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Abstract Glacier seismology is a valuable tool for investigating ice flow dynamics, but sufficient data
acquisition in remote and exposed glaciated terrain remains challenging. For data acquisition on a highly
crevassed and remote outlet glacier in Greenland we developed self-sufficient and easily deployable seis-
mic stations, ”SG-boxes”. The SG-boxes contain their own power supply via solar panel, a three-component
omni-directional geophone and a GNSS receiver. The SG-boxes can be deployed and retrieved from a hover-
ing helicopter, allowing for deployment in difficult terrain. To assess their performance we conducted a field
test comparing the SG-boxes to established on-ice geophone installations at Gornergletscher in Switzerland.
Moreover, data froma first SG-boxdeployment inGreenlandwere analyzed. The SG-boxes exhibit consistently
higher noise levels relative to colocated conventional geophones and a correlationbetweennoise levels, wind
andair temperature is found. Despite their noise susceptibility, theSG-boxesdetecteda total of 13,114Gorner-
gletscher icequakes over 10 days, which is 30% of the total number of icequakes detected by conventional
geophone stations. Hence, even in sub-optimal weather conditions and without additional noise reduction
measures, the SG-boxes can provide unique and valuable data from challenging glaciated terrain where no
conventional seismic installations are possible.

Non-technical summary Several glacier processes produce seismic signals: small vibrations for
example caused by crevasses forming in the ice or the glacier slipping across the bed. These vibrations, called
icequakes, give valuable information about glacier flow dynamics and can be measured with seismological
sensors at the glacier surface. However, installing seismological sensors on crevassed, exposed and remote
glaciated terrain is challenging. Therefore, creative solutions are necessary. For data acquisition on a highly
crevassed and remote Greenlandic outlet glacier, we developed self-sufficient and easily deployable seismic
stations, ”SG-boxes”. The SG-boxes receive power via a solar panel, contain a three-component seismic sen-
sor and GNSS receiver for location logging and can be lowered and retrieved from a hovering helicopter. We
assessed the SG-boxes performance by comparing them against regular seismic sensors during a 10-day field
test on a Swiss glacier. In addition, we analyzed data from a first SG-box deployment in Greenland. We found
that the SG-boxes have higher noise levels compared to regular sensors and are especially correlated with
increased wind speeds and air temperature. Despite their noise susceptibility, the SG-boxes provide us with
unique and valuable data from areas where regular sensor installations are not possible.

Introduction
In recent years glacier seismology has proven to be
a valuable tool for investigating short and long term
ice flow dynamics (Aster and Winberry, 2017; Podol-
skiy and Walter, 2016). Glacier seismology provides
unique sub-surface information of ice flow and hy-
draulic processes at a high temporal resolution. These
processes include microseismic stick-slip events and
stick-slip tremor at the bed enabling us to study basal
sliding which is difficult to monitor with other meth-
ods (Helmstetter et al., 2015; Röösli et al., 2016a; Guerin
et al., 2021). Moreover, fracture icequakes as a result
of crevasse formation provide information on stresses
at and below the surface (Mikesell et al., 2012; Lind-
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ner et al., 2019), changing seismic velocities can be
diagnostic for englacial damage (Walter et al., 2015;
Sergeant et al., 2020; Chmiel et al., 2021) and glaciohy-
draulic tremors allow us to study subglacial hydrology
(Bartholomaus et al., 2015; Labedz et al., 2022).

Despite the advantages, seismologicalmeasurements
on glaciers and ice streams pose logistical and technical
challenges, especially at remote and exposed locations
such as hanging glaciers in Alpine regions (Faillettaz
et al., 2015) and the polar ice sheets in Greenland
and Antarctica. Areas of interest are often difficult to
access, which demandsmore creative solutions for seis-
mological data acquisition. Snow-free glacier regions
are particularly challenging: as a result of surfacemelt,
installing conventional seismological equipment, such
as surface geophones, requires the ability and space
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Figure 1 (a) Photos of a SG-box with closed and open lid. The SG-boxes housing is a waterproof PeliT M Protector case.
The SG-boxes are equipped with an Emlid Reach M2 GNSS receiver, a 14 Hz three-component omni-directional geophone
(SM-6 Omni-Directional by SENSOR Nederland) and a data logger from MSR Electronics GmbH. (b) Photo of a conventional
geophone station thatwas used as reference to compare and validate the SG-boxes. These stations are equippedwith a 4.5Hz
three component geophone (PE-6/B manufactured by SENSOR Nederland) placed on a metal tripod and sampled with the
same type DIGOS Data-CUBE3 as the SG-boxes.

to move around on-ground and/or the need to return
every day or every couple of days to re-align the sensors
to a horizontal position (Walter et al., 2008; Lindner
et al., 2019). A solution to eliminating the requirement
of regular maintenance is the use of borehole sensors,
which do not demand maintenance visits for up to
weeks or months, depending on the depth of the instal-
lation and power supply. However, borehole sensors
are more costly than surface geophones, take longer to
install and can be complicated or even impossible to
install in highly crevassed and exposed glaciated ter-
rain. Thus, sufficient data acquisition in these remote
areas of interest demand a different approach from
conventional surface geophones or borehole sensors.

Here, we present an innovative, easily deployable,
self-sufficient seismic recording system designed for
use on a remote and difficult to access outlet glacier in
Greenland. We describe the design and evaluate the
performance of these seismic boxes through a field test
on Gornergletscher in Switzerland, as the extreme envi-
ronment inGreenland complicates comprehensive test-
ing. During the test at Gornergletscher, conventional
geophone installations, previously used for on-ice data
acquisition (Lindner et al., 2019), were installed as a
base-line reference. We compare the conventional geo-
phone data to the data acquired with the seismic boxes
andwecombine seismological datawithweather data to
show a critical relation between noise levels and wind.
Despite the noise susceptibility, our portable seismic
boxes provide valuable measurements in poorly acces-
sible glaciated regions, where typical instrumentation
is not possible.

Instrument Design
The main requirements for the instruments are that
they are compact, self-sufficient, simple to deploy and

retrieve from a hovering helicopter, require no regular
maintenance and can handle tilting caused by surface
melt. The outcome was the design of the ”SG-boxes”,
where the ”S” stands for seismic and the ”G” for GNSS
(Global Navigation Satellite System) shown in Figure 1a.
The outside case of the SG-boxes are waterproof

PeliT M Protector cases. The SG-boxes contain a self-
assembled three-component sensor with three 14 Hz
omni-directional geophones (SM-6Omni-Directional by
SENSOR Nederland) fixed directly to the bottom of the
box, sampledwith aDIGOSData-CUBE3 digitizer, aswell
as an Emlid Reach M2 GNSS receiver with the antenna
on top of the box lid. The GNSS device is multi-channel
(frequencies L1, L2 and L5) and acquires all constel-
lations. The geophone components are placed in the
transparent plastic case visible on the right side of the
SG-box underneath the blue data logger fromMSR Elec-
tronics GmbH, that is attached to the top of the plastic
geophone case. Every 5 minutes the MSR data logger
records the temperature inside the box, the battery volt-
age and the tilt over three axes allowing for a more de-
tailed analysis of the box performance.
The concept is to place the box directly on top of

the ice such that ground movement is conveyed to the
geophone inside the box. Omni-directional geophone
components are used to ensure that the data are mini-
mally affected by tilt of the box caused by icemelt, snow
drift or sliding. The omni-directional geophones are
equipped with an internal rotation system that keeps
the geophone component at its original orientation,
even when tilted. To prevent overall sliding of the SG-
boxes on a sloped surface, screw-onmetal spikes are at-
tached to thebottomof thebox. TheGNSS receivermea-
sures the position of the box at 1Hz, which is a necessity
for subsequent data analysis as theseboxes aredesigned
for use on fast-flowing (up to 40 m/day) glaciated ter-
rain in Greenland (Joughin et al., 2008). The boxes are
self-sufficient in their power supply from a solar panel
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Figure 2 Overviewof study site and sensor locations. The red triangles show the sensor locationswhere regular geophones
and SG-boxes were co-located at a maximum of two meters from each other. (Source map: Swisstopo, Swiss Federal Office
of Topography). Bottom right corner: Location of test site in Switzerland.

fixed on the box lid and are equippedwith a charge con-
trol unit which prevents complete drainage of the bat-
tery in case of sustained time periods without sufficient
solar energy. The SG-boxes can be lowered and recov-
ered from a hovering or touched-down helicopter, ei-
ther with a rope or by hand, depending on how close
the helicopter can approach the surface. Lowering and
retrieving the SG-boxes from a hovering helicopter by
rope can be achieved by attaching a hook or anchor on
a rope to suspension system of wires attached to the top
of the box. This suspension system is not shown in Fig-
ure 1a, but was tested successfully.

Field test at Gornergletscher

Since extreme polar conditions and poor site access
hampered detailed testing in Greenland, we first per-
formed a field test at Gornergletscher in Switzerland in
2021 from the 29th of June until the 15th of July. This al-
lowed us to gain extensive insight into the performance
of the SG-boxes via a comparison between data from es-
tablished installation techniques for on-ice deployment
and the SG-boxes. For the validation and comparison
of the SG-box data we used three-component geophone
stations as shown in Figure 1b. These are 4.5Hz, three-
component geophones (PE-6/B manufactured by SEN-
SOR Nederland) previously used in glacier seismology
research by Lindner et al. (2019) and sampled with DI-
GOS Data-CUBE3 digitizers as well, the same digitizer as
in the SG-boxes. The regular geophones (Fig. 1b) are
henceforth referred to as geophone(s).
The test deployment consisted of an array of 3 geo-

phones arranged with inter station distances of 130-215
m (Fig. 2). As done in previous field campaigns, the geo-
phones were placed in a pit dug into the ice with one
melt-water drainage channel and covered with a white
fleece tarpaulin to reduce ablation (Figure 1b). These
geophone stations require daily or bi-daily additional
digging of the pit and re-levelling of the sensors to ac-
count for surface melt. The geophones were co-located

with an SG-box (red triangles in Fig. 2), which were
placed 1-2 m from the geophone at the ice surface. At
GO15 and GO18 the geophones and SG-boxes were co-
located for the entire test period and at GO17 only for
a total of 10 days. The station names of the geophones
are GO15GP, GO17GP and GO18GP and for the SG-boxes
GO15SG, GO17SG and GO18SG, respectively. There are
nodata gaps on anyof the stations except for some small
(<20 minutes) data gaps in the geophone data during
maintenance visits (e.g. changing of batteries or down-
loading data).

SG-box performance

In the results we focus on the seismological perfor-
mance of the SG-boxes compared to regular geophones.
TheGNSSaspect of the SG-boxes tomeasure glacierflow
velocities is of equal value to our research, but the per-
formance of the Emlid GNSS/GPS receivers is already
well established and does not need extensive additional
analysis. For the sake of giving a complete overview
of the SG-boxes performance, information on the GNSS
processing and resulting flow speeds is included in the
Supplementary Material S1.

Noise characteristics

A main limit on the performance of seismic sensors
is (environmental) background noise (McNamara and
Buland, 2004). If background noise exceeds or ap-
proaches the amplitude of the target signal, data useful-
ness becomes compromised. Seismic data from high-
melt ablation zones contain a wealth of potential noise
sources, such as melt-water flow and moulin drainage
(Röösli et al., 2016a), rock/ice fall activity (Guillemot
et al., 2020), wind (Frankinet et al., 2021; Winter et al.,
2021), ice fracturing (Podolskiy andWalter, 2016) and in
case of more populated areas also anthropogenic noise
(Larose et al., 2015). Given the close proximity of co-
located SG-boxes and geophones, we assume that both
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sensor types record the same noise signals allowing
comparison of their continuous records to evaluate the
installation quality. As a result of the manner of instal-
lation of the SG-boxes (i.e. loosely placed on the ice sur-
face) we expect them to be particularly sensitive towind
noise and we anticipate a reduced level of ground cou-
pling compared to the geophones.

Probabilistic power spectral density (PPSD)

To estimate noise levels across a range of frequencies
we computed PPSDs for both the SG-box and geophone
at each station with the ObsPy package (Beyreuther
et al., 2010) according to McNamara and Buland (2004).
Figure 3a/b display PPSD plots for GO15SG andGO15GP,
respectively, and Figure 3c shows the mean PPSD for
each sensor.
Across all frequencies the SG-box PPSD in Figure 3a

shows a larger variance as well as higher amplitudes
than the geophone. The different bands in the PPSD in
Figure 3a indicate that noise levels in the SG-box data
fluctuate more over time than those of the geophone
data. In Figure 3c we see that the mean PPSDs of the
SG-boxes are at least 10 dB above the geophones for fre-
quencies up to 50Hz and up to 20 dB higher for frequen-
cies above 100 Hz.

Background noise, wind and air temperature

A first look at the time series data and spectrograms
of the SG-boxes shows that elevated noise levels occur
in bounded time periods. During these periods the
noise levels of the SG-boxes are up to 40 dB higher than
the noise levels of the geophones (Fig. 4). In sum-
mer, glacial seismic data often experience heightened
noise levels during the day as afternoon air tempera-
tures boost meltwater flow (Canassy et al., 2012; Podol-
skiy and Walter, 2016; Röösli et al., 2016a; Aster and
Winberry, 2017). However, this type of noise usually fol-
lows a diurnal rhythm which was not the case for the
elevated noise periods of the SG-boxes. In contrast, we
found a correlation between the SG-box noise levels and
wind speed data from a nearbyMeteoSwiss weather sta-
tion. Considering that the SG-boxes are deployed at the
ice surface and the geophones are inside a pit in the ice
(Fig. 1) it is consequential that the geophones are more
protected against strong winds. A comparison between
SG-box data and geophone data during periods of low
to no wind (hourly average <5 km/h) and strong wind
(hourly average >20 km/h with gusts up to 60 km/h) is
shown in Figure 4. During a period of no wind the SG-
boxes and geophones contain comparable noise levels
and display matching waveform data (Figs. 4a and 4b).
For periods with strong wind, where the hourly average
is 20 km/h, the SG-boxes experience up to 40 dB higher
noise levels compared to no wind (Figs. 4c and 4d). The
geophones experience elevated noise levels as well, but
only by up to 10 dB.
To quantify and assess temporal variations in noise

levels, we computed spectrograms for both the geo-
phones and the SG-boxes across the full test period. The
spectrograms were computed in 5.12 s windows with
50% overlap. From the spectrograms we computed 60

Figure 3 Probabilistic power spectral density (PPSD) of
the vertical component at stationGO15 for the entire 15 day
test period (computedwith the ObsPy package (Beyreuther
et al., 2010) according to McNamara and Buland (2004)).
Grey lines mark the low and high noise models (NLNM and
NHNM according to Peterson (1993)) and the vertical white
dashed lines indicate the natural frequency of the sensor,
4.5Hz for thegeophonesan14Hz for theSG-boxes. (a) PPSD
GO15SG (b) PPSD GO15GP. (c) Mean PPSD values for all sta-
tions (GO15, GO17 and GO18).

minute average power spectral density (PSD) windows
in different frequency ranges, 14-30 Hz, 30-100 Hz and
100-190 Hz. Through dividing the average PSDs of the
SG-boxes by those of the geophones we obtain a ratio
that expresses the noise level of the SG-boxes relative to
the geophones for each frequency window. For station
GO15 the results of these computations are displayed
in Figure 5a and Figure 5b. For station GO17 and GO18
the same results can be found in Fig. S2 and S3. Note
thatmost peaks in Figure 5a and Figure 5b occur during
geophone maintenance visits, indicated by the red
arrows. When performingmaintenance on the stations
the sensors were occasionally moved and the pits of the
geophones were deepened using an ice-axe, causing
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Figure 4 Waveformdata and respective spectrograms for timeswith nowind on July 3rd 2021 (hourly average <5 km/h) and
times with strong wind on July 6th 2021 (hourly average >20 km/h with gusts up to 60 km/h) from station GO15. (a) GO15GP
data with nowind. (b) GO15SG data with nowind. (c) GO15GP data during strong wind. (d) GO15SG data during strongwind.

high, short duration (<10 minutes) peaks of energy in
the data.

Figures 5a/b show that for 70% of the test period the
noise level of the SG-box lies above that of the geophone.
The high frequency window of 100-190 Hz generally ex-
hibits the highest ratio, a characteristic that can also be
seen in the spectogram of Figure 4d. Figure 5b shows
that noise levels can be identical for the SG-box during
periods of low wind speed (<5 km/h). Periods of strong
wind (hourly average >20km/h and gusts up to 80 km/h)
consistently correlate with periods that show elevated
noise levels. However, the opposite does not apply: pe-
riods of little to no wind do not always correspond to a
ratio of one in Figure 5b. For some elevated noise peri-
ods during low wind, such as on the 5th and 11th of July,
a correlation between elevated noise levels and higher
(> 7.5 ◦C) air temperature can be identified. The above
mentioned correlations for station GO15 also apply to
stations GO17 and GO18 (Fig. S2 and S3 in the Supple-
mentary Material).
Generally, seismic energy caused by glaciohydraulic

processes and surface meltwater flow is concentrated
at frequencies below 35 Hz (Bartholomaus et al., 2015;
Podolskiy andWalter, 2016; Röösli et al., 2016b; Labedz
et al., 2022) and is therefore not likely to explain the
periods of high frequency noise (>100 Hz) during pe-

riods with low wind speeds and high air temperature
such as at the start and end of the test period. We also
have to consider that the weather data originates from a
weather stationnext to theMonteRosaHut, which is 850
m from the deployment and at 450 m higher elevation.
Therefore, the wind speed data might not fully repre-
sent the situation at the glacier and thus at the sensors.
Lowwind speeds could bemeasured at the weather sta-
tionwhile strongwind occurred at the glacier, either be-
cause of catabatic winds or amore sheltered position of
the hut with certain wind directions. We also checked
tilt of the SG-box as a possible explanation for elevated
noise levels. Figure 5c, displays the tilt of the SG-box on
the X, Y and Z component as measured every five min-
utes by the MSR data logger (see Fig. 1 for the details of
the SG-box). The tilt data from Figure 5c shows no cor-
relation with sustained periods of elevated noise for the
SG-box as displayed in Figure 5a/b. Only peaks corre-
spond to themoment of changing tilt (e.g. sliding down
icy slope). These tilt events account for the peaks in the
average PSD that are not caused by maintenance visits.

Waveform quality

Although the noise levels show no correlation with tilt,
the waveform quality of the SG-boxes could still be af-
fected. The seismic sensors used for the SG-box are
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Figure 5 Noise levels and tilt time series of Station GO15. (a) Average power spectral density (PSD) of the SG-box and geo-
phone in a frequency rangeof 30 to 100Hz. The averagePSD is computedby taking the average valueof 60minutewindows in
the spectrogram for a defined frequency range. The red arrows indicate themaintenance visit times at the stations. (b) Ratio
between average PSD of SG-box and geophone in three frequency windows: 14-30 Hz, 30-100 Hz and 100-190 Hz. Hourly av-
eragedwind speed and hourly averaged temperaturemeasured at theMeteoSwissweather station at theMonte RosaHut are
displayed in dashed pink and dotted orange, respectively. A ratio of 1 (i.e. 100) corresponds to equal PSD levels of SG-box and
geophone. (c) Tilt of three axis of the SG-box measured every 5 minutes by the MSR data logger accelerometer. The SG-box
is exactly horizontal when X, Y and Z are 0, 0 and 90 degrees, respectively.

omni-directional, but it remains to be shown if tilting
the SG-box fromahorizontal positionwill affect thedata
quality. Figure 5 shows that prolonged periods of tilt
from a horizontal position do not correlate with height-
ened noise levels of the SG-box. Other than increased
noise, reduced waveform accuracy because of tilting is
a known problem for seismological sensors in general
(Ringler et al., 2015; Faber andMaxwell, 1997). Also cou-
pling and general data fidelity could be affected by slid-
ing of the SG-box.

During the test period, GO15SG experienced an ex-
tended period of tilt beyond 45 degrees. This ”tilt event”
occurred around 16:00UTCon the 5th of July and the SG-
box was re-levelled during a maintenance visit at 9:00
UTC on the 6th of July. The tilt data measured by the

MSR data logger can be found in Figure 5c. Figure 6e
shows a photo of the tilted position of the SG-box dur-
ing the ”tilt-event” (taken during the maintenance visit
before levelling the SG-box). To assess waveform qual-
ity, we cross-checked the waveforms of the SG-box and
the geophone for different icequake events before, dur-
ing and after the ”tilt event”. In Figure 6 the waveforms
of the vertical component for four selected events are
found. Identical figures as Figure 6 for the horizontal
components are in Fig. S4 and S5.

The waveforms of the SG-box closely resemble those
of the geophone, before, during and after the SG-box is
tilted (Fig. 6). In the waveform time series a slight dif-
ference can be found in the amplitudes of the SG-box
and geophone. We assume this difference is caused by
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Figure 6 Example of match between SG-box and geophone for selected icequake events before, during and after extreme
tilt of SG-box at station GO15. Here the vertical component is shown and the data are bandpass filtered between 14 and 190
Hz. The tilt occurred between approximately 16:00UTC on 2021-07-05 and 09:00UTC the next day. The measured tilt can be
found in figure 5. (a) No tilt on 2021-07-03 with no wind. (b) 12 minutes before tilt occurred on 2021-07-05. (c) During tilt
of SG-box on 2021-07-05. The amount of tilt the SG-box experienced can be seen in (e), the picture is taken in a horizontal
position. (d) 30 minutes after placing the SG-box in a horizontal position again.

Figure 7 Particle motion of selected events in Fig. 6a and 6c. Green points mark the start of the motion and orange points
mark the end. (a, b, c, d) Particlemotion inm/s of event depicted in Fig. 6a for the geophone (a and c, dark blue) and SG-box (
b and d, light blue) when the SG-box was not tilted. The data are bandpass filtered between 14-150 Hz. The P-wave (a and b)
and Rayleighwave (c and d) correspond to the first and second outlined box in Fig. 6a respectively. ( e, f, g, h) Particlemotion
in m/s of event depicted in Fig. 6c for the geophone (e and g) and SG-box (f and h) when the SG-box was tilted as shown in
Fig. 6e. The data are bandpass filtered between 14-100 Hz. The P-wave (e and f) and Rayleigh wave (g and h) correspond to
the first and second outlined box in Fig. 6c respectively.

the fact that they are different sensor types and because
of a difference in coupling, as the SG-boxes are more
loosely placed on the ice than the geophones. Further,
a distinct difference between the waveforms of Figure
6b, 6c and 6d is the presence of high frequency noise in

the SG-box data, likely caused by elevated wind speeds
during those times (Fig. 4 and 5). The absence of high
frequency noise in Figure 6a, when there was low to no
wind, supports this assertion. In general, the vertical
components are more affected by the high frequency
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Figure 8 (a) Amplitude of each detected icequake of the SG-boxes (light blue) and geophones (dark blue). The 25% highest
amplitudesare leftout for clarity. Bottom: Hourly icequakedetectionwithwindspeed (dashedpink) and temperature (dotted
yellow).(b) Time history of temperature, wind and hourly icequake detections for both the geophones (striped dark blue) and
the SG-boxes (solid light blue).

noise than the horizontal components (see Fig. S4 and
S5 in the Supplementary Material).

To further assess the quality of the waveform record-
ings of the SG-box before and during the tilt event we
looked at the particle motion of the icequake events
from Figure 6a and 6c. These selected events are as-
sumed to be (near) surface events caused by crevasse
formation or extension, as they contain clear low fre-
quency (10-50 Hz) Rayleigh waves, compressive P-wave
polarity and an estimated back-azimuth towards the
S-SW where a large number of crevasses are concen-
trated (see Fig. 2). Figure 7a - 7d and Figure 7e - 7h show
the particle motion for the P- and Rayleigh wave of the
events in Figure 6a and 6c respectively. For Figure 7a -
7d the data are bandpass filtered between 14 and 150 Hz
and for Figure 7e - 7h between 14 and 100Hz, to account
for the high frequency noise (Fig. 6c) that otherwise su-
perimposes the particlemotion. Both events show clear
compressional motion in the horizontal plane for the
P-waves and retrograde motion in the north-south ori-
ented vertical plane for the Rayleigh waves. Figure 7
shows that even when the SG-box is severely tilted the
omni-directional geophones still record the waveforms
with good quality.

Event detection

To asses the useful data return further, we compared the
SG-boxes and the geophones in terms of icequake event
detection. For this comparison the three SG-boxes and
the three co-located geophones are treated as two sepa-
rate triangular arrays.
For icequake event detection we used a classic coinci-

dence short-term/long-term (STA/LTA) trigger from the
ObsPy library (Beyreuther et al., 2010) with a coinci-
dence criterionof twoout of three sensors. TheSTA/LTA
was performed only on the vertical components that
were filtered between 14 and 100 Hz. The STA window
was set at 0.1 s and the LTA window at 20 s, the win-
dows were determined in an empirical manner. The al-
gorithm was run separately for the three SG-boxes and
the three geophones. To eliminate false picks we per-
formed cross-correlations between the stations within
an array when a detection was triggered. By trial-and-
errorwedetermineda cross-correlation thresholdof 0.5
for an event to be kept. For the geophones this resulted
in 44,100 events out of 70,358 that were kept after cross-
correlation confirmation and13,114 out of 47,233 for the
SG-boxes. This testifies to a larger number of false de-
tections for the SG-boxes, which is expected consider-
ing the fluctuating noise levels which complicate accu-
rate picking with a STA/LTA algorithm. The settings of
the cross-correlation threshold also delete aminority of
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Figure 9 Average PSD of SG-box (grey) installed on Sermeq Kujalleq in Greenland in three frequency windows, 14-30 Hz,
30-100 Hz and 100-190 Hz. Average air temperature and average wind speed (2 hour window averages are transmitted via
satellite connection) are plotted on top in dotted orange and striped pink, respectively.

positive picks, but from visual confirmation completely
eliminate false positives, which is important for a valid
instrument comparison. False positive picks in the SG-
box data mainly concentrate in large amplitude noise
bursts between 10 s - 10 min in length, where consec-
utively tens of picks were placed by the STA/LTA algo-
rithm without an actual event being present.
The results show that the geophones consistently

detect more events per hour than the SG-boxes (Fig.
8). Specifically, around 30% of events detected on the
geophones were detected on the SG-boxes. This is
expected considering the elevated noise levels of the
SG-boxes compared to the geophones. Additionally, a
clear diurnal cycle exists for the detectability of weaker
events (Fig. 8). This phenomenon has been described
by Walter et al. (2008); Canassy et al. (2012) and Röösli
et al. (2014), who linked daily changes in amplitudes of
the weakest detectable events to melt-induced seismic
background noise, primarily driven by glaciohydraulic
tremor. In our study, both wind speed and air tempera-
ture show a link to the number of detected events (Fig.
8). Temperatures above 5 ◦C and wind speeds above
20 km/h correspond to substantially lower numbers of
detected events, especially for the SG-boxes.

Discussion
Compared to the conventional geophones, the SG-
boxes are more affected by environmental noise such
as wind and air temperature. Nevertheless, the omni-
directional sensors within the SG-box eliminated the
effect of tilt on data quality and icequake waveforms
show good correlation with geophone records even
when the SG-box is tilted beyond 45 degrees from a
horizontal position. During the test period at Gorner-

gletscher the SG-boxes were able to detect a total of
13,114 icequakes compared to 44,100 detected by the
geophones (i.e. 30%).

Our findings that seismic background noise in SG-
box data correlates with wind and air temperature (i.e.
increased meltwater flow) are supported by data from
a first acquisition with SG-boxes on Sermeq Kujalleq
in Kangia (also known as Jakobshavn Isbræ), an outlet
glacier on the west coast of Greenland. The boxes were
specifically designed for data acquisition on this glacier,
as the fast flowing trunkof SermeqKujalleq is difficult to
access. The first 15 km are extremely crevassed so land-
ing byhelicopter is not possible, in the best case a touch-
down can be performed, where the helicopter lands
lightly on the ice surface but does not turn off the en-
gine. Therefore, regular seismological equipment can-
not be installed.
In July/August 2021, six singular SG-boxes at an inter-

sensor distance of approximately 5 km were deployed
along the fast ice stream of Sermeq Kujalleq. A deploy-
mentmapof these SG-boxes andGNSSflowvelocity data
from two SG-boxes can be found in the Supplementary
Material S4. As the SG-boxes were just singular sen-
sor deployments at a relatively large distance from each
other, we could not perform the same type of analysis
we did for the data fromGornergletscher. Nevertheless,
one of the SG-boxes in this deploymentwas located at 20
m from a weather station, allowing us to compare tem-
perature and wind data to the average PSD of the SG-
box, similar to the comparison in Figure 5.
Figure 9 shows a clear correlation between the aver-

age PSD and wind and temperature, with average wind
speeds above 25 km/h and temperatures above 2 ◦C cor-
responding to up to four orders ofmagnitude higher av-
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erage PSD levels. Themain difference between the data
from Greenland and the data from Gornergletscher is
that in Figure 9 the low frequency window (i.e., 14-30
Hz) is consistently higher than the other two frequency
windows. An explanation for this could be that the
SG-box in Greenland was located close to a sub-glacial
or englacial water channel or moulin that would dom-
inate on-ice noise in this frequencies range (Bartholo-
maus et al., 2015; Röösli et al., 2016b; Köpfli et al., 2022;
Labedz et al., 2022). The hydrological system on the
Greenland icesheet is of a different scale than at an
Alpine glacier, such as Gornergletscher. Considering
the size of the englacial and subglacial water channels
andmoulins, it is not unexpected that different frequen-
cies dominate the overall seismic energy (Röösli et al.,
2016b; Podolskiy, 2020).
The fact that the SG-boxes experience higher levels

of background noise and are more sensitive to wind
than the geophones is not surprising given the man-
ner of deployment: on top of the glacier surface in-
stead of the more protected deployment used for the
geophones (Fig. 1). Although the SG-box deployment
results in higher noise susceptibility and a reduced level
of coupling, the SG-boxes have the advantage of re-
duced maintenance as well as simple deployment and
retrieval. They are suitable for use in remote and ex-
posed areas where deployment of typical instrumenta-
tion, such as regular geophones or borehole seismome-
ters, is not possible. The SG-boxes provide unique ac-
cess to valuable data from these areas. Further, addi-
tional measures can be taken to maximize useful data
return like placing the SG-boxes in an array to allow
for array processing and other advanced filtering tech-
niques to reduce background noise that is uncorrelated
between individual stations (Gibbons andRingdal, 2006;
Seydoux et al., 2016).

Summary and Conclusion
We have studied the performance of self-sufficient and
easily deployable seismic stations (SG-boxes) for use in
remote and hard-to-access glaciated regions such as a
highly crevassed outlet glacier in Greenland. By com-
paring the SG-boxes to regular geophones through a
field test at Gornergletscher, Switzerland, we assessed
the performance of the boxes. Also, data from a first ac-
quisition with an SG-box in Greenland were analysed.
The results from both deployments show that the SG-
boxes experience elevated noise levels compared to the
regular geophones, especially in the lower frequency
range of 14-30 Hz and the higher frequency range of
100-190 Hz. As a clear correlation is found between SG-
box noise levels andwind and air temperature data, ele-
vatednoise levels aremost likely causedby the exposure
of the boxes on the glacier surface, in contrast to the
more protected deployment of the geophones. Future
investigations will benefit from placing the boxes into
arrays that allow for array processing to reduce noise
and increase signal return. Despite their noise suscep-
tibility, the SG-boxes detected 30% of icequake events
compared to conventional geophone installations dur-
ing a 10 day test period with variable weather. Hence,

even in sub-optimal weather conditions and without
additional noise reduction measures the SG-boxes can
provide unique and valuable data from poorly accessi-
ble glaciated terrain.
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