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Abstract Accelerating mass loss from the Greenland Ice Sheet is affected by meltwater-driven changes in
ice dynamics, which remain poorly understood due to limited observations. Here, we present a 2.5 km? wide
dense passive seismic array experiment conducted in the ablation zone of Isunnguata Sermia, West Green-
land. We target varying surface melt conditions through one-month long monitoring periods in spring, sum-
mer, and fall using 82-117 nodes deployed in 2023 and 2024 complemented by multi-week surface Distributed
Acoustic Sensing acquisitions in 2024. We assess data quality using power spectral densities and noise cor-
relation functions. We find that low-frequency seismic power is highly correlated to ice surface velocity, sug-
gesting a strong control of subglacial hydrology on ice dynamics. We retrieve stable and high signal-to-noise
ratio noise correlations containing Rayleigh, Love, and P wave arrivals, suggesting these may successfully be
used for glacier structure imaging and monitoring. We finally demonstrate we can locate numerous seismic
events with resolution down to a few meters using Matched Field Processing and which exhibit characteristic
spatial patterns evolving across seasons. These findings establish the potential of such experiment to infer
glacier hydrology, dynamics, and structure at high spatial and temporal resolution.
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1 Introduction 2014). Water from surface melt can access the ice bed
through crevasses and moulins (Andrews et al., 2014)
and modify glacier basal sliding velocity by lubricat-

ing the ice-bed interface (Lliboutry, 1968; Schoof, 2005;

The Greenland Ice Sheet is losing mass at an accelerat-
ing pace due to climate warming, making it a major con-

tributor to global sea level rise (Mouginot et al., 2019;
Rignot et al., 2019). The increase in ice loss results from
enhanced surface ablation through melting and faster
ice flow, leading to higher rates of ice discharge into the
ocean (Mouginot et al., 2019). Earlier research identi-
fied surface meltwater as a primary control on ice dy-
namics (Zwally et al., 2002; Schoof, 2010; Andrews et al.,

*Corresponding author: nicolas.paris3@univ-grenoble-alpes.fr

Gagliardini et al., 2007). However, the processes that
control the transit of water to the bed, the lubrication
of the ice-bed interface and its links to the characteris-
tics of meltwater and glaciers remain poorly understood
due to limited observations.

Water throughout the ice column and at the ice-bed
interface is expected to be stored or conveyed through
highly heterogeneous structures spanning a wide range
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of spatial scales. These include crevasses (Nath and
Vaughan, 2003), whose openings can range from mil-
limeters to meters; moulins (Andrews et al., 2014),
whose diameters can vary from centimeters to me-
ters; meter-scale structures such as subglacial channels
(Flowers, 2015; Gimbert et al., 2016) and water-filled
cavities (Gagliardini et al., 2007); and kilometer-scale
structures such as lakes (Livingstone et al., 2019). De-
termining the impact of surface melt water on ice dy-
namics requires resolving this multi-scale spatial com-
plexity and its evolution through time, a task that is chal-
lenging to achieve using traditional observational meth-
ods. The broad applicability of water pressure mea-
surements in boreholes is limited by their discrete na-
ture, as numerous boreholes must be drilled through
the ice to the bed to resolve the spatial heterogeneity of
the subglacial drainage system (e.g. Murray and Clarke,
1995; Fudge et al., 2008; Meierbachtol et al., 2013; Rada
and Schoof, 2018). Drilling is time-intensive, costly, and
logistically-challenging to perform at scale in remote ar-
eas such as Greenland. Complementary constraints can
be obtained from the combination of surface motion
observations with physical models (Togaibekov et al.,
2024) or with targeted hydrology measurements (An-
drews et al., 2014; Chandler et al., 2013), but, being spa-
tially integrative, these techniques do not allow the het-
erogeneous nature of these systems to be resolved.

Passive seismology uses continuous seismic ground
motion generated by natural or anthropogenic sources.
It offers an interesting prospect for high-resolution
imaging and temporal monitoring of glacier structures
in response to hydrological forcing. Tremors generated
by subglacial water flow can be used to infer changes
in channel flow properties, such as water pressure and
conduit size (Gimbert et al., 2016). Seismic arrays and
advanced signal processing techniques have been used
on the Greenland Ice Sheet to detect various seismic
sources (Jones et al., 2013; R60sli et al., 2014; Roeoesli
et al., 2016). When sufficiently dense, these arrays can
be used to locate flow through distributed to localized
networks at spatial resolutions down to a few tens of me-
ters (Lindner et al., 2020; Journeau et al., 2022; Nanni
etal., 2021). Beyond source analysis, monitoring glacier
structure using seismic noise interferometry has suc-
cessfully retrieved changes in internal ice structure due
to crevasses (Nanni et al., 2021) and in subglacial hy-
drological characteristics, such as the size and shape
of cavities forming the distributed hydrological system
(Zhan, 2019). Added monitoring capabilities are now
provided by Distributed Acoustic Sensing (DAS), turn-
ing optical fibers, which are inexpensive and easy to de-
ploy, into high frequency strain rate sensors that record
the seismic wavefield along the cable (Booth et al., 2020;
Fichtner et al., 2025; Walter et al., 2020). Although this
technique holds great promise for glaciological appli-
cations, so far, only a limited number of studies have
deployed optical fiber in glacier ablation zones (Manos
et al., 2024), and questions remain unanswered about
the optimal deployment strategy and data quality.

Previous studies have demonstrated the relevance of
passive seismology in probing glaciers, but progress to-
wards a better understanding of the links between melt-
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water and glacier dynamics in Greenland requires seis-
mic experiments yielding high spatial resolution over
representative spatial and temporal scales. The spa-
tial scale covered by such an experiment should ide-
ally correspond to that of the mesh scale in physical
models, which is on the order of a few square kilome-
ters (Maier etal., 2022). Achieving sub-wavelength sam-
pling, necessary for high-resolution source localization
and imaging, requires deploying roughly 50-200 sen-
sors across the study area to meet the required sensor
spacing of ~40-400 m, given typical surface wave (2-20
Hz, 1600-1700 m/s) and P wave (>40 Hz, 3600-3800 m/s)
properties. The temporal scale should be long enough
to experience varying surface melt conditions, which
in glacier ablation zones spans the melt season, over
which the glacier surface lowering is typically on the
order of 2-6 m (Van den Broeke et al., 2017). Recover-
ing high-quality seismic signals from tens to hundreds
of stations deployed under such conditions is challeng-
ing, and requires a deployment strategy adapted to min-
imize sensor tilt.

Here we report on a dense seismic array experiment
conducted on Isunnguata Sermia, West Greenland, in-
tended to address the challenges outlined above. We
deployed dense seismic arrays of 82-117 stations cover-
ing ~2.5 km? during spring 2023 and in the summer and
fall of 2024 in a high ablation zone. This region is highly
crevassed, surface hydrology is intense in the summer,
and subglacial hydrology is expected to incorporate key
behaviors from water drainage through channels to wa-
ter storage in expected subglacial lakes identified from
previous surveys (Livingstone et al., 2019). We also
conducted multi-week, nearly continuous DAS acqui-
sitions along two 1-km long cables deployed horizon-
tally across the ice surface within the node array. To
our knowledge, this experiment is the first of its kind
in Greenland. In the following, we present the exper-
iment in detail, evaluate the seismic data quality and
show preliminary results. We compare seismic power
variations with variations in GNSS-derived surface ve-
locity and other environmental parameters. We also
build catalogs of seismic events, evaluate source loca-
tion uncertainties, and demonstrate their relevance for
seismic imaging.

2 Study area

We targeted the tongue of Isunnguata Sermia, a land-
terminating outlet glacier on the western margin of
the Greenland Ice Sheet, which is accessible on foot
(Fig. 1). The glacier experiences