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Abstract Field data are needed for a better understanding of sea ice decline in the context of climate
change. The rapid technological and methodological advances of the last decade have led to a
reconsideration of seismic methods in this matter. In particular, passive seismology has filled an important
gap by removing the need to use active sources. We present a seismic experiment where an array of 247
geophones was deployed on sea ice, in the Van Mijen fjord near Sveagruva (Svalbard). The array is a mix of
1C and 3C stations with sampling frequencies of 500 and 1000 Hz. They recorded continuously the
ambient seismic field in sea ice between 28 February and 26 March 2019. Data also include active
acquisitions on 1 and 26 March with a radar antenna, a shaker unit, impulsive sources, and artificial
sources of seismic noise. This data set is of unprecedented quality regarding sea ice seismic monitoring, as
it also includes thousands of microseismic events recorded each day. By combining passive seismology
approaches with specific array processing methods, we demonstrate that the multimodal dispersion
curves of sea ice can be calculated without an active source and then used to infer sea ice properties. We
calculated an ice thickness, Young's modulus, and Poisson's ratio with values h = 54 ± 3 cm,
E = 3.9 ± 0.15 GPa, and 𝜈 = 0.34 ± 0.02 on 1 March, and h = 58 ± 3 cm, E = 4.4 ± 0.15 GPa, and
𝜈 = 0.32 ± 0.02 on 5 March. These values are consistent with in situ field measurements and observations.

1. Introduction
The effects of global climate changes are strongest in the Arctic, which is currently under-going the most
intense warming of any region on Earth, for example, IPCC (2014). A spectacular signature of these changes
is the accelerated decline of the sea ice cover, at a rate faster than that forecasted by climate models, both in
terms of ice extent (Stroeve et al., 2007) or average thickness (Rampal et al., 2011). Significant multi-decadal
trends are also observed for mechanically related variables, such as an acceleration of sea ice drift and
deformation (Rampal et al., 2009) and a mechanical weakening at the Arctic basin scale (Gimbert et al.,
2012).

Arctic sea ice has an influence on climate at the global scale, because of the key role it plays in several
atmosphere-ice-oceans interactions, such as the thermohaline circulation in icy waters, or the Arctic oscil-
lation (Chylek et al., 2009; Uttal et al., 2002). Positive feedbacks between sea ice decline, modification of
the albedo of the Arctic ocean, and the warming of arctic waters, likely influences this evolution and may
lead to a sea-ice-free Arctic in summer within few decades, an emblematic example of a climatic tipping
point (Steffen et al., 2018; Stroeve et al., 2012). Hence, understanding this sea ice decline in conjunction
with global warming is one of the main challenges of modern climatology. In this matter, a finer descrip-
tion of the dynamic and thermodynamic processes involved in sea ice models is needed. However, accurate
parameterization of these models require more complete data sets of sea ice properties: salinity, temperature,
mechanical properties, and thickness.

The use of seismic methods to study sea ice has been considered for more than 60 years. Sea ice acts as
a waveguide for seismic waves. As such, it supports dispersive and multimodal wave propagation, which
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Table 1
Sea Ice Properties and Thickness From Various Seismic Studies Between 1958 and 2019

SH0 velocity (m/s) QS0 velocity (m/s) E (GPa) 𝜈 Thickness (m)
Anderson (1958) 1,133–1,730 1,960–2,990 3.1–7.28 N/A 0.15–1.3
Hunkins (1960) 1,420–1,860 2,400–3,080 5.4–8.6 0.29–0.38 2.5–4.4
Pounder and Langleben (1964) 1,788 N/A 7.19 0.25 N/A
Miller and Schmidt (1991) 1,590 3,090 N/A N/A 1.2
Yang and Giellis (1994) 1,650 2,800 6.5 0.3 2
Stein et al. (1998) 1,550–1,650 2,720–2,930 6.1–7.2 0.33 1.7
Marsan et al. (2019) 1,850 N/A N/A N/A N/A

can be used to estimate its mechanical properties and thickness. Pioneering works in this matter are the
experiments by Anderson (1958), who inferred the elastic constants of the ice from seismic waves velocities,
and by Hunkins (1960), who demonstrated the influence of temperature on the elastic constants of the ice,
and used the dispersion of the flexural wave to estimate its thickness. Yang and Giellis (1994) measured
broadband multimodal propagation, using a linear array of triaxial geophones and hammer blows. Stein
et al. (1998) inferred the elastic properties and thickness of sea ice by inverting seismic data obtained with
a similar experimental setup.

Table 1 compares sea ice properties measured from several sets of seismic data. Young's modulus extends
between 3.1 and 8.5 GPa, and these should not be considered as the extremes values. These differences
are, for the most part, essentially related to ice composition. Thinner and younger ice tends to be more
porous and with a larger brine content (Weeks & Ackley, 1986), resulting in lower values of Young's modulus
(Mellor, 1986).

Due to the hostile environment and heavy logistics in polar regions, such studies have remained rare. With
the need of exhaustive and accurate field data to meet the issue of climate change, and the rapid technolog-
ical and methodological advances of the last decade, there has been a reconsideration of seismic methods
for polar seismology (Kanao et al., 2015). In particular, passive seismology has addressed difficulties related
to the need of active sources. Based on continuous recordings of the ambient seismic field, it is possible to
turn seismic stations into virtual sources via basic signal processing (Sabra et al., 2005; Shapiro & Campillo,
2004). This was recently applied for passive seismic studies of sea ice. Marsan et al. (2012) inferred Arctic
sea ice thickness from measurements of the flexural wave dispersion. Sutherland and Rabault (2016) mea-
sured the dispersion and attenuation of the flexural wave in landfast ice. Marsan et al. (2019) observed the
propagation of both the flexural and shear-horizontal waves from ambient seismic noise recordings in the
Arctic.

The present paper follows up on our work initiated at the laboratory scale to infer the thickness and mechan-
ical properties of the ice from the observation of guided wave modes (Moreau, Lachaud et al., 2017). In a
layer of ice floating on water, the wavefield is composed of modes that are of the same nature as those that
propagate in a stress-free plate, that is, the Lamb wave modes and the guided shear-horizontal (SH) wave
modes. Lamb waves are decomposed in two families known as antisymmetric modes, An, and symmetric
modes, Sn (Lamb, 1917). We distinguish between the fundamental modes (n = 0) that propagate at all fre-
quencies and the higher-order modes (n = 1, 2, 3, ...) that become propagative only at frequencies above
their cutoff frequency. Antisymmetric modes produce an axial displacement component that is antisym-
metric and a normal displacement component that is symmetric, with respect to the middle-plane of the
plate. For symmetric modes, this is the opposite. As such, antisymmetric modes generate flexural motion,
and symmetric modes generate traction-compression motion.

