone i. The symbols “*” and h i denote com-

plex conjugation and the ensemble average, respectively.

The coherence is computed from a clip of recorded data as

FIG. 3. (Color online) (a) Spectrogram of a 10-s sound clip containing SGM and calving sounds, (b) spectrogram of 10-s clip where a bergy-bit was close to the

hydrophone, (c) the power spectral density (PSD) of different events, and (d) time series of a 10-s clip where a bergy-bit was very close to the hydrophone.

FIG. 4. (Color online) (a) Real part and (b) imaginary part of spatial coher-

ence among neighboring sensors in the top five hydrophones, computed

over a 4-min-long recording of SGM sound at Paierlbreen.
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follows. The clip duration is split into segments of 23 ms

each. The overlap between successive segments is 50% for

the cases of Figs. 4 and 6 and 99% for Fig. 5 (because the

clip is of much smaller duration in this case). The terms

Siðf ÞS�j ðf Þ; Siðf ÞS�i ðf Þ; and Sjðf ÞS�j ðf Þ are computed for each

segment for all sensor-pairs considered. Then, the average

value of these terms over all the segments is computed and

used to estimate the coherence as in Eq. (1). At frequencies

of around 100 Hz and below, noise from sources such as

strum and water-flow turbulence begins to dominate the

sound level and coherence in the recordings. Hence, we plot

the coherence curves only for frequencies greater than

100 Hz.

Figure 4 shows the vertical coherence of the ambient

sound due to SGM during a 4-min recording at Paierlbreen.

During this period, only the SGM sound contributed to the

coherence as no other acoustic events were noted. The

coherence is plotted between neighboring hydrophone pairs

for the top five hydrophones. The coherence between the

remaining three neighboring sensor pairs (5–6, 6–7, 7–8)

show similar trends as 3–4 and 4–5.

In Fig. 4, the vertical coherence magnitude between

sensors 2 and 3 is lower than other sensor pairs, which is

explained as follows. Sensors 1, 2, and 3 were at depths of

5 m, 6 m, and 15.8 m, respectively [refer Fig. 2(a)]. As seen

in Fig. 1(b), the near-surface zone of the water channel had

a layer of cold GMW until a depth of 15 m, which led to an

acoustic duct being formed in this zone. The top two sensors

were located within this duct. Thus, they recorded SGM

sound trapped within the duct and carried over longer

ranges. However, this was not the case with the bottom six

sensors, which were located below the duct. Therefore,

when recording SGM sound, these two subgroups are coher-

ent within themselves but incoherent with each other. The

coherence of the top two sensors indicates that the duct may

be fairly stable over a large horizontal area of the bay span-

ning from the glacier face to the array.

Figure 5 shows the vertical coherence of a short sound

clip recorded at Hansbreen when a calving event occurred.

Here, the coherence curves are smoothed by applying a

moving-average filter of width 66 Hz to smooth the oscilla-

tions which arise because the clip is short. As in Fig. 4, the

coherence between sensors 2 and 3 is lower than between

other sensor pairs. It begins to increase at low frequencies

(<200 Hz). There are two possible reasons for this. First, the

noise from the calving is impulsive and excites a large band

of low frequencies spanning until about 3 kHz. At low

enough frequencies, the sound wavelength is comparable to

the vertical span of the GMW duct. Hence, geometric ray

acoustics is not necessarily accurate in this regime, and the

duct does not trap sound and disrupt coherence at low fre-

quencies as much as it does at higher frequencies. The fre-

quency below which the coherence between sensors 2 and 3

increases (150 Hz) corresponds to a wavelength of 10 m,

which is on the order of the vertical span of the duct. This

lends some validation to the above explanation for the

observed coherence. The second possible reason is that the

calving event is a more spatially localized source as com-

pared to SGM. The sound waves arriving at all the sensors

from this localized source are more coherent because they

pass through a very similar cross section of the channel and

arrive at the sensors with varying phases. On the other hand,

FIG. 5. (Color online) (a) Real part and (b) imaginary part of spatial coher-

ence among neighboring sensors in the top five hydrophones, computed

over a 0.7-s-long recording at Hansbreen glacier when a calving event

occurred.

