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Outlet glaciers in Greenland have retreated and lost mass over the past decade. Understanding
the dynamics of tidewater glaciers is crucial for forecasting sea-level rise and for understanding the
future of the Greenland Ice Sheet, given the buttressing support that tidewater glaciers provide to
inland ice. However, the mechanisms controlling glacier-front location and the role played by
external forcings (e.g., meltwater input and tidal oscillation) in basal motion and fracture formation
leading to iceberg calving are poorly understood. Today it is known that glaciers generate seismic
and infrasound signals that are detectable at local and teleseismic distances and can be used to monitor
glacier dynamics. Here, we present examples of data recorded by a temporary network of seismic
and infrasound instruments deployed at a tidewater glacier (Bowdoin Glacier, Greenland) in July 2015.
Some stations were installed on ice at distances as close as ~ 250 m from the calving front,
Multiple

seismic and infrasound events were recorded by five seismic and six infrasound sensors, and linked to

representing the closest deployments to the calving front that have been made to date.

surface crevassing, calving, and ice-cliff collapses, and presumably also hydrofracturing, iceberg
rotations, teleseismic earthquakes, and helicopter-induced tremors. Using classic seismological and
array analysis approaches (e.g., “short-term averaging/long-term averaging” and “/~%” analysis), as well
as image processing techniques, we explore this unique dataset to understand the glacial response to
external forcings. Our observations, supported by GPS measurements of ice velocity, local weather-
station records, and time-lapse photography, provide a valuable resource for studying seismogenic

glacial processes and their dependence on ocean tides and other environmental factors.
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1. Introduction

“Beneath our feet a continuous trembling sensation was

felt ... Quick, sharp, deep-tingling, ringing, shricking

sounds frightful enough, came, not as sound usually

does, horizontally, but vertically wup to our ears,
seeming to vibrate through our feet, our limbs, our very

bodies, spitefully shouting in our ears: Why, presump-
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tuous man, hast thou set disturbing foot upon my chaste
bosom? Beware! Beware! Beware! Split-jingle-crash-
Off! Away! Away!”

E. B. Baldwin about his crossing of the Bowdoin
Glacier in the summer 1894 (Baldwin, 1896)

Polar glaciers are difficult and expensive to access
for scientific research purposes. Moreover, glacier
interiors are difficult environments in which to study and
monitor important glacial phenomena such as the
dynamics of ice fracturing, the mechanisms of basal
movement, and the material properties of ice and sub-
glacial till, as well as the evolution of sub-glacial drainage
systems. Similarly, the observation of calving-rates
remains challenging and is one of the most uncertain
inputs in predictions of future sea-level rise (IPCC, 2013).

In this light, passive seismology enables monitoring
of near- and sub-surface processes at high spatial and
temporal resolutions in regions that are difficult to
access or hard to monitor. Recent observational studies
have shown that monitoring the natural seismicity of ice
is useful for many glaciological applications (for a
comprehensive review, see Podolskiy and Walter, 2016).
In particular, seismological techniques have been applied
to the study of the Greenland Ice Sheet (GrIS) and its
marginal ice and glaciers, which are known to have
experienced retreat and intense mass loss in the last
decade (Khan et al, 2015). For example, if we limit
ourselves only to Greenland-related research, Ekstrom
et al. (2003) reported previously unknown tele-seismic
events that differ from tectonic earthquakes, termed
“glacier earthquakes”, which are generated by large-
scale iceberg calving and capsizing events. These
events have increased in frequency since 1990 (Ekstrém
et al, 2006), and their locations have spread into
northwest Greenland during the last decade (Veitch and
Nettles, 2012). In another context, Walter et al. (2014)
showed that the properties and thickness of sub-glacial
sediments, which influence basal movement, could be
estimated beneath the margin of western Greenland via
analysis of natural seismicity. Bartholomaus et al.
(2015) demonstrated the possibility of quantifying sub-
glacial discharge using continuous seismic tremor as a

proxy. Carmichael et al. (2015) analyzed seismic and

GPS signals related to the rapid draining of a supra-
glacial lake, and associated the signals with an increase in
ice-flow speed In western Greenland. Their results
suggested that the ice-quake activity peak was associ-
ated with vertical hydro-fracturing that enhanced ice
flow by supplying meltwater from the lake to the bed at
adepth of almost 1 km. Roeoesli et al. (2016) discovered
small stick-slip events that are influenced by meltwater
input, which were previously never observed near the
base of the Greenland Ice Sheet. Furthermore, most
recently, Mordret et al. (2016) demonstrated that the
mass balance of Southern Greenland could be inferred
from ambient seismic-noise analysis. This innovative
approach is based on measurements of seismic-velocity
variations in the crust due to changes in ice-mass loading.
According to the authors, this technique presents an
opportunity for near-real-time mass-balance monitoring
as an alternative to satellite observations, which have
limited temporal resolution.

Glacial seismic sources corresponding to sudden
mass acceleration also emit energy into the atmosphere
in the form of infrasound waves; i.e., as air-pressure
oscillations at frequencies below 20 Hz, which can
propagate for thousands of kilometers with little
attenuation. In particular, calving and iceberg capsiz-
ing events are the most prominent sources of local and
regional infrasound and seismic wave fields at regional
and tele-seismic scales (e.g., Richardson et al, 2010).
Analysis of both types of signals allows for a comprehen-
sive understanding of the source mechanisms and source
location in time and space. Specifically, the different
information carried by seismic waves propagating
through solid ice and infrasound waves propagating
through air from the same event, which may involve
impacts and mass acceleration, has the potential to
provide additional insights. Moreover, infrasound data
can be a useful complement to seismic data as it helps to
better differentiate surface events like iceberg calving
from signals emanating from other parts of the glacier.
To our knowledge, the possibility of glacial and
cryosphere monitoring with infrasound remains to be
explored, and has only rarely been applied previously
(Richardson et al, 2010; Maruyama et al, 2015;
Preiswerk et al,, 2016).