The solid-liquid interface, however, induces a change in the boundary conditions. This does not modify the
propagation of the guided SH modes (because there is no coupling with shear motion in water), but it breaks
the symmetry of the problem for the Lamb modes. As a consequence, the elastic wavefield in a free ice layer
is different from that in a floating ice layer. The main differences are the existence of an additional mode,
similar to the Scholte mode that propagates at the liquid-solid interface between two semi-infinite media,
as well as a modification of the dispersion branches of the guided waves. For these reasons, the wavefield in
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Figure 1. (a) Displacement field generated by the QS mode (top) and the QS0 mode (bottom) in a floating ice layer of
thickness h = 50 cm at a frequency of 100 Hz, with Young's modulus E = 4.5 GPa, Poisson's ratio 𝜈 = 0.33, and density
𝜌 = 910 km/m3. (b) Wavenumber-thickness versus frequency-thickness dispersion curves of the ice layer.
Black dots show the theoretical values and red lines the approximation of the QS and QS0 modes by the flexural and
axial waves, which is valid when the frequency-thickness product is less than 50 Hz·m.

a floating ice layer is referred to as quasi-symmetric (QSn), quasi-antisymmetric (QAn), and quasi-Scholte
(QS) modes.

Below the cutoff frequency of the higher-order guided modes, the elastic wavefield in the ice is theoretically
distributed on four propagating modes: QS, QA0, QS0, and the fundamental shear-horizontally polarized
mode (SH0). The energy distribution of these modes on the displacement components depends on the prod-
uct between the frequency of the exciting wavefield and the thickness of the ice. For example, when this
product remains under 50 Hz·m, most of the energy on the axial and transverse components comes from the
QS0 and SH0 modes, while on the vertical component of the displacement the energy comes almost exclu-
sively from the QS mode, because of the strong energy leakage of the QA0 mode in water. In such conditions,
the wavefield can be approximated with only three propagating waves: the flexural wave, the axial wave, and
the shear-horizontal wave (Stein et al., 1998). These are essentially the asymptotic behavior of the guided
modes, when the displacement field across the ice thickness is considered linear for the QS mode and con-
stant for the QS0 mode, as shown in Figure 1a. This approximation is valid only for frequency-thickness
values under 50 Hz·m. For higher values, the approximation no longer holds, and the dispersion branch of
the QS mode starts to deviate from that of the flexural wave (Figure 1b). If frequency-thickness is increased
further, the energy on the vertical component of the displacement becomes progressively dominated by
the QA0 mode, the QS0 mode becomes dispersive, and higher-order modes become propagative (Moreau,
Lachaud et al., 2017).

As far as seismology on sea ice is concerned, when active sources are used it is possible to measure wave prop-
agation at frequency-thickness values exceeding 1000 Hz·m. There have also been reports of higher-order
modes propagating at lower frequency-thicknesses (Yang & Giellis, 1994), although the origin of these modes
could not be explained, because the maximum frequency-thickness was around 100 Hz·m values. For passive
seismology (i.e., seismology without active sources), the majority of reports are for environments character-
ized by frequency-thickness below 0.5 Hz·m (Marsan et al., 2012; Sutherland & Rabault, 2016), where wave
excitation comes mainly from wind and swell. In this paper, we demonstrate that multimodal and broadband
propagation of guided waves can be extracted far beyond this value from passive recordings and used to mon-
itor sea ice properties. To this end, an array of 247 geophones was installed in the Van Mijen fjord (Svalbard)
to record the ambient seismic field for 27 days. Recordings exhibit wave propagation at frequencies up to
the sampling limit of 500 Hz, with a level of energy showing that waves may propagate at even higher
frequencies.

Using array processing methods, we analyze several aspects of this rich data set to demonstrate that pas-
sive seismic recordings on sea ice can produce results at least as good as active seismic experiments.
In section 2, we introduce the array, the seismic acquisition, and the ground penetrating radar profiles.
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Figure 2. (a) Location of the seismic array in the Van Mijen fjord near Sveagruva (Svalbard), with (b) a zoom around the array area in Vallunden Lake, a part of
the fjord that is surrounded by a moraine and connected to the fjord by a channel. The gray scale show land which altitude is less than 25 m. All land above
25 m is shown in white to emphasize the shore line.

In section 3, we discuss the properties of the seismic wavefield and the dispersion curves of sea ice are
calculated on 1 and 5 March 2019 from active sources, icequakes, and seismic noise. They are subsequently
inverted for sea ice thickness, Young's modulus, and Poisson's ratio, yielding values that are consistent with
in situ measurements and observations, as well as with previous reports on elastic properties for first-year ice.

2. Material and Methods
The aim of the deployment is to demonstrate that broadband propagation of guided waves can be extracted
from passive seismic data measured in the ice and used to estimate ice thickness and its mechanical proper-
ties. A total of 247 FairFieldNodal Zland geophones (flat frequency response down to the cutoff frequency
of 10 Hz for 1C and 5 Hz for 3C) were deployed on the ice of Van Mijen fjord in Vallunden Lake (Figure 2a).
This part of the fjord, located 2 km south-east of Sveagruva, is surrounded by a moraine (Figure 2b). Because
of its connection to the fjord by a canal of width ∼10 m, Vallunden Lake is subject to tidal flows and forcing.
It is a quiet zone that is well suited for scientific experiments on sea ice. Each node is equipped with a spike
for better coupling with the ground. However, this is not ideal in the ice. Instead, the nodes were installed
directly in the ice without their spike. To maximize the coupling, a milling tool was specifically designed
to drill the ice at the diameter of the nodes. They were installed in the holes at about half their height and
covered back with snow to insulate them for preserving their battery life. At the time of the deployment, the
internal temperature of several nodes was measured, before and after covering them with snow, showing an
increase from −21 to −16 ◦C .