FIG. 6. (Color online) (a) Real part and (b) imaginary part of spatial coher-

ence among neighboring sensors in the top five hydrophones, computed

over a 4-min-long recording at Hansbreen glacier when a bergy-bit was

nearby.
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for a distributed source like SGM, the inter-sensor phase

relationship varies for waves arriving from different origi-

nating locations of the source. This leads to reduced overall

coherence between the sensors when the combined effect of

the distributed source (SGM) is taken into account.

Figure 6 shows the vertical coherence of the ambient

sound recorded at Hansbreen when a bergy-bit was passing

by close to the array. The notable difference here as com-

pared to Fig. 4 is that the imaginary component has a larger

magnitude. This is because of the greater asymmetry in the

vertical sound field due to the proximity of the bergy-bit

(Deane et al., 1997). In the case of Fig. 6, the recorded data

consist mostly of downward traveling sound arising from

the bergy-bit. However, in the case of sound from SGM, the

field is not strongly asymmetric about the horizontal because

the sound from the glacier terminus arrives at the sensors

with less steeper angles of arrival (AOAs).

V. DIRECTIONALITY RESULTS

The vertical directionality of recordings from each of

the four glacial bays is analyzed in this section, using the

bottom six sensors of the array. This decision is based on

our coherence estimate of the SGM sound (Fig. 4), which

showed that the top two sensors are uncorrelated with the

rest of the array. The acoustic waves received at the array

are assumed to have a planar wavefront. This assumption

works reasonably well in practice for the frequencies

considered in our processing because the array is far enough

from the glacier wall. A normalized coherent array-

processing approach is used to estimate the directionality,

inspired by the matched-field source localization algorithm

developed by Michalopoulou and Porter (1996). In this

broadband method, the linearly beamformed pressures are

summed across all the frequency bands considered in the

processing after normalizing the phase and amplitude. This

method allows us to negate the effect of sidelobes in the

array response and obtain better resolution by coherently

combining information across frequency bands rather than

incoherently averaging across frequencies. As seen in Fig. 3,

the acoustic power of SGM is highest in the 1–3 kHz band,

and it tapers off at higher frequencies. However, there is still

sufficient information and SNR at frequencies up to 15 kHz.

Hence, a frequency range of 0.5–15 kHz is used to estimate

the directionality.

A. Propagation modeling

In addition to plotting the directionality estimates, we

explain the observed patterns using the ray-tracing propaga-

tion model Bellhop (Porter, 2011; Porter and Bucker, 1987).

This modeling is based on our knowledge of the experimen-

tal setup and provides additional insight into the observed

results. Bellhop can model the effect of the range-varying

bathymetry and the near-surface sound duct on the acoustic

raypaths for wavelengths smaller than the span of the duct.

The sediment bottom is assumed to be a half-space with

sound speed, density, and attenuation of 1530 m/s, 1.4 g/cm3,

and 0.1 dB/m/kHz, respectively. These are typical values for

clayey silt (Hamilton, 1976), which is a common type of sed-

iment in Hornsund (Staszek and Moskalik, 2015).

There are some uncertainties in the experimental setup

that influence our modeling:

(1) While our depth sensors indicated the direction and

trend of the array tilt, they were too noisy to yield a use-

ful estimate of the tilt. Thus, the tilt is estimated from

the observed directionality using the depth-sensor infor-

mation as a guideline.

(2) The SSP is expected to exhibit spatio-temporal variations

across the bay. This is especially true at the glacier-

ocean boundary due to processes such as freshwater dis-

charge and calving. However, the SSP variation over the

entire channel is not known to us. Therefore, the chan-

nel’s SSP is assumed to be time and range invariant

within each glacial bay and equal to that measured by us

at one location in the bay [Fig. 1(b)].

(3) The bathymetry of this region is not completely known,

especially near the glacier front. It is risky to make

depth measurements close to the calving glacier fronts,

and accurate measurement is difficult due to the high

retreat rate of tidewater glaciers. The lack of bathymetry

at tidewater glaciers is a challenge in other polar regions

as well, e.g., in Greenland. A part of the bathymetry for

the region under study is estimated by interpolating the

point depth measurements made from the boat. For

regions outside the boat transects, no information is

directly available to discern the bathymetry. Therefore,

to fill in the gaps in bathymetry for such regions, we use

the information from the directionality plots to obtain

feasible values of bathymetry that can explain the trends

in the plots, which are also consistent with the available

depth measurements.