The internationally funded Greenland Ice Sheet
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Monitoring Network (GLISN) currently provides contin-
uous regional seismic observations in Greenland, includ-
ing near-real-time data from some of its stations. These
data are freely distributed by Incorporated Research
Institutions for Seismology (IRIS). However, local
observations are needed to obtain a comprehensive
understanding of glacier dynamics and glacier seismic
sources, especially because the magnitude of most
events is too weak (i.e., M<1) to be detected at epicentral
distances greater than a few kilometers (Podolskiy and
Walter, 2016). Moreover, a long-term Comprehensive
Nuclear-Test-Ban Treaty Organization (CTBTO) infra-
sound installation (IS18) for realtime nuclear and
atmospheric monitoring, located near Qaanaaq village in
northwestern Greenland, provides detailed in-situ infra-
sound observations that are valuable for assessing the
potential, and limitations, of using this geophysical
approach for cryospheric studies.

Against this background, in this paper we briefly
introduce the seismic and infrasound monitoring cam-
paign that we conducted at Bowdoin Glacier in
northwestern Greenland in July 2015. This work
formed part of a comprehensive set of glaciological
observations, organized as a collaboration among
Hokkaido University (Japan), ETH Ziirich (Switzerland),
and the University of Florence (Italy). A similar field
campaign was performed in July 2016, and the results
will be published elsewhere, along with a detailed

analysis of the present results.

2. Site and instrumentation set-up

2.1 Study site

Bowdoin Glacier (77°41'N, 68°35'W) is located ~ 125
km from Pituffic and more than 25 km from Qaanaag.
The glacier was named after Bowdoin College, USA, by
its famous 1877 graduate, Arctic explorer Admiral
Robert Peary. Itis a grounded tide-water glacier with a
calving front that is 3 km wide. The first scientific
observations of the glacier were performed during
Peary's expedition of 1894, and included, surprisingly,
time-lapse photography. These observations are de-
scribed in the corresponding expedition reports
(Chamberlin, 1895; Chamberlin, 1897). The latter re-

port presented photographs of the glacier front, near-

front ice-speed measurements of up to 84 cm per day at
the center and 57 cm per day on average, and other
detailed, mostly qualitative descriptions. Since 2013, the
dynamics of Bowdoin Glacier and the properties of its
fjord have being intensively studied through annual
Japanese expeditions and from satellite imagery
(Sugiyama et al, 2015). These more recent observa-
tions have found that the terminus of the glacier
remained relatively stable until 2008, when it started to
retreat from an elongate submarine bump oriented
perpendicular to the fjord. Close to the calving front, ice
thickness measured with ground-penetrating radar is
known to be less than 280 m. Precise GPS measure-
ments show that the horizontal ice speed is tide-
modulated and reaches a maximum of ~ 2 m per day at

low tide (Sugiyama et al., 2015).

2.2 Instrumentation

Despite some heavily crevassed zones, conditions in
the lower parts of the glacier surface enable many
locations to be accessed by foot, thus permitting direct
access to the calving front and creating various unique
opportunities for deploying monitoring instruments. In
July 2015, several sites (both on the ice and on nearby
rock outcrops along the eastern side of the glacier) were
selected for observations, to enable near-source monitor-
ing of calving front dynamics (Fig. 1). A helicopter was
used to transport instrumentation to monitoring sites
and to deliver seismic-array equipment to a location on
the central moraine a few hundred meters from the
calving front (Fig. 2). The ability to land a helicopter
near the calving front on the loose boulders of the
moraine and the availability of human resources to
manually move heavy equipment over the rough ice
surface with backpacks were crucial to the successful
and safe installation of the on-ice seismic array. This
seismic deployment is closer to the calving front than
any previous set-up.

A Guralp CMG40T triaxial broadband seismometer,
sensitive to periods up to 30 s, was installed on the rocky
coast forward of the calving front, along with a Guralp
CMG-DAS-S6 recorder operating at a sampling rate of
100 Hz and a GoPro time-lapse camera operating at 6
frames per minute. An Onset HOBO U-20 water-

pressure sensor, operating at a sampling rate of 0.5 Hz,
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Figure 1 : Map of the Bowdoin Glacier geophysical experiment setup of July 7-19, 2015. The insets at lower right show close-up
views of the seismic array. Note that a drift in the position of the on-ice stations is apparent due to the ice flow. Depending on the
station, these shifts corresponds to ~ 14-18 m of horizontal displacement in total. The inset at lower left shows a map of Greenland

with Bowdoin's location.

was deployed in the fjord to record micro-tsunamis
generated by calving events. Four Lennartz LE-3D
short-period (SP) and long-period (LP) seismometers,
connected to Taurus/Nanometrics and Guralp data
loggers, were arranged on the glacier ice in a triangular
array located ~ 250 m from the marginal ice cliff, where
icebergs are discharged into the fjord. The three SP
stations (named “IC1”, “IC2”, and “IC3") used seismome-
ters with a natural frequency of 1 Hz, and formed the
vertices of the triangular array. The instruments were
seated on tripods, as used typically for installations into
soft soil. The central LP station (“ICC") used an
instrument with a natural frequency of 0.2 Hz that was
placed on a ceramic tile. All stations operated at a
sampling rate of 500 Hz. Each sensor was placed in an
ice pit with a drainage channel for removing meltwater;
each pit was covered with a metal mesh and a high-

albedo blanket to protect the stations from wind, rain,

and solar radiation (Fig. 2).