2.1. Array Deployment
Recording the three components of the displacement is technically not necessary to measure the QS and QS0
modes. However, the fundamental shear-horizontal (SH0) mode can be measured only on the horizontal
channels. Moreover, the QS0 mode is easier to measure on the horizontal channels, because it produces
a weak vertical displacement at frequency-thickness values below 1000 Hz·m. Therefore, in practice the
use of 3C geophones helps with data interpretation. However, due to limited geophones availability, the
deployment contains both 1C and 3C stations. We set the sampling frequency of the 1C and 3C stations to
500 and 1000 Hz, respectively. A consistent sampling rate of 1000 Hz was prohibitive because of the shorter
battery life of the 1C geophones.

The geophones were divided into five zones, including one large, two-dimensional array, and four smaller
linear arrays. The distribution of the sensors is presented in details in Figures 3a and 3b, with blue and red
dots indicating 1C and 3C geophones. The main array is a large squared area with sides of length 48 m
(Figure 3b). The other four arrays consist of four stations with an aperture of 12 m. It is noteworthy that,
during deployment, a 1C geophone was replaced with a spare 3C sensor because it was deficient (see station
133-517 in Figure 3b). Moreover, stations 113-509 and 125-542 (marked with a cross in Figure 3b) were
deployed but failed to record, which leaves the main array with 231 operating sensors. The purpose of the
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Figure 3. (a) The 247 stations of the array, including the main central array, and the four linear arrays to the north, east, south, and west. Arrows indicate the
positions of the two GPR profiles. (b) Aerial view of the main array, with station numbering and a photo of one geophone lines. Geophone station numbers are
given as intersection numbers of east-west and north-south profiles. The two crosses indicate stations that were installed but failed to record: 125-542 and
113-509. Station 133-517 was originally a 1C station but was replaced by a spare 3C station due to technical problems. Red circles are for 1C stations and blue
circles for 3C stations. The large arrowheads indicate the positions of ice thickness measurements.

main array is to measure guided waves propagating in all directions. The linear arrays act as distant virtual
sources, for the calculation of the noise correlation functions (Sabra et al., 2005; Shapiro & Campillo, 2004).

Based on an ice thickness of 50 cm, the spatial sampling of the 1C geophones in the main array (4 m) is
sufficient to measure the slowest mode, QS, and the fastest mode, QS0, in the 1–20 Hz and 30–250 Hz fre-
quency ranges, respectively. With the denser spatial sampling of the 3C geophones (1 m), these two modes
can be measured in extended frequency ranges: 1–150 Hz for QS and 30–500 Hz for QS0. This high spatial
density is not necessary for monitoring ice thickness and mechanical properties, because the guided wave
inverse problem is very well constrained. The quality of the inversion depends essentially on the number
of modes that can be measured and the bandwidth on which they are measured. The more modes and the
larger this bandwidth, the better constrained the inversion. The SH0 mode is not dispersive, and the QS0
mode becomes dispersive only at much higher frequency-thickness values (above 1000 Hz·m). If the QS,
QS0, and SH0 modes can all be measured, then a well-constrained inversion can be expected even in nar-
rower frequencies bands, for example, in the 1–5 Hz bandwidth. In that case, a spatial sampling of 10–15 m
could be sufficient. Of course, for sea ice with a thickness x times greater than that at Vallunden Lake, the
spatial sampling can be reduced by the same factor x. One of the objectives of this experiment is to underpin
research on the trade-off between accuracy and array density and should help setting new benchmarks for
future inversions of sea ice seismic data.

2.2. Field Acquisitions
2.2.1. Ice Drillings
Sea ice thickness was measured in the fjord on 1 March 2019, 10 m east of station 141-549. A thickness
of 62 cm was measured. It was also measured on 26 March next to stations 125-511 and 126-525, giving
a thickness of 70 and 73 cm. Around position N77.8845◦, E16.776◦, about 170 m north of station 101-549,
several measurements by another group of researchers gave ice thicknesses that varied between 75 and 80 cm
between 4 and 16 March 2019. This indicates substantial spatial and temporal thickness variations of the ice
cover at Vallunden Lake.
2.2.2. Ground Penetrating Radar Survey
On 28 February 2019, two linear GPR profiles were acquired over a distance of 250 m with 800 MHz shielded
antenna of Mala Geosciences: a north-south profile between stations 501-104 and 301-104 and an east-west
profile between stations 401-104 and 201-104. Both GPR profiles were processed with a 450–1100 MHz
band-pass filter and late arrivals amplification with a time squared gain function. Figure 4 shows the result-
ing processed images for both profiles, which are dominated by the air wave followed by a large reflection,
whose first onset varies between 2 and 3 ns along the profile. This could represent the base of the snow cover.
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Figure 4. Processed ground penetration radar profiles acquired on 28
February 2019 along the (a) north-south direction between stations 501-104
and 301-104 and (b) east-west direction between stations 401-104 and
201-104 (see Figure 3a for exact profiles locations).

This large event is followed by other reflections with the same polarity,
which might be multiples. An additional waveform, which arrives around
10 ns, exhibits slight variations with an opposite reflectivity. This could
indicate the reflection at the sea ice/sea water interface but with these
GPR data, such interpretation remains speculative.

The velocity of electromagnetic waves in snow strongly depends on its
properties (Liu et al., 2014) and ranges from 16.8 cm/ns (highly dense
compacted snow with a very weak porosity) to 25.5 cm/ns (very porous
fresh snow). In the absence of any common middle point acquisition, we
use an average velocity of 21.1 cm/ns. From this estimate, the snow thick-
ness varies between 21.1 cm (2 ns) and 32.2 cm (3 ns), which is consistent
with observations in the field, despite a large uncertainty of ±20%.

In sea ice, the velocity may vary between 10.6 and 15 cm/ns, depending
on its brine content and temperature. Assuming an average velocity of
12.8 cm/ns, the second reflection would correspond to an ice thickness
around 52 cm with a large uncertainty of ±17%. This range is consistent
with the local drilling information (62 cm) and with estimates from seis-
mic methods (54 cm, see section 3.5). Here, the interpretation of the GPR
images appears speculative and uncertain. As noted by Liu et al. (2014)
this problem appears when high-frequency antennas are used, because
the high conductivity of sea ice drastically decreases the penetration of a
GPR signal. Consequently, if GPR is able to detect the snow cover with

a good resolution, the detection of sea ice bottom remains uncertain and strongly depends on the saline
properties of sea ice, which is not the case with seismic methods.
2.2.3. Vibrating Sources, Impulsive Sources, and Artificial Noise Sources
A series of active seismic experiments was conducted on 1 and 26 March 2019, at the times and positions
indicated in Table A1, including vibrating and impulsive sources. Vibrating sources are 10, 15, and 60 s
sweeps with a shaking device at frequencies varying between 1 and 450 Hz. Impulsive sources are person
weight (80 kg) drops (jumps) from 1 m height onto the ice. Moreover, artificial seismic noise was created by
driving five snowmobiles around the array for several minutes. The first driving sequence was on 1 March
2019 between 14:25 and 14:30, and the second on 26 March 2019, between 15:49 and 15:54 (UTC).