Due to the uncertainty in bathymetry and SSP, the

model predictions may show some deviations from the data.

Despite this, it is instructive to compare our estimates against

a model because it allows us to understand the data better,

accounting for propagation effects as much as possible.

Finally, note that the SGM sound arises as a result of

melting across the entire submerged face of the glacier.

However, incorporating the full horizontal extent of the gla-

cier in modeling is not straightforward. For the sake of sim-

plicity, it is assumed that the observed directionality is

influenced most by the sources nearest to the vertical

array—these correspond to the region of the glacier-ocean

interface closest to the array. Regions of the interface that

are further away from the array would contribute weaker

rays with less steeper AOAs because their horizontal separa-

tion with the receivers is larger [see Fig. 2(a)]. Thus, the

impact of this assumption in our directionality plots is that

each ray arrival exhibits a smear in energy toward less

steeper AOAs than modeled. While this assumption is a sim-

plification, it will be seen in the forthcoming results that it

works fairly well in explaining the directionality patterns,

albeit with some loss of sharpness.
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In the forthcoming discussion, it will be shown that the

submerged part of the glacier–ocean interface is acoustically

active only down to a certain vertical depth as illustrated in

Fig. 2(a). We refer to this near-surface region of the inter-

face as the acoustically active boundary layer. Although this

is discussed further in the upcoming analyses, we introduce

this now for the purpose of setting up the modeling and

interpreting its predictions. Inspired by this, the sound field

due to SGM is modeled as originating from a number of

closely spaced point sources at the glacier-ocean boundary

layer. The point sources span a line from the water surface to

a depth of 10 m. A two-dimensional (2D) Bellhop model is

used to trace raypaths from these sources to the hydrophones

of the receiver array. The directionality plots shown in this

section are overlaid with Bellhop-predicted AOAs of several

raypaths from the source. A letter sequence representing the

type of raypath is indicated above each line. D stands for the

direct path from the source to the hydrophones, S stands for

the surface-reflected, B stands for the bottom-refracted, BS
stands for the bottom-surface-reflected, and so on.

B. Muhlbacherbreen

In Fig. 7, the directionality observed across the duration

of the trial in the bay of Muhlbacherbreen is plotted. The

most striking aspect of the sound directionality in Fig. 7(a)

is the large band of energy concentrated within the elevation

angles �5�–15�. Within this large band, two sub-bands are

visible, especially at the start of the trial. The upper and

lower sub-bands indicate, respectively, the surface-reflected

and direct raypaths from the glacier face to the receiver

array.

The concentration of the energy in an angular band

around 0� is evidence of the fact that the acoustic energy

generated due to melting at the glacier–ocean interface is

highest in the uppermost layers of the water, i.e., near the

FIG. 7. (Color online) (a) Median-normalized directionality estimate at Muhlbacherbreen and (b) with overlaid model-predicted AOAs. The x axis at the

bottom shows the trial time, and the x axis at the top shows the range to the closest point on the glacier terminus. Solid lines indicate the modeled mean

AOA of rays/ray-pairs, and dotted or dashed lines indicate the maximum/minimum AOA of rays.
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water surface. Previous experimental studies have also indi-

cated that the sound generated by bubble-release decreases

with increasing depth below the surface (Deane and

Glowacki, 2018). A likely reason for this lies in the physics

of rapid bubble-release from ice. For a bubble newly

released from the ice, the energy available to generate sound

scales with the difference between the bubble’s internal gas

pressure and hydrostatic pressure, apart from other factors.

If the hydrostatic pressure increases faster with depth than

the internal gas pressure within the ice, it would explain the

observed decrease in acoustic energy of bubble-releases

with depth and, thus, the directionality observed in Fig. 7(a).

The acoustic energy from the D and S rays is seen to be

spread over an angular band. One reason for this is that, as

mentioned earlier, the SGM sound arises from a large hori-

zontal span of the glacier face, which is not considered in

our modeling. Second, the acoustic source is not a point

source. Rather, it is spread over a certain depth, beginning

from the water surface, and there could also be contributions

from ice debris concentrated along some parts of the glacier

terminus. Third, for simplicity of interpretation, our direc-

tionality estimation approach assumes that the acoustic

waves arriving at the receiver array have a planar wavefront.