An infrasound array, comprising four absolute
pressure transducers (from iTem geophysics) with a
sensitivity of 0.01 Pain the 0.01-100 Hz frequency band,
was installed on a hill located close to the base camp,
3 km behind the calving front and at an elevation of 270
m. Three pressure sensors were connected via 100 m
cables to a Guralp data-logger (7 channels, 24 bits Guralp
CMG-DM24 A/D converter), operating at a sampling
frequency of 500 Hz, located at the central station.
Another two infrasound sensors were co-located with
the central station of the on-ice seismic array, ICC, and
the broadband seismic station, recording at sampling
rates of 500 and 100 Hz, respectively. The aperture of
both arrays was ~ 150 m. In addition, three dual-
frequency GPS stations (Global Navigation Satellite
Systems, GEM-1) were deployed on the ice, and a

reference station was positioned on bedrock to establish
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Figure 2 : (a) Staging area for seismic equipment on the central moraine, unloaded from the helicopter. (b) Seismic station IC1. An
SP seismometer was screwed to a disk and placed on a metal tripod. Note the drainage channel for removing meltwater from the
ice pit. The yellow watertight box contains the Taurus recorder, GPS antenna, and solar panel regulator. This box is connected to
one external battery (Cyclon; 12V, 46 Ah) and a solar panel. (c) Seismic station ICC. An LP seismometer was placed in an ice pit and
covered with a mesh and protective blanket. The aluminum Zarges box contains the Guralp recorder, battery (Fiamm, 12V, 42 Ah),
and solar panel regulator. The solar panel and GPS antenna are located at the sides of the box. (d) LP seismometer at station ICC
deployed on a ceramic tile. (e) Seismic station IC2; setup is as for station IC1 — see (b) above. (f) SP seismometer at station IC2,
deployed on a metal tripod. Note that the Leica Geosystems dual-frequency GPS antenna is placed into an intentionally formed
depression in the mesh so that a consistent measurement position can be obtained. This strategy was also employed at station IC1.
Efforts were always made to ensure that other parts of the mesh were kept away from direct contact with the cable.

a longitudinal profile of ice speed along Bowdoin Glacier.
Seismic station IC1 was co-located with one of these GPS
stations. Finally, Vaisala WXT520 and Campbell
CR1000 automatic weather stations (AWS) were used to
record meteorological conditions near the base camp,
east of the glacier. A second time-lapse camera
operating at 6 frames per hour was deployed at the base
camp to monitor erosion of a glacier margin due to the
river from the Mirror Glacier. All instruments were
powered with 12 V batteries that were constantly
charged by solar panels.

Finally, we note that all four on-ice seismic stations

were visited on a daily basis to enable maintenance tasks
such as leveling, orientation, and data back-up to be
performed. This ongoing effort was required due to
intense ablation of the glacier surface of up to 45 mm w.e.
per day, which is approximately equivalent to 5 cm of ice
per day. Because the receivers moved with the ice flow
a total distance of ~ 18 m during the campaign (Fig. 1),
the precise location of each seismometer was re-
measured with a dualfrequency GPS receiver every
couple of days (Fig.2e and f). We also note that calm
weather conditions with almost no wind prevailed during

our survey, providing a low-noise environment for
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observations. These calm weather conditions were
especially favorable for the acquisition of infrasound

records, which are strongly affected by wind.

3. Results and discussion

3.1 Instrument performance

Maintenance of on-ice seismometers deployed in a
zone of ablation is known to be a challenging and
laborious task (Pomeroy et al, 2013). During our
campaign, for example, we walked an >8 km round trip
every day between the base camp and the seismic array
to maintain the array. This maintenance work is
dramatically different to the annual station visit that is
typically required in classical seismology. Never-
theless, it is valuable if on-ice installations can be
sustained via such regular visits, as they can provide
superior data to that obtained at nearby stations
deployed on bedrock. This difference in data quality
arises because seismic arrivals recorded by on-ice
stations have not experienced changes due to propaga-
tion through the complex ice-sediment-rock interface,
whose seismic velocity structure is poorly understood.
Finally, considering the relatively short duration of the
campaign, daily visits guaranteed the success of data
collection by reducing the risk of data loss due to possible
troubles with the instruments, as well as allowed to
continuously re-evaluate the performance of our setup.

Some difference was noted between the perform-
ance of the tripod and ceramic tile seismometer-
supports, which are shown for comparison in Figures 2d
and 2f. A tile was used only for the LP seismometer
(Fig. 2d), simply because the latter was larger and
heavier than the more compact SP sensors. On the one
hand, tripods have sharp legs (Fig 2f) that favor
heterogeneous pressure-melting of the ice, potentially
resulting in rapid loss of proper instrument leveling and
orientation. On the other hand, tripods provide rela-
tively stable conditions that reduce the risk of the sensor
falling. The tile, however, in our opinion better
preserves the level of the instrument, because the load is
distributed more evenly and thus pressure melt is fairly
homogeneous under the tile area. Nevertheless, the flat
and smooth bottom of the tile may allow the instrument

to slowly drift to the side of a pit, which creates a risk of
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Figure 3 : Frequency response of the seismometers used in
this study: (a) amplitude response; (b) phase response.

the sensor toppling if the pit has an open side. A further
benefit of using tripods over tiles is that seismometers
attached to disks and seated on tripods can be easily and
quickly leveled and oriented. Seismometers deployed
on tiles, however, require each of the three leveling
screws to be adjusted individually. (It is worth mention-
ing that there is also the possibility to place the tripod on
the tile, a practice adopted on Alpine glaciers).

We found that for all on-ice stations, degradations in
instrument levels and rotations of up to=+10-30° from
north can sometimes occur within 24 hours, thereby
reducing the fidelity of horizontal components for further
analysis. For this reason, we discuss only the vertical-
component traces recorded by the instruments (the
vertical component is affected too, although less so).