The vibrating sources and artificial noise will be useful for future in-depth analyses of signals with
correlation-based processing methods. For example, snowmobiles are a relatively high-frequency seismic
noise source, up to ∼200 Hz. Such acquisitions are therefore of interest for investigating the convergence of
the noise correlation function.

Note that, in this section, we are introducing the full seismic experiment so that it can be referred to in
our future works on this rich data set. However, in the following, only the impulsive sources to the east
of the main array are considered, that is, those located at stations 401-101 to 401-104 (see Figure 3a). The
purpose here is twofold. First, we are demonstrating that the dispersion curves obtained with passive data are
comparable to those obtained with active sources. Second, we are demonstrating that the noise correlation
function converges quickly toward the Green's function of the ice layer, and by extension that it can be used
for monitoring ice properties with a temporal resolution that is less than a day.

3. Results
3.1. Noise Properties: Power Spectral Density
Figure 5 shows the spectrogram of one full day of recording on 5 March 2019, from station 125-525 at the
center of the main array. The spectrogram contains thousands of impulsive and broadband events. Part of
these events are probably due to the specific conditions of the ice at the Lake, where it is directly in contact
with the shores and influenced by the mechanical stress induced by tidal effects. For example, tidal cracks
were observed along the shoreline. Some cracks were frozen or some partially frozen, depending on the tidal
phase. Water in and outflow through the connecting channel had a maximum speed of 3 m/s and probably
contributed to the triggering of icequakes too. However, because they occur at any time and on every day, it
is fair to assume that there is also a large amount that is not connected to the specific situation at the lake.

MOREAU ET AL. 6 of 17



Journal of Geophysical Research: Oceans 10.1029/2019JC015709

Figure 5. Spectrogram of the signal recorded at the center of the main array by station 125-525 on 5 March 2019.
Hundreds of broadband events are recorded every hour. The increase of activity between 8:30 and 17:30 corresponds
to field work on the lake.

For the same reason, it is also fair to assume that many icequakes also happen in freely floating sea ice,
where plate inner deformation due to relative drift, swell, and thermal expansion of the ice, are known to
induce cracking.

There is also a more consistent trend at lower frequencies between 1 and 25 Hz, where signal exhibits
stronger energy levels. The origin of this seismic noise is a mix between wind and water current, under the
ice, in the canal. Note the presence of more energetic signals between 8:30 a.m. and 5:30 p.m. They were
generated by research field works that took place about 300 m north-east of the main array. They lasted
12 days, between 4 and 16 March 2019. Since these noise sources are not natural and very directional, they
are not of interest for this study and will be disregarded in the following. Therefore, next we focus on data
recorded in the absence of human activity.
3.2. Noise Properties: Wavefield Isotropy
In order to identify the azimuthal distribution of the wavefield around the array, we apply classical beam-
forming to the data. This processing aims at investigating a seismic wavefield in terms of its directionality
and phase slowness, based on its spatial coherency across an array (Rost & Thomas, 2002). When applied
to a full day of data, it provides insights in the origin of the seismic noise. When applied to a few seconds
of data, this allows the identification of impulsive microseismic events as well as their direction of propaga-
tion. In practice, beamforming consist of delaying the waveforms with the phase slowness of a plane wave
propagating through the array with a given azimuthal direction, and summing the resulting signals. The
slowness and angle that return the maximum output are closest to those of the wavefield recorded in the
time window.

Because beamforming relies on the spatial coherency of the wavefield, it is sensitive to spatial sampling. As
such, it is restricted to frequencies where geophones spacing allows a sampling of the wavelength that sat-
isfies Nyquist's criterion to prevent aliasing. Spatial sampling in the main array is limited by the 1C stations,
separated with a 4-m spacing. We are therefore restricted to frequencies where the wavelength is at least
8 m, that is, under 16 Hz for the QS mode.

We applied this processing to 12 hr of noise recording without nearby human activity on 3 March 2019
between 0h00 and 12h00. Figure 6 shows the beamforming obtained from the vertical displacement in four
frequency bands: 3–5, 7–9, 11–13, and 15–17 Hz. This displacement component is strongly dominated by the
QS mode at such frequencies; hence, the beamformer is mainly associated with this mode. Consequently,
the aliasing limit mentioned previously is visible in the 15–17 Hz, where beamformer overlapping starts to
occur near a slowness of 8 s/km.

The circular amplitude of the beamformer around the array center indicates that noise sources are dis-
tributed in all azimuthal directions. The intensity is slightly lower to the south of the array. This is likely
the consequence of the array position relative to the edges of the lake, which are closer to the north, east,
and west than they are to the south. Hence, waves emitted from the southern part of the lake may have a
lower amplitude due to more energy leakage in water. The isotropic ambient wavefield allows to look for
specific microseismic events to act as sources that originate from a desired direction, in view of computing
the dispersion curves of sea ice.
3.3. Typical Microseismic Events
In this section, we focus on the first 8 hr of recording on 5 March 2019. The corresponding signal is shown
in Figure 7 for station 125-525. It contains hundreds of events with amplitudes that vary by up to two orders
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Figure 6. Beamforming of one full day of ambient seismic noise recorded on 3 March 2019. The distribution of noise sources is isotropic, with a slightly lower
amplitude to the south. Note the aliasing limit in the 15–17 Hz frequency band, where the QS mode has a wavelength of about 8 m, causing a duplication of the
beamformer that is very close to overlapping itself near the slowness of 8 s/km.

of magnitude, as shown in the zoom between 1:30 and 2:30 a.m. By scanning this signal with 4-s-long mov-
ing time window and applying beamforming to the data, it was possible to identify events with significant
amplitude that originated from the east. Three of such events are shown in color in Figure 7. The figure
also shows the beamforming associated with the third event. It was computed in the 15–17, 11–13, 7–9, and
3–5 Hz frequency bands, resulting in a velocity of 139, 118, 93, and 60 m/s, respectively, which reveals the
strong dispersion of the signals.