This assumes that the AOAs of waves at all the hydrophones

are equal, which is not necessarily true in reality, contribut-

ing to the observed spread.

In order to understand the directionality plot and the

angular energy spread in terms of our propagation model,

the AOA predictions are overlaid onto the plot in Fig. 7(b).

Since the sound field is modeled as arising from sources dis-

tributed at the near-surface acoustically active boundary

layer, the AOAs of the B and SB paths are very close to each

other and, hence, they are shown together as a pair.

Likewise, the AOA of each ray arrival that starts with a

FIG. 8. (Color online) (a) The median-normalized directionality estimate at Hansbreen when a bergy-bit crossed near the boat and (b) with overlaid model-

predicted AOAs. The x axis at the bottom shows the trial time, and the x axis at the top shows the range to the closest point on the glacier terminus. Solid

lines indicate the modeled mean AOA of rays/ray-pairs, and dotted or dashed lines indicate the maximum/minimum AOA of rays.
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bottom reflection is paired with the corresponding arrival

that has a preceding surface reflection. The solid lines depict

the modeled mean AOAs of the rays (or ray-pairs) incident

at the sensors of the array, whereas the maximum and mini-

mum AOAs corresponding to each path are depicted by the

dotted or dashed lines. Together, these define the expected

angular band of variation of acoustic energy due to the

effects mentioned previously. This convention will be used

in directionality plots henceforth.2

When the spread in the arrival angle caused due to the

effects mentioned above is taken into account in the modeling,

the model-predicted AOAs are able to better explain the D and

S path energies in the plots. As the array was moving away

from the glacier through the course of the trial, the vertical

extent of the energy band shrinks as the trial time progresses.

Apart from SGM, acoustic signatures due to subaerial calving

events can also be observed in the plot at 1, 6, and 27 min of

trial time. These are seen as blips in the �5�–10� band.

C. Hansbreen

During recordings conducted at Hansbreen, a bergy-bit

floated very close to the recording array. As per our logs, the

bergy-bit was 23 m away from the array at the start of the

recording. It reached as close as 5 m at 5.5 min, and then

retreated to 147 m by the end of the recording. The bergy-

bit’s acoustic signature is clearly evident in the directional-

ity plot [in Fig. 8(a)] as a large band of energy that reaches

maximum elevation 5.5 min into the trial.

Based on our logs of ranges to the bergy-bit, the AOA

of rays from the bergy-bit are modeled. The rays due to

SGM are also modeled (D and S rays only, seen at elevation

angles near 0�). These are shown in Fig. 8(b). The vertical

spread of energy from the bergy-bit in the directionality plot

can be explained to a reasonable degree by assuming that

the acoustic energy is contributed by point sources distrib-

uted from the water surface down to a depth of 10 m. The B
ray becomes strongly observable in the plot starting from

around 20 min into the trial with an AOA of �50�. The

model-estimated angle of incidence of this ray with the bot-

tom is 22� at 20 min. This is consistent with the critical graz-

ing angle of the sediment (19.2�).

D. Samarinbreen

During our trials at Samarinbreen, two growlers passed

close enough to the array that their signature was observable

in the recordings. In the directionality plots for Samarinbreen

(Fig. 9), the contributions from the S and D rays from these

two sources are evident as the arrivals at steeper positive

angles.2,3 The AOAs for rays from the glacier are also indi-

cated—these are the arrivals at near-horizontal angles. The

signature due to the first growler is evident from 0 to 27 min

as it approaches the array and passes by it at 10 min and then

retreats away. From the 27th minute onward, the AOA track

of the second growler is observable.

E. Paierlbreen

In Fig. 10, the directionality of the data recorded at

Paierlbreen is plotted with model predictions overlaid.2,3

During the trial, the boat was drifting mostly parallel to the

face of the glacier. Thus, the distance from the array to the

closest face of the glacier did not vary much over the course

of the trial. This explains the relatively unchanging direc-

tionality patterns seen in the plot as the trial progresses.