The instrument response functions of the SP, LP,
and broadband sensors used in this study differ from one
another (Fig. 3), which means our dataset spans a wide
frequency band with flat instrument response ranging
from 0.033 to 100 Hz. Although most seismic signals
were at frequencies above 0.5 Hz, the broadband
instrument was valuable for documenting low-
frequency events, as well as tele-seismic earthquakes
that would otherwise have been missed. Moreover, the
LP sensor installed on the glacier surface provided an
opportunity to expand the frequency band of the seismic
observations and, therefore, to obtain a more complete

dataset.
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1 hour seismogram, IC3, 18/07/2015, 08:00-09:00 UTC
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Figure 4 : Example of typical seismic activity recorded in an hour-long period by the on-ice seismometer IC3 (18 July 2015, 08 : 00~
09:00 UTC). (a) Raw vertical-component seismic trace with markers indicating the three most common types of events: short
impulsive ice-quakes, LP or hybrid events (the foot-like signals; see text for details), and major calving events. (b) Cumulative
energy (i.e., cumulative squared amplitude of a trace). (c) Spectrogram of the trace shown in (a). (d, e) Photographs taken by time-
lapse cameras covering a six minute interval before (d) and after (e) the calving event on 18 July 2015, 08 :56-09 : 00 UTC.

3.2 Seismic events

Multiple seismic events were recorded and associ-
ated with various processes, including surface crevass-
ing, iceberg calving, iceberg rotations, tele-seismic
earthquakes, harmonic tremors, lateral ice-cliff collapses
onto rock, and presumably also hydro-fracturing.

A representative segment of a vertical-component
seismic trace of 1 hour duration, together with its
cumulative energy and spectrogram, is shown in Fig. 4.
Hundreds of short, high-frequency (>10 Hz) events with
spiky waveforms are the most common and prominent
feature of the seismic data (Fig. 4a). Another type of
event, which occurs more rarely, has a low characteristic

frequency of ~ 1 Hz with high frequency onset (thus we

can call these long-period events as “hybrid” events) and
is followed by a monochromatic coda lasting up to 30 s.
Finally, calving events took place several times a day;
they are visible in the data as emergent, high-amplitude
tremors with dominant frequencies between 0.2 and
5 Hz that last for a few minutes (Fig. 4d and e).

A time-lapse video showing an example of the
largest calving event, which occurred at 08:56-09: 00
UTC on 18 July 2015, and small ice-quakes is available on-
line at https: //www. youtube. com/watch? v =
U3F6kv3To3Y. This video was produced by synchro-
nizing one hour of time-lapse photographs with the
corresponding seismic record from the on-ice station IC2,

after the seismogram had been converted into an audible
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Figure 5 : Results of /~% analysis of a calving event for data in the interval 08 : 50 : 00-09 : 00 : 00 UTC on 18 July 2015 (using a sliding
window of duration 1 s, a window fraction of 0.1 s, and frequency band of 1-10 Hz). Panels from top to bottom respectively show:
relative power (i.e., equivalent of coherence); absolute power (X 10 related to an amplitude of a signal) back-azimuth relative to
north; apparent velocity (km/s); and the low-pass filtered (i.e., <10 Hz) data trace. Marker colors in the upper four sub-panels
correspond to the relative power from the top sub-plot (high relative power implies more reliable result).

synthetic sound. Multiple smaller-amplitude signals
corresponding to ice-quakes are apparent in the video, in
addition to the major event due to calving. Following
the calving event, note the tsunami that is generated at
the coast and the brownish melt-water plume that
emanates from beneath the central part of the glacier.
As shown by this video and Fig. 4c, the majority of
seismic-energy release is due to long-period events and
calving; however, the time-lapse video confirms that only
calving can be observed visually and all other seismic
activity is not accompanied by any recognizable
processes at the calving front.

Array  analysis, in particular frequency-
wavenumber or f~% analysis, can be used to obtain the so-

called back-azimuth; i e, the angle of wave-front ap-

proach relative to north, together with slowness (i.e., the
inverse of apparent velocity, 1/Vap) at which the wave-
front propagates through the array (Schweitzer et al.,
2002; Rost and Thomas, 2002).

recorded using our array can be analyzed using this

Calving and other events

method. A description of limits of the array resolution
can be found in Appendix A.

An example of f~% analysis performed for four
stations is shown in Fig. 5. The estimated back-
in the direction 150-170°

clockwise from north) points to the real location of the

azimuth (Fig.6, energy
calving event of 18 July 2015, which is known from time-
lapse photography. Further analysis of data for the full
duration of the campaign will be published elsewhere.

Here, it is also worth mentioning that, according to
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Figure 6 : Polar plot showing back-azimuth and slowness calculated using /% analysis of the calving event of 08 : 50 : 00-09 : 00 : 00
UTC on 18 July 2015, with cumulative relative power in gridded bins. The inset indicates the back-azimuth on the map.

our time-lapse records, some seismic tremor-like signals
that are followed by micro-tsunamis (e.g., after 06 : 04 : 00
UTC on 17 July 2015) may not originate at the calving
front, but from iceberg capsize in the fjord, which
generates similar signals. The signals can be misinter-
preted as calving, as was also reported by Richardson et

al. (2010), who detected many false “calving events”.

3.2.1 Long-period events

Long-period (hereafter LP) events, with frequencies
below 5 Hz, have puzzled seismologists and glaciologists
since they were first detected, when it was realized that
signals of glacial origin emanating from glacier-covered
volcanoes can be confused with volcanic events (Weaver
and Malone, 1976; St. Lawrence and Qamar, 1979). This
type of event has regularly resurfaced in the literature
over the last 40 years, and the debate surrounding the
underlying mechanism is ongoing. Their source mecha-

nism is usually explained as an analogy to volcanic

events, with brittle fracture-opening followed by reso-
nance of a water-filled cavity or rapid flow of water into a
newly opened space (Metaxian, 2003; West et al., 2010).
Recently, LP events near Ekstrom and Roi Baudoin ice
shelfs, Antarctica, were found to occur exclusively on the
rising tide and interpreted as basal fracturing due to
upward bending of the ice shelf under tidal forcing
(Hammer et al, 2015; Lombardi et al, 2016). The most
recent Antarctic study by Lombardi et al. (2016) has
encouraged further research into these LP events and
their long-term variation. We observe a significant
number of signals in our data set that resemble LP
events (Fig.7). The key features of LP events at
Bowdoin Glacier are as follows:

- low-frequency content (e, <10 Hz),

- long duration (up to 30 s and longer),

- monochromatic coda tail (around and below 1 Hz).