Figure 7. Top: 8 hr of recording from the vertical component of station 125.525 on 5 March 2019 with a zoom between 1:30 and 2:30 a.m. Colored signal
indicates events 1, 2, and 3 used to compute the dispersion curves of the ice (see Figure 9). Bottom: Beamforming of the data from event 3 in the 15–17, 11–13,
7–9, and 3–5 Hz frequency bands.
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Figure 8. Top: zoom on the third event isolated in Figure 7. Bottom: representation of the vertical displacement component through the main array at the times
marked with a red cross in the signal. Higher frequencies arrive before the lower frequencies, which is typical of the QS mode.

Figure 8 shows a zoom on event 3, as well as the distribution of the vertical displacement component in the
main array. These snapshots of the wavefield were extracted at the times marked with a red cross in event
3. For better visualization, data were first interpolated on a denser grid with a 1-m interval. This is a clear
visualization of seismic wave dispersion in sea ice, with high frequencies arriving first, which is typical of
the QS and QA0 modes at low frequencies-thickness values. It is noteworthy that for values of the order of
1 Hz·m, the displacement is dominated by the QS mode on the vertical component, the QS0 mode on the
radial component, and the SH0 mode on the horizontal component. Hence, the QA0 mode contributes to
the wavefield with a negligible effect, and the high dispersion observed in the beamforming is that of the QS
mode, which is used next to estimate ice thickness.

3.4. Dispersion Curves of Sea Ice
In this section we calculate the frequency-wavenumber spectrum of the waveforms propagating along line
125 of the main array, where the denser spatial sampling allows measurements without aliasing up to 150 Hz
for the three modes. This analysis is performed on 1 and 5 March 2019 to recover the dispersion curves of
sea ice, based on the wavefield generated by active sources and icequakes, or the wavefield reconstructed
from the seismic noise via correlation methods. We outline specific array processing that takes advantage of
the multiplicity of sources for enhanced calculation of the dispersion curves.
3.4.1. Array Processing for Calculating Dispersion Curves
A classical way of computing the dispersion curves of a wavefield is to apply a Fourier transform to
the time and space dimensions of the waveforms recorded along a line of geophones, which yields the
frequency-wavenumber spectrum. If several sources are available, the spectra can be averaged over the num-
ber of sources. However, signals with a low signal-to-noise ratio (SNR) may result in frequency-wavenumber
spectra of poor quality. A better way of taking advantage of several sources consists in combining them, fol-
lowing the processing described in Minonzio et al. (2010). The reader is referred to Minonzio et al. (2010) and
Moreau, Lachaud et al. (2017) for more details regarding its implementation and application to the present
problem. Only the main steps of this processing are outlined here.

1. The matrix of transmit-receive signals has three dimensions: sources, receivers, and time. The first step is
the application of the Fourier transform to the temporal dimension of this matrix.

2. At each frequency, the resulting Fourier-domain matrix is sliced into two-dimensional transmit-receive
matrices. These matrices are then decomposed into singular values, with the underlying idea that the
different levels of modal energy are distributed onto a set of orthogonal singular vectors. This allows a
heuristic separation of the noise and signal subspaces, in a classical way for singular value-based filters.

3. The last step consists of defining test vectors that are representative of the wave propagation problem in the
receivers basis, for example, plane waves with a given wavenumber. The projection of test vectors onto the
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Figure 9. (a, b) Dispersion curves of the ice at Vallunden Lake obtained using the three displacement components measured along row 125, from (a) the four
impulsive sources to the east of the main array on 1 March 2019 and (b) the propagation of the three events isolated on 5 March 2019 (Figure 7). (c) Dispersion
curves obtained from the two displacement components of a two-dimensional finite element simulation of seismic waves propagating in a layer of floating ice
with a thickness of h = 54 cm, Young's modulus E = 3.9 GPa, Poisson's ratio 𝜈 = 0.34, and density 𝜌 = 910 kg/m3. (d) Same as (c) with h = 58 cm, E = 4.4 GPa,
Poisson's ratio 𝜈 = 0.32, and density 𝜌 = 910 kg/m3.

singular vectors of the receivers basis leads to a scalar product that is maximized when the wavenumber
in the test vector matches that of the waves in the measured wavefield.

This processing significantly enhances the identification of the dispersion branches in the
frequency-wavenumber space, for two reasons: (i) the separation of the noise and signal subspaces and (ii)
the projection of test vectors is not weighted by singular values. Yet the energy information is only con-
tained in singular values, not in singular vectors, which all have a norm equal to unity. Hence, in theory all
modes stand out with the same spectrum intensity, despite their different relative energy in the wavefield.
3.4.2. Dispersion Curves of Sea Ice from Passive and Active Seismic Events
The first data set used for computing the dispersion curves is the matrix of signals recorded during the 5 s
following the active impulsive sources at stations 401-101 to 401-104, on 1 March 2019. The second data set
is the matrix of signals recorded on 5 March 2019 during the 5 s of propagation of the three microseismic
events shown in Figure 7. They exhibit energy at frequencies from 0 Hz up to at least the sampling limit of
500 Hz. These events all originate from a direction that almost coincides with that of line 125, the difference
being less than 7◦. Hence, from the apparent wavenumber measured along the stations in row 125 during
the propagation of these events, the wavenumber of the guided modes propagating in the actual east-west
direction can be estimated with less than 1% error. A first attempt at calculating the dispersion branches was
made by applying a classical frequency-wavenumber Fourier transform to the data sets, and averaging the
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spectra over the number of sources. Only the QS appears clearly in the resulting diagrams, in a frequency
band limited between 5 and 35 Hz. The QS0 mode is barely visible, and the SH0 mode is not detected (see
Figures B1-a and B1-b). This is essentially due to the fact that most of the energy goes to the QS mode at
these frequency-thickness values, and to energy leakage in water.

Application of the processing described in section 3.4.1 to the three components of the displacement signifi-
cantly enhances the dispersion curves. The resulting diagrams for the active and passive data sets are shown
in Figures 9a and 9b.

These dispersion curves can be converted into modal velocities, using the following three-step process.

1. For each frequency, extract the couples (fm, km) with maximum intensity in the dispersion curves. This is
performed for the three modes: m = QS,QS0

, SH0.
2. Convert the frequency-wavenumber couples, (fm, km), into frequency-velocity couples, (fm, cm), with cm =

2𝜋fm∕km.
3. For each mode, find the best fit of all (fm, cm) couples. S0 and SH0 are not dispersive at the frequencies of

interest; hence, we used linear interpolation. For the QS mode, however, we used spline interpolation to
account for the nonlinear pattern.