At 10 min into the trial, an underwater calving event

occurred at a point on the glacier face that was close to the

array. The acoustic signature of this event can be seen in the

directionality plot as a streak moving from 6� to 0�. This

FIG. 9. (Color online) Median-normalized directionality estimate with overlaid model-predicted mean AOAs at Samarinbreen. The x axis at the bottom

shows the trial time, and the x axis at the top shows the range to the closest point on the glacier terminus. Solid lines indicate the modeled mean AOA of

rays/ray-pairs, and dotted or dashed lines indicate the maximum/minimum AOAs of rays (footnote 2 and 3).
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captures the AOA variation of the S ray from the calved ice

block as it moved upward toward the water surface. Based

on the acoustic track, the calving is estimated to have

occurred at a depth of at least 30 m. Another noteworthy

observation is that the strength of the S ray from SGM is sig-

nificantly reduced after the calving event occurs. This is

because the surfacing of the calved ice created ripples on

the water surface. Due to the rough sea surface no longer

playing the role of a strong reflector, the strength of subse-

quent surface-reflected ray arrivals is weakened.

Most of the energy in the plot falls within �50�–60�.
Based on the propagation model and estimated bathymetry,

the mean angle of incidence of the BSBSB þ SBSBSB ray-

pair with the bottom at 0 min is 20�, which is close to the

critical grazing angle for the sediment bottom (19.2�). The

model-estimated angle of incidence of this ray-pair

increases to 50� by 10 min, which explains why the energy

from steeper AOAs in the directionality plot reduces as trial

time progresses from 0 to 10 min. This is because the

increasing incident angle leads to fewer subcritical bounces

of the higher-order rays and, thus, less energy of these ray-

paths is retained in the channel while more energy is lost

into the bottom.

A common feature in all the directionality plots dis-

cussed in this section is the band of incoming energy cen-

tered near the horizontal direction (within �5�–15�), which

is associated with D and S rays from SGM. This is expected

to be a stable acoustic feature during months in which SGM

takes place. In some scenarios, additional energy is received

via B and higher-order multipaths, which account for only a

smaller fraction of the energy (for example, �35% at 338 m

range from Paierlbreen). The directionality plots also exhibit

time-varying patterns when calving events occur or when

ice pieces pass close to the array. In the case of growlers

and bergy-bits, most of the energy is received in the form of

D and S paths. These have positive elevation angles larger

than those observed for SGM, and the AOA varies as a func-

tion of the range to the ice piece.

VI. CONCLUSIONS

This study reports the vertical directionality and coher-

ence of the sound field at four glacial bays in Spitsbergen in

summer. To the authors’ knowledge, this is the first study to

present a detailed analysis of these aspects at glacial fjords.

The use of a vertical array yields insights on the acoustic

processes in glacial bays beyond the existing literature. It

demonstrates that sound energy due to SGM is concentrated

at near-horizontal arrival angles at the array. These provide

strong evidence that the emitted acoustic energy is highest

from ice melting at shallow depths. These results demon-

strate that passive acoustic monitoring is a promising tool to

understand SGM, a task that is currently being done using

techniques such as oceanographic flux-gate methods, buoy-

ant plume theory, or direct active sonar measurements

(Straneo and Cenedese, 2015; Sutherland et al., 2019).

Passive monitoring could provide additional insights that

are complementary to these methods.

Previous studies have shown that passive acoustic mon-

itoring can be used to quantify calving fluxes (Glowacki and

Deane, 2020). A vertical array can provide more valuable

information for the characterization of calving fluxes at gla-

ciers such as the depth of submarine calving events along

with their trajectory of movement. An array can also capture

the time-varying directionalities due to moving pieces of ice

in the bay, which approach close enough so that their sound

is distinguishable. This allows us to acoustically track these

bodies of ice, extending insights obtained from earlier

related works on this (Glowacki et al., 2018). This could

FIG. 10. (Color online) Median-normalized directionality estimate at Paierlbreen with overlaid model-predicted AOAs. The x axis at the bottom shows the

trial time, and the x axis at the top shows the range to the closest point on the glacier terminus. Solid lines indicate the modeled mean AOA of rays/ray-pairs,

and dotted or dashed lines indicate the maximum/minimum AOA of rays (footnote 2 and 3).
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potentially be used to aid tracking systems to track ice

pieces with good spatial and temporal coverage. It also gives

us an opportunity to learn more about the glacier by using

growlers or bergy-bits as proxies for the glacier because

they originate from calving off it. Since it may be hard to

get close enough to the glacier to perform acoustic monitor-

ing with good resolution, studying these ice pieces opportu-

nistically with better vertical resolution is an easier

alternative.