Furthermore, the amplitude of LP signals is larger

than that of the majority of high-frequency events.
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Figure 7 : (a) Example of a long-period event that occurred on
17 July 2015, which was recorded on the vertical component
of three SP seismometers deployed on the glacier. (b)
Spectrogram from station IC1 for the corresponding time
interval.

Therefore, LP events can be seen at all seismic stations,
including the broadband seismometer located on rock
(Fig.8). The true source mechanisms of LP events at
Bowdoin Glacier remain to be understood, but should be
obtainable through further analysis of long-term obser-

vations, as explained below.

3.2.2 Anomalous events

Amongst other noticeable events, two tele-seismic
earthquakes were recorded, as well as several tremors
with distinct gliding spectral lines (as illustrated below).
These types of cryospheric phenomena are important for
two reasons: (i) it is known that the passage of surface-
wave arrivals from large tele-seismic earthquakes
through the Antarctic ice sheet can trigger bursts of ice-

quakes due to dynamic induced strains (Peng et al,, 2014);

and (i) it has been observed that ice sheet sliding and
icebergs can produce long-duration tremors (e.g., with
duration from 20 mins to 16 hours) with multiple
harmonics. This latter phenomenon was previously
interpreted as scratching of the ocean floor by icebergs
(MacAyeal et al, 2008), or as the overlap of many small
stick-slip events during large-scale slip of the Willans Ice
Stream in Antarctica (Winberry et al, 2013; Lipovsky
and Dunham, 2015). Similar tremors have also been
reported in volcanic environments. Moreover, it is
known that this type of event can be easily confused with
helicopter tremors produced by rotor blade noise (Eibl et
al, 2015), and we find this to be exactly the case in our
records from Bowdoin Glacier, as shown in the analysis

below.

3.2.2.1 Tele-seismic earthquakes

The vertical-component traces of two tele-seismic
earthquakes recorded by broadband seismometer CFH
on July 10 and 18 are shown in Fig. 9a and b. The parts
of the signal with highest amplitude are associated with
surface wave arrivals. These earthquakes can also be
seen in records from the Thule permanent broadband
station (station code: DK TULEG, GLISN), which is
located ~ 125 km away (Fig. 9c and d). According to
the European-Mediterranean Seismological Centre glob-
al event catalogue (www.emsc-csem.org), these earth-
quakes originated from an area to the east of Papua New
Guinea (for details see Appendix B), at a distance of
~ 12,000 km from Bowdoin (i.e., an epicentral distance of
~ 107°):

10 July 2015 04:12:41 UTC:. M6.8 - Solomon

Islands,

18 July 2015 02:27:33 UTC: M6.9 - Santa Cruz

Islands.
The tele-seismic signals are dominated by low frequen-
cies, meaning that the on-ice seismometers recorded only
the ballistic, high-frequency-rich first-arrivals, as the rest
of the signal bandwidth was below the instrument
response (Fig. 10). At this preliminary stage of analysis
we have not observed any evidence for increased ice-
quake activity triggered by the tele-seismic surface-
wave arrivals, which have previously been hypothesized
as corresponding to the largest amplitude strains (Peng

et al, 2014). Moreover, according to the time-lapse
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Figure 8 : (a) Long-period event that occurred on 18 July 2015, recorded at the broadband seismometer station CFH. Raw and low-
pass-iltered (Le., <5 Hz) data are shown by black and red lines, respectively. (b) The same event as recorded by the on-ice stations,
after application of the same lowpass filter. Data from the LP sensor are shown in red, with SP sensor data shown in other colors.
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Figure 9 : (a, b) Raw traces recorded by temporary broadband station CFH for two tele-seismic earthquakes that occurred on 10
and 18 July 2015. This station was deployed on bedrock close to the calving front of Bowdoin Glacier. (¢, d) Raw traces recorded on
the same two days at the closest permanent broadband station TULEG (operated as part of Danish Seismological Network and
GLISN), which is located ~ 120 km from the glacier (http://ds.iris.edu/SeismiQuery/by_station.html).

camera records, no calving events were observed during shows a downward dip in the time-frequency plane, with
the passage of these long duration seismic trains through between ~ 16 and 19 overtones being apparent beneath
the site. the Nyquist frequency of 250 Hz. In general, the
overtones were regularly spaced as {/f,=[integer]; the
3.2.2.2 Harmonic tremor with spectral gliding interval between overtones was ~ 12.2+0.7 Hz.

On 13 July 2015 a calving event was preceded by Previous studies of helicopter-induced tremors (e.g.,
high-frequency harmonic tremor accompanied by spec- Eibl et al, 2015) reported that “helicopter-generated
tral gliding (Fig.11). This tremor event lasted for at tremor consists of regularly repeating pulses”, has
least 175 s and was observed at all on-ice stations. The “fundamental frequencies above 10 Hz and overtones at
tremor and calving events overlapped in time for half of integer multiples”, that the “Doppler Effect causes the

the calving-tremor duration (i.e, ~ 80 s). The tremor frequency gliding”, and that “signals could be misinter-
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Figure 10 : Low-pass filtered seismogram (i.e., <0.5 Hz) showing the tele-seismic earthquake of 18 July 2015 as recorded by the
Bowdoin seismic network at (a) broadband station CFH; (b) LP on-ice station ICC; and (c, d, ) SP on-ice seismometers IC1, IC2 and
IC3, respectively. The step-like impulsive feature that is visible at 4 : 00 a.m., especially in sub-panels ¢ and d, is a boundary effect
due to filtering in hourly segments and is therefore an artifact.

preted as volcanic tremor on poorly monitored volca-
noes.” In this light, all of the aforementioned features
indicate that this tremor was artificially generated by a
helicopter’s rotor.