It is also possible to calculate the standard deviation of the absolute error of the interpolations. The extracted
velocities and the histogram of the interpolation error are shown in Figure C1. In the following we use these
standard deviations as a measure of uncertainty for the velocities. They are also converted into the standard
deviation of the estimated Young's moduli, Poisson's ratios, and thicknesses.

From the active data set recorded on 1 March 2019, we measure nondispersive propagation of the SH0 and
QS0 modes at a velocity of 1,260 ± 15 and 2,200 ± 84 m/s, respectively, while the QS mode propagates with a
velocity varying between 58± 1 m/s at 4 Hz and 277± 1 m/s at 60 Hz. From the passive data set recorded on 5
March 2019, we measure nondispersive propagation of the SH0 and QS0 modes at a velocity of 1,360± 48 m/s
and 2,330 ± 63 m/s, respectively, while the QS mode propagates with a velocity varying between 60 ± 2 m/s
at 4 Hz and 287 ± 2 m/s at 60 Hz.

These velocities correspond to an apparent wavefield propagating under the array. Therefore, any variations
of ice thickness or elastic properties along the array are averaged in the frequency-wave number diagram. It
is possible to account for thickness variations (Moreau et al., 2014) and potentially for variations of elastic
properties as well, using more advanced signal processing, but this is out of the scope of this paper and is
left for future investigations. The variations of guided modes velocities between 1 and 5 March 2019 demon-
strate the high sensitivity of the dispersion curves to ice thickness and elastic constants. This property of the
guided wave modes are in favor of a very well-constrained inverse problem, which is actually already used
extensively a the ultrasonic scale, in the fields of nondestructive testing and medical ultrasound to estimate
bone mechanical resistance and thickness.
3.4.3. Dispersion Curves of Sea Ice From the Noise Correlation Function
Because it might not always be possible to isolate suitable icequakes for estimating sea ice properties, an
alternative is to use the so-called noise correlation function (NCF). Historically, ambient seismic noise was
used to qualify the contribution of all unwanted sources that corrupt the quality of conventional seismic
recordings. For example, microseismic events or human activity generate broadband seismic noise, while
wind or swell generate low-frequency noise. In passive seismology, the NCF is calculated by correlating
the ambient seismic noise (or ambient seismic field) recorded between station pairs. It can be shown that
it converges toward the impulse response, or Green's function, of the medium (Sabra et al., 2005; Shapiro
& Campillo, 2004). Because the NCF integrates the contribution of all noise sources, impulsive or more
stationary, it naturally results in more energetic signals with a broader frequency content than those from
isolated events. The aim of this section is to demonstrate that one can achieve results from the NCF that are
at least as good as those obtained from icequakes or active sources.

As shown in section 3.2, the ambient seismic field is isotropic at the scale of a few hours. This is ideal for
the convergence of the NCF. The impulse response of the ice is known on 1 March 2019 from the impulsive
active sources (jumps). Hence, for comparison we use the seismic noise recorded on the same day, from
0h00 to 12h00, at the stations of the linear array to the east (stations 401-101 to 401-104) and those of line
125 of the main array. Stations of the linear array are used as virtual sources, and those of line 125 are used
as the receivers. Recordings were first split in 30-min time windows, and spectral whitening was applied in
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Figure 10. (a, b) Correlograms between station 401-104 and the stations of line 125 in the array, filtered in the 1–10 Hz frequency band for better visualization
purpose. (a) correlations from the ambient wavefield recorded for 12 hr on 1 March 2019. (b) Correlations from signals recorded during the 5 s following the
impulsive source at station 401-104 on 1 March 2019. (c) Dispersion curves of the ice at Vallunden Lake along line 125, obtained from the NCF of the three
displacement components with the stations of the east linear array as virtual sources.

the 1–150 Hz frequency band. The cross-correlations were then calculated between each virtual source and
all the receivers, resulting in 24 cross-correlations for each stations pair. To obtain the final NCF, the filter
introduced in Moreau, Stehly et al. (2017) was applied to each set of cross-correlations, which were finally
stacked. The purpose of this filter is to minimize the incoherent information in the singular vectors of the
matrix of pre-stack correlations with the Wiener filter, for improved convergence of the NCF. An example
of NCF from the vertical displacement component is shown in Figure 10b when the virtual source 401-104
is used.

For comparison, the Green's function between the same stations pairs was estimated by correlating signals
recorded in the 5 s following the impulsive active sources, located exactly at the position of the virtual sources
used for the NCF. This is shown in Figure 10a for the vertical displacement from the impulsive source at
station 401-104. Note that the signals shown in Figures 10a and 10b are filtered in the 1–10 Hz frequency
band, for visualization purposes. The causal and a-causal part of the NCF are symmetric, a typical feature
that is expected when the source distribution is isotropic. There is a very good agreement between the causal
part of the NCF from virtual source 401-104 and the response from the active impulsive source at the same
station, indicating convergence of the NCF. By reciprocity, the a-causal parts of the NCF converge toward
the Green's function propagating in the opposite direction. Note the strong dispersion of the waveforms,
typical of the QS mode. This was expected because the vertical displacement is dominated by this mode in
this frequency band.

Based on these observations, and also on the fact that noise sources are broadband, with energy up to at least
500 Hz (Figure 5), it is expected that the dispersion branches can be measured from the NCF in a larger fre-
quency band, because this processing integrates signal over a much longer duration than the icequakes. For
example, Figure 10c shows the dispersion curves obtained from the NCF of the three displacement compo-
nents. In terms of wavenumber values (or velocities), they are in prefect agreement with those calculated on
the same day along line 125 of the main array, using the impulsive sources (Figure 9a). This proves that the
velocities of the modes calculated using the NCF are the same as those inferred using the active impulsive
sources. An interesting feature is that the dispersion curve of the QS mode vanishes at frequencies beyond
60 Hz when using the active sources, but it can be measured on a larger frequency band, up to 150 Hz when
using the NCF. This indicates that the inverse problem may be better constrained with the NCF.

3.5. Inversion of the Dispersion Curves for Sea Ice Thickness, Young's Modulus, and
Poisson's Ratio
From the approximation of the seismic wavefield in a floating ice layer by Stein et al. (1998), it is
straightforward to determine Young's modulus and Poisson's ratio based on the modes velocity:

𝜈 = 1 − 2

(
cQSH0

cQS0

)2

, and E = 𝜌 ×
(

cQS0

)2 (1 − 𝜈
2)

. (1)

However, it should be noted that the use of equation (1) is possible only because the approximation of the
QS0 by the axial wave remains valid at our frequencies of interest, that is, between 0 and 150 Hz (Figure 1b).
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We find values E = 3.9± 0.2 GPa and Poisson's ratio 𝜈 = 0.34± 0.02 on 1 March 2019 and E = 4.4± 0.2 GPa
and Poisson's ratio 𝜈 = 0.32 ± 0.02 on 5 March 2019.

To estimate sea ice thickness, the dispersion curve of the QS mode is used. While the approximation in Stein
et al. (1998) holds up to a frequency-thickness of 300 Hz·m for the QS0 mode, it holds only up to 50 Hz·m for
the QS mode (Figure 1b). However, on 1 March 2019, sea ice thickness was greater than 0.5 m. Given that
we measure the propagation of the QS mode up to 150 Hz (Figure 10c), another model has to be used. For
meaningful results we use finite element (FE) modeling instead of the flexural wave approximation.

To this end, we modeled the seismic wavefield propagating in the sagittal plane of an ice layer floating on
an infinite water column. FE simulations were made with the commercially available software COMSOL
Multiphysics. For water, we used a density 𝜌w = 1010 kg/m3 and a speed of sound c = 1410 m/s. For sea
ice, we used a density of 910 kg/m3 (Timco & Frederking, 1996), and the elastics constants E and 𝜈 found
previously on each day. Thickness was varied between 0.4 and 0.7 m with a 1-cm increment. The seismic
source was defined as a vertical force distributed on a 20-cm-long zone at the free surface of the ice. We
used three different positions of the source, all inline with an array of 44 receivers. They were located 92, 96,
and 100 m away from the first receiver and sent a two-cycle tone burst with central frequency 75 Hz. The
processing of the synthetic data was identical with that of the field data. However, because the simulation
is two-dimensional, it was applied only to the vertical and longitudinal components of the wavefield.

Note the different relative amplitudes of the modes in the spectra from the synthetic and field data. This
is essentially due to the fact that the displacement field used to measure the QS0 mode in the synthetic
data was taken at the center of the ice layer, where its energy is strongest. In the field data, we have only
access to data measured at the surface of the ice, where the QS mode is dominant. In the spectra calculated
from the icequakes, however, the difference in relative amplitude is not so significant. This is because the
source mechanism is not the same when jumping on the ice or when cracking occurs. The former generates
essentially a vertical motion, and thus, energy goes mainly to the QS mode, while the latter generates motion
in the whole thickness and energy is distributed more evenly between the modes.

The dispersion curves calculated on 1 March 2019 from the impulsive sources or the NCF are in very good
agreement with those for a simulated ice layer of thickness h = 54±3 cm, Young's Modulus E = 3.9 GPa, and
Poisson's ratio 𝜈 = 0.34 (Figure 9c). The dispersion curves calculated on 5 March 2019 from the icequakes
correspond to a simulated ice layer of thickness h = 58± 3 cm, Young's Modulus E = 4.4 GPa, and Poisson's
ratio 𝜈 = 0.32 (Figure 9c).

These parameters are consistent with field observations and with values generally found in literature for
sea ice:

- Thickness estimation on 1 March 2019 is consistent with that from the GPR acquisition along the east-west
direction on the same day (52 cm). Drilling through the ice on 1 March 2019 revealed a slightly larger
thickness of 62 cm. However, this does not mean that our thickness estimation from the dispersion curves
is wrong, for two reasons. First, drilling was performed 20 m to the south of line 125 (see exact position
in Figure 3b), and the spatial variability of the ice thickness was most likely around 15–20%. Second, as
explained in section 3.4.2, the dispersion curves correspond to an average velocity along the propagation
of the wavefield; hence, our thickness estimations correspond to an average value along the stations of line
125.

- Poisson's ratio is typical for sea ice (Mellor, 1986; Schulson & Duval, 2009).
- Young's moduli are consistent with values reported in Hunkins (1960) and Anderson (1958) for first-year

ice, which is more porous and with a large brine content.

3.6. Discussion
The value of Young's modulus for sea ice is about half that of fresh-water ice (Gammon et al., 1983). However,
in the Van Mijen fjord, the salinity in March is generally around 6‰ (Hoyland, 2009) and the brine-liquid
volume was shown to vary between 95‰ in 2010 and 30‰ in 2018 (Karulin et al., 2019). At Vallunden
Lake, the ice contained much brine and was quite porous, with water drawn to the surface from capillar-
ity effect. Young's modulus is known to decrease when porosity and brine content increase (Langleben &
Pounder, 1963; Mellor, 1986). The ice was also very brittle in the top 30 cm. Moreover, the ice in the field
had a temperature of about −1 ◦C in the bottom 10 cm. For ice temperatures above −3 ◦C, Young's modulus
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is significantly reduced (Hunkins, 1960). These observation simply a gradient of mechanical properties
through the ice layer. The snow layer covering the ice surface may also have an influence on the apparent
Young's modulus (Schulson & Duval, 2009). Our onsite radar acquisitions show that the thickness of the
snow was between 20 and 35 cm along row 125 (Figure 4b).

The combined effects of ice porosity, brine, and the snow cover affect the speed of the guided modes, which
propagate with a reduced velocity in comparison with fresh-water ice. For example, the dispersion curves
measured in Moreau, Lachaud et al. (2017) for a floating layer of pure ice with thickness of 1 cm, Young's
modulus E = 9.4 GPa, and Poisson's ratio 𝜈 = 0.33 indicated a velocity of 3,215 m/s for the QS0 mode. The
velocity of the QS mode was 430 m/s for a frequency of 3,700 Hz that is for a frequency-thickness of 37 Hz·m.
In sea ice at Vallunden Lake, for the same frequency-thickness (i.e., at a frequency of 60 Hz and thickness
of 62 cm), the QS mode propagates with a reduced velocity of 287 m/s. This indicates that the effective
elastic properties estimated in sea ice with seismic methods are necessarily less than those of fresh-water
ice measured at the ultrasonic scale, where mesoscale heterogeneities have no influence.

The differences between the elastic properties estimated on 1 and 5 March 2019 remain within the error
bars. This is expected, since the ice should not undergo significant changes of properties within only 4 days.
The estimations of the ice thickness remains within the error bars too, but we believe that the 4-cm increase
in thickness is not related to uncertainties. Between 1 and 26 March 2019, drillings indicate a thickness
increase of about 20 cm, which is not surprising given the cold weather conditions in the field, with an
average temperature of about −25 ◦C.

Overall, the use of passive seismic data seems very promising for monitoring the thickness and mechanical
properties of sea ice. However, the monitoring over the 27-day period is left for future works, since investi-
gating NCF requires significant additional analyses that are beyond the scope of this paper. Future works
will also investigate inversions based on a forward model that accounts for ice porosity, gradient of mechan-
ical properties, and a snow layer. This should pave the way toward more systematic applications of passive
methods for monitoring sea ice. The interest lies not only in the context of climate change at the global scale
but also at a more local scale for monitoring the ice condition in places where fast ice is used for traveling.

4. Concluding Remarks
This paper presented a proof of concept to use passive seismic data for estimating sea ice thickness and
properties. We show preliminary results from seismic data acquired on sea ice with an array of geophones
deployed in the Van Mijen fjord near Sveagruva (Svalbard). The array recorded continuously the ambient
seismic field for 27 consecutive days between 28 February and 26 March 2019, resulting in a sea ice seis-
mic data set of unprecedented quality, both in terms of spatial and temporal sampling and also in terms
of the acquisition duration. Based on passive acquisitions and appropriate signal processing, we show that
broadband propagation of the seismic waves guided in sea ice can be extracted with the same level of accu-
racy compared to data from active seismic experiments. The dispersion curves of three fundamental guided
modes are measured either with an active source or with passive seismic data, in the 1–150 Hz frequency
range. The dispersion curves obtained on 1 March 2019 with active sources or the NCF show very good agree-
ment with synthetic data in a layer of floating ice with thickness h = 0.54 m, Young's modulus E = 3.9 GPa,
and Poisson's ratio 𝜈 = 0.34. Those obtained on 5 March 2019 from icequakes show very good agreement
with synthetic data in layer of floating ice with a thickness of h = 0.58 m, Youngs modulus E = 4.4 GPa, and
Poisson's ratio 𝜈 = 0.32. These values are consistent with field observations and reports in the literature. A
major perspective of this work is the monitoring of these parameters for the whole duration of the experi-
ment, for example, by producing a daily three-dimensional map of the ice properties. To this end, instead
of using just one linear array, the four linear arrays will be used as virtual sources to calculate the NCF and
recover wave propagation in all directions.

We are confident that the approach introduced in this paper can be complementary to the already existing
methods for monitoring sea ice properties. Applications are for both landfast ice and ice floes. The origin of
mechanical stress in ice floes is mainly due to interior deformation resulting from relative drift and thermal
expansion of the ice, while at Vallunden Lake it is dominated by tidal forcing. Hence, there might not be as
many icequakes in ice floes as those recorded in this experiment, but not as many are necessary. Moreover,
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reverberation in ice floes may play a important role in this matter, since each reflection at the edge acts as a
secondary noise source, which is desirable for the convergence of the NCF.

Key aspects for a transfer of this concept to systematic monitoring of sea ice with the ambient seismic wave-
field are battery life and the determination of optimal array size and density for best spatial coverage and
accuracy. The former is a technological issue. The geophones used in this experiment allow continuous
recordings for 40 days at a sampling rate of 500 Hz. The next generation of geophones will be able to record
continuously for several months and transmit data via a 4G connection. Moreover, continuous recording
of the wavefield is not necessary to extract the dispersion curves from the NCF, because it converges after
only a few hours of ambient field records are processed. The latter will be tackled by studying the sensitivity
of the inverse problem to measurement errors, which are directly linked to spatial sampling and frequency
bandwidth.

Measuring broadband propagation of the three guided modes from passive seismic data is an important step
toward the assessment of a more optimal array design in terms of spatial sampling. For example, a linear
array of 30 geophones with 10- to 15-m spacing might allow the extraction of the dispersion curves of the
three modes on a bandwidth that is sufficient for estimating sea ice properties. This remains to be confirmed
with future investigations, by focusing on a systematic search of suitable icequakes and the calculation of
the NCF, as these may play a complementary role to achieve this goal.

Appendix A: Positions and Date of the Vibrating and Impulsive Sources (Times
are UTC)

Table A1
Positions and Date of the Vibrating and Impulsive Sources (Times are UTC)

1 March 2019 1 March 2019 26 March 2019
Position 10-s sweeps 15-s sweeps 60-s sweeps Jumps Jumps
501-104 08:10:38 08:12:20 08:12:58 13:17:49 15:13:37
501-103 08:16:09 08:16:40 08:17:13 13:19:07 15:14:06
501-102 08:20:03 08:10:29 08:20:56 13:19:47 15:14:42
501-101 08:23:00 08:23:39 08:24:13 13:20:39 15:15:07
301-104 08:54:14 08:54:39 08:55:09 13:34:21 15:23:02
301-103 08:56:52 08:57:16 08:57:40 13:35:13 15:23:20
301-102 09:00:07 09:00:30 09:00:56 13:36:06 15:23:42
301-101 09:02:40 09:02:59 09:03:54 13:37:16 15:24:00
201-104 09:11:15 09:11:40 09:12:56 13:39:40 15:17:24
201-103 09:17:04 09:17:25 09:17:53 13:40:08 15:17:42
201-102 09:21:28 09:21:48 09:22:13 13:41:25 15:18:03
201-101 09:24:01 09:24:24 09:24:49 13:42:07 15:18:25
401-104 08:34:45 08:35:10 08:35:37 13:23:48 15:27:25
401-103 08:37:33 08:37:58 08:38:27 13:28:18 15:27:43
401-102 08:41:44 08:42:17 08:42:44 13:28:59 15:27:57
401-101 08:44:58 08:45:17 08:45:49 13:30:42 15:28:19
101-525 10:07:28 10:07:49 10:08:14 N/A N/A
149-525 09:45:06 09:45:31 09:46:02 N/A N/A
125-549 10:12:25 10:12:46 10:13:13 N/A N/A
125-501 10:02:39 10:03:05 10:03:32 N/A N/A

Appendix B: Dispersion Curves Obtained From the Classical Spatio-Temporal
Fourier Transform
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Figure B1. (a, b) Same as Figures 9a and 9b but calculated with classical frequency-wave number Fourier transforms.

Appendix C: Velocities Extracted From the Dispersion Curves Calculated in
Section 3.4.2

Figure C1. (a, b) Same as Figures 9a and 9b but calculated with classical frequency-wave number Fourier transforms.
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