Analysis of the vertical coherence reveals that sensors

placed within the near-surface GMW duct may exhibit

coherence with each other but are incoherent with sensors

below the duct. An exception to this is observed during loud

calving events at low frequencies where the duct has a verti-

cal span on the same order as the acoustic wavelength and

cannot trap sound. This observation also matches a similar

study done earlier (Glowacki et al., 2016). The GMW duct

span in other regions, such as Greenland and Antarctica, is

larger and can trap lower-frequency sound (Cape et al.,
2019; Jacobs et al., 2011; Jenkins and Jacobs, 2008; Straneo

et al., 2011). The takeaway here is that, when using acoustic

equipment in the glacial bay, careful planning must be

undertaken to account for the thermohaline properties while

having the source’s spectral properties in mind. If an array

with a larger vertical aperture than the height of the GMW

duct is to be used, the sensors should be placed below the

duct in order to avoid distortions from it. This is especially

true if one wishes to operate at higher frequencies such as in

the case of monitoring SGM.

If one wishes to deploy acoustic equipment in these

regions for applications such as localization, communica-

tion, or navigation, the acoustic interference from SGM

needs to be accounted for. This may be done, for example,

by ensuring acoustic equipment is separated with sufficient

vertical spacing so that it can reject interference from the

SGM in the horizontal band based on direction. During

beamforming, nulls can be steered toward the near-

horizontal band to reject the SGM sound. During channel

estimation for underwater communication, this information

can be translated into suitable constraints. The time-varying

interferences from ice pieces may pose a tougher problem

due to their unpredictability. These would occur more fre-

quently in seasons with higher calving activity. The results

in this study can help guide deployment strategy to mitigate

the effect of these time-varying acoustic interferences, too.

For example, our observations show that most of the energy

from these sources arrives at large positive elevation angles

and are concentrated within a band. Hence, one plausible

strategy could be to place the acoustic transmitters below

the plane of the receivers during deployments so that we can

distinguish the transmitters based on angular location.

The Bellhop-modeled AOAs of the rays from the gla-

cier termini and ice pieces match the observed directionality

patterns reasonably. The patterns are also consistent with

environmental information. The acoustic receiver was able

to distinguish rays which had undergone a significant num-

ber of bottom and surface interactions. This indicates that

despite the lack of complete information on bathymetry and

SSP, propagation modeling can be used as a tool to better

understand the physical processes occurring in the bay. This

opens up the attractive possibility of using the acoustic data

to further probe the environment and gather information

about it via inversion.

Seen in a larger context, this study does not paint a

complete picture of the acoustic field at all types of glaciers

or those in Hornsund during other times of the year. For

example, closer to winter and going into spring, the bays

would be frozen and the sea ice would significantly alter the

propagation in the channel. Ice melting, cracking, and ice–

ice interactions during this period may make contributions

to the sound field that are not covered in this study. Glaciers

in other regions, such as Greenland or Antarctica, may have

additional acoustic features due to differences in environ-

mental conditions. Nevertheless, this study gives valuable

insights about a cross section of glacier types. These can be

extrapolated to other comparable glaciers based on similari-

ties in environmental conditions.
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1An ice melange is an agglomeration of sea ice and iceberg clasts, formed

when ocean currents or surface winds fail to evacuate icebergs from a

fjord (Burton et al., 2018).
2The maximum and minimum AOA predictions are plotted only for the

direct and surface-reflected arrivals because the band of variation is large

for higher-order rays.
3The directionality plot without overlaid Bellhop model predictions is

available in the supplementary material for comparison. See supplemen-

tary material at https://www.scitation.org/doi/suppl/10.1121/10.0002868

for full high-resolution versions of Figs. 9 and 10 without overlaid

Bellhop predictions.
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