Helicopter activity on 13 July 2015 can be recon-
structed from a diary kept by the first author and the
time-lapse camera, from which the following time line
can be obtained. On this day, an Air Greenland Bell 212
helicopter, with an 1800 H.P. power unit and a rotor
diameter of 14.63 m, arrived at the base camp at around
15:58 UTC.

towards the base camp generated the tremor that

It would appear that this initial approach
overlapped the calving event. The helicopter arrived to
pick up a Swiss TV crew to fly them over the glacier

terminus to film two of our members standing near the

ice cliff. Later, between 16:32 and 16:45 UTC, the
helicopter flew over the team members in a series of
three loops. During the second fly-by, which occurred
close to the seismic array, harmonic tremors were again
observed (Fig.12). It appears that before 16:00 UTC
the calving front was partially covered with fog, which
obscured this calving event from being recorded by the
time-lapse camera. Members of the expedition who
were staying at the central moraine near to the ice cliff
(MF and SS) noted that they heard a loud calving noise.
This noise emanated from a direction consistent with the
back-azimuth derived from f~% analysis, which was
directed approximately towards the section of the

calving front located between the western margin and

the central moraine (Fig. 13).
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Figure 11 : Raw seismic trace (a) for the interval 15:50-16:10 UTC on 13 July 2015 from station IC1, and its spectrogram (b)
showing the emergent signal of the calving tremor, which is preceded by a harmonic gliding tremor with overtones. (c) Close-up of
the spectrogram of the same signal after it has been bandpass filtered between 50 and 250 Hz.

3.3 Temporal variations in seismic activity

Using the classic seismological technique of short-
term averaging/long-term averaging (STA/LTA), we
investigate and compare the temporal variations in
seismic activity detected by the SP seismometers.
Details of this analysis have recently been reported by
Podolskiy et al. (2016). The most striking feature was
the distinct tidal modulation of micro-seismic activity
over a period of two weeks. The results show a double-
peak diurnal oscillation in the number of events, with a
maximum of up to 600 events per hour occurring during
falling or low tides. Using high-resolution GPS measure-
ments of surface displacement, we showed that the
correlation between the number of events and tidal
activity is transmitted through strain-rate variation

(Fig. 14). The strain rate corresponds to local extension-

al stretching of the glacial surface, occurring mainly in
response to increases in air temperature and falling tide
velocity, which reduce back-pressure on the ice cliff.
The increase in extensional strain rate is favorable for
tensile co-seismic fracturing. A cartoon depicting this
mechanism is shown in Fig. 15. Additional details are

available in the original paper (Podolskiy et al., 2016).

3.4 Infrasound events

The infrasound array (Fig. 1) operated continuously
from 8 to 19 July 2015, during which time several
thousand infrasound coherent signals (hereafter called
“events”) were recorded, emanating from various
sources and directions. Analysis of these events
reveals the existence of three main types of signal, with

distinctive waveforms and source areas (Fig. 16). Here,
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Figure 12 : Spectrogram of the harmonic gliding tremor signal generated by a helicopter (recorded at station IC2 for the period 16 :
30-16:50 UTC on 13 July 2015 after bandpass filtering between 50 and 250 Hz).
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scatter plot at lower right shows that the correlation coefficient between the strain and the seismic activity is 0.67 (after Podolskiy

et al., 2016).

several examples of the most typical (i.e., frequent) types
of infrasound events and their characteristic waveforms
are briefly introduced. More detailed analyses of the
infrasound activity will be published elsewhere (Genco et

al, in prep.).

3.4.1 Infrasound array analysis
The full infrasound dataset was processed using
This method

allows for the automatic discrimination of coherent

multichannel cross-correlation analysis.

signals from noise using a coherency threshold (e. g,
Ripepe and Marchetti, 2002) and is based on the
assumption that real infrasound signals will be coher-
ently recorded at the different sensors of the array, while
noise will not show any correlation across the array
(Marchetti et al, 2015).
the entire dataset using a sliding window of length 3 s
The

This procedure was applied to

and a 0.3 s shift between successive windows.

data in each window are characterized in terms of the
back-azimuth and apparent velocity of the energy
contained within the window as well as a coherency
index, which can be used to discriminate between
windows containing signal and noise (Ulivieri et al., 2011).
Examples of the results produced using this technique
are shown in Figure 17.

The array processing technique was repeated using
infrasound data filtered in different frequency bands,
which revealed that the coherent signal is concentrated
in the 0.5-10 Hz frequency range and shows a peak in
the 1-5 Hz band, as is consistent with other observations
on mass-movement-related phenomena, such as snow/
ice avalanches (e.g,, Bedard, 1989; Ulivieri et al., 2011) or
calving events (Richardson et al, 2010). A total of
~ 13,000 detections (i.e., individual three-second win-
dows with a coherency index exceeding the threshold)

were extracted from the ~ 260 hours of continuous



30 Evgeny A. Podolskiy, Riccardo Genco, Shin Sugiyama, Fabian Walter, Martin Funk, Masahiro Minowa, Shun Tsutaki, Maurizio Ripepe

C

Figure 15 : Cartoon showing the dominant mechanism driving micro-seismic activity at Bowdoin Glacier: (a) longitudinal cross-
section of the glacier with an on-ice seismometer shown by the red triangle; (b) the crevassed area near the calving front at high

tide; (c) the same area near the calving front at low tide.

infrasound recording. Over 90% of the detections fall
into three distinct back-azimuth sectors, suggesting
three main source areas (Fig. 16a). Differences in
waveforms, durations, and amplitudes of signals originat-
ing from these different sectors suggest the existence of
different source processes for each of the observed signal
types, as also confirmed by seismic data, time-lapse
photography, and direct observations (Fig. 16b-c). In
the following subsections, these three sources are
introduced and discussed. We note that the aforemen-
tioned helicopter traverse (section 3.2.2) over some
stations of our infrasound network (e.g., ICC at 16: 34~
16:44 UTC on 13 July 2015) also produced distinct
artificial signals with clear monochromatic spectral

content.

3.4.2 Calving-front events
Before introducing calving-front events, we need to
remind that infrasound and seismic waves are sensitive

to different source physics (Richardson et al, 2010). In

general, infrasound is generated by mass acceleration
leading to displacement of air volume, while seismic
signals are mainly produced by release of elastic energy
through brittle failure of material or slip, and, in case of
calving, an interaction of icebergs with water, ice and the
ocean floor (for a detailed discussion of calving seismic
emissions see Podolskiy and Walter, 2016).

The largest azimuthal sector from which infrasound
signals are observed, spanning back-azimuths of 220°-
266° (Fig. 16¢), coincides with the full extent of the
Bowdoin Glacier calving front, which is situated between
2950 and 3700 m from the center of the infrasound array
(Fig. 1). Despite the limited number of signals recorded
in this sector (i.e., 2.2% of the total number of detections),
this class of event is interesting in terms of the
complexity of the recorded waveforms, duration of the
events, and the amount of energy released. Analysis of
the infrasound-array data identified 33 calving-front
events with durations spanning from a few seconds to

several minutes. Sixteen of these events are clustered
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Figure 16 : (a) Number of detected infrasound events as a function of back-azimuth, with different source sectors highlighted by
colored bars. (b) Example of infrasound signals produced by calving-front (top), ice-chasm (middle) and Mirror Glacier River
(bottom) events. (c) Photographs of the identified source areas, annotated with back-azimuth ranges with respect to the array
center, for the calving-front (left), ice-chasm (center) and Mirror Glacier River (right) events.

in three main calving episodes: July 10, 03:21-03:26
UTC; July 13, 15:58-16:03 UTC; July 18, 08:56-09: 00
UTC. The other 17 events are shorter in duration and
All of

the recorded events show amplitudes below 1 Pa at the

often consist of a single pulse or only a few pulses.

HLL array, but are also clearly recorded at stations ICC
and CFH with comparable amplitudes. Assuming a
sound velocity of 320-330 m/s, which is reasonable for air
temperatures between 0 and 10T, the time delay
between the three sites (Fig.18) and source back-
azimuth with respect to the array are compatible with a
source located on the calving front. This analysis
therefore provides strong evidence that calving is the
process generating these events. Seismic records, time-
lapse camera images and direct field observations
confirmed that these infrasound signals were generated

by calving events. For example, Figure 17 shows the

infrasound signature of the seismic event presented in
Figure 5 (e, July 18, 2015) for the same time window.
The infrasound-array analysis provides a back-azimuth
of 225-230°N, which is comparable with the source
position obtained from f~% analysis of seismic-array data
that was also validated using time-lapse photography
(see section 3.2). Closer inspection of the infrasound
traces reveals that each calving event, and particularly
those with longer durations, consists of multiple discrete
pulses of short duration that repeat at intervals of a few
seconds, and sometimes merge Into a continuous
oscillatory phase with a duration of a few seconds.
Spectral analysis shows that the main frequency content
of these signals is between 0.5 and 5 Hz, peaking at ~ 2

Hz, which is consistent with seismic observations.
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Figure 17 : Results of the multichannel cross-correlation
analysis performed on infrasound data in the 1-10 Hz
frequency band using a sliding window of length 3 s and a
0.3 s shift between successive windows. Acoustic pressure,
coherency, apparent velocity, back-azimuth and infrasound
trace data (band-pass filtered in the 1-10 Hz band) are plotted
for the same time period as shown in Figure 5 (i.e., 08 : 50 : 00—
09:00:00 UTC, 18 July 2015).

3.4.3 Ice-chasm events

Close to base camp, at the location where the
proglacial stream emanating from the terminus of
Mirror Glacier enters Bowdoin Glacier to become a sub-
glacial stream, an ice chasm and a gorge have formed
that are prone to collapse (Fig. 16¢). The morphology of
this ice chasm area evolved during the observation
period via repeated serac falls, which produced clearly
audible sounds, as well as sharp infrasound pulses that
were recorded by the nearby HLL array. The more
energetic ice-falls were also recorded at the more distant
stations ICC and CFH. These ice-chasm events are
characterized by simple waveforms that consist mainly
of a single pulse, sometimes followed by a short coda of a
few oscillations, with a maximum total duration of a few
seconds (Fig.16b). Peak amplitudes are generally
higher than those seen for calving-related events, but are
significantly reduced at stations ICC and CFH, where

signals from ice-chasm events are often barely observ-
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Figure 18 : (a) Infrasound signals (i.e., pressure) for the calving
event of July 13, 2015 recorded at the ICC and CFH single-
sensor stations and the HLL array. (b) Close-up view of the
infrasound data for the highlighted time interval. Despite
small differences in the character of the signal, the traces
recorded at each of the three locations clearly show
correlated pulses with constant time lags caused by the
different source-receiver distances.

able. Infrasound signals from these events have a
spectral content that shows a strong peak at frequencies
between 2 and 3 Hz The relationship between
recorded infrasound signals and this ice-chasm source
process was confirmed by direct observations, which
were easily made due to the proximity of the ice-chasm

to the base camp.

3.4.4 Mirror Glacier River events

Surprisingly, the vast majority of detected events
(e, 87%) are associated with signals that have very
small amplitudes and back-azimuths between 110 and
120°N. These azimuths are consistent with the position

of a turbulent river that flows from the terminus of
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Mirror Glacier (Fig.16c). These signals are barely
detectable, lack a characteristic waveform signature,
have amplitudes that are comparable to the noise level,
and are not continuously detected over the observation
period. Rather, these signals are detected from time to
time in episodes lasting a few hours, whereby the events
increase in number and amplitude before eventually
subsiding (detailed analysis will be published elsewhere).
These events have a relatively broad frequency content
in the 1-20 Hz band. The absence of a well-defined
waveform signature and the emergent nature of these
signals seem to suggest that these events are related to
changes in stream flow, and may in fact reflect changes
in the melting rate of Mirror Glacier. However, this

hypothesis needs further investigation.

4. Summary and outlook

This paper presents examples of seismic and
infrasound records obtained during a short but fruitful
geophysical experiment in July 2015 at Bowdoin Glacier
in northwest Greenland. This data set has already
provided important and novel insights into glacier
dynamics (Podolskiy et al, 2016). Further analysis of
the unique combination of seismic, infrasound, tsunami,
and geodetic time series is ongoing, and will be published
elsewhere (Genco et al, in prep.; Minowa et al., in prep.;
Podolskiy et al, in prep.).

Seismic signatures (or lack thereof) from a variety of
processes remain to be analyzed, including subglacial
water tremor, since the array was located close to a
turbulent meltwater plume, and a large-scale rifting
event, which presumably started on 14 July 2015 and led
to the major calving event of 27 July that occurred after
the field campaign was concluded (Fig. 19). The plume
and the rift activity may be related through subglacial
melting, which could induce an additional downward
bending moment on the overhanging ice cliff.

In July 2016 a more ambitious geophysical experi-
ment was performed at Bowdoin Glacier, with a larger
number of seismic and infrasound stations, deployed
near or at the glacier to obtain short- and long-term
observations. Eight infrasound sensors were arranged
in pairs, forming an approximately triangular array at an

elevation of 460 m at Sentinel Nunatak in front of the

Figure 19 : Photographs of the calving front before and after
the major calving event. (a) Meltwater plume and newly
formed rift as seen from a helicopter on 20 July 2015; the
white spots over the plume are feeding birds. (b) Calving front
of Bowdoin Glacier after the calving event (28 July 2015).

glacier. Three time-lapse cameras and a radar were
also installed. At the same time, eight seismic stations
were deployed directly onto the ice in two triangular
arrays. One array, consisting of four short-period
Lennartz LE-3D/1s seismometers, was located approxi-
mately at the same location as in 2015 (Podolskiy et al.,
2016); the other was set ~ 1.5 km up-flow of the first.
This second ‘upper’ seismic array included one Lennartz
LE-3Dlite MKIII/1s placed at the glacier surface and
three Lennartz LE-3D/BHs borehole seismometers
deployed at a depth of slightly less than 3m. This depth
was chosen to assure melt out in the next summer
season. The seismometers were connected to DATA-
CUBES? recorders produced by Omnirecs (a GFZ spin-off
company in Potsdam, Germany), two large Cyclon or
Block-Power 65 Ah batteries, and solar panels. The
borehole seismic array had an aperture of ~ 250 m and
will be left in situ during winter 2016/17, with the
recording system switched to energy- and memory-

saving modes (i.e., cycled GPS recording at 50 samples
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Figure A1 : (a) Geometry and (b) array response function of the Bowdoin Glacier on-ice seismic array computed at 1 Hz. Dashed

ellipse indicates the resolution bounds.

per second for 4 out of every 40 minutes). Contrary to
surface seismometers, the borehole sensors do not need
maintenance. If the array performs well under the
harsh polar-winter conditions, and instruments can be
safely retrieved in July 2017, we anticipate gaining
further valuable insights into long-term seasonal varia-
tions in glacier seismicity, especially related to changes
in subglacial hydraulics and LP events. The experi-
ment will also serve as an assessment of the perform-
ance of the compact, lightweight, and low-cost DATA-

CUBE? recorders in the challenging polar environment.

Appendix A: Bowdoin array response func-
tion

For understanding examples of array analysis and
its limitations, we need to introduce the array response
function (ARF) of our array (Fig. Al).

represents the resolution quality of the array for signals

This function

of different frequency and slowness (e.g., Schweitzer et
al,, 2002; Rost and Thomas, 2002).
our array (Fig. Ala), the largest observable (i.e., Nyquist)

For the geometry of

wavenumber £ is, in theory, less than 0.04 rad m™, which
corresponds to a shortest observable wavelength of 25 m
The shape of
the main ARF lobe (Fig. Alb) indicates that the relative

(i.e., any shorter wavelengths will alias).

power of the array response shows a rapid drop in the
center, meaning that energy falling into the yellow

region (<0.006 rad m™) is suppressed. The longest

observable wavelength is approximately equivalent to
the aperture of the array, or to ~ 160 m, which means
that at larger wavelengths the response of our array is
equivalent to the response of any one station (i.e., all

sensors are excited at the same time).

Appendix B: Tele-seismic earthquakes

The association of aforementioned tele-seismic
earthquakes with particular recorded events at Bowdoin
Glacier can be verified by estimating the arrival time of
the fastest P wave arrivals, which were diffracted along
For
example, the first arrival at Thule for the signal seen on
10 July 2015 was at around 04:26:53 UTC (Fig. 10a),
which is consistent with the ~ 14 minute travel-time
that is predicted by the IASP91 Earth model (Fig. B1).
Similarly, the first arrival at Thule on 18 July 2015 is seen
at 02:41:53 UTC (Fig. 10b), which also corresponds to
the expected 14 minute delay.

the core-mantle boundary (i. e, the Pa# phase).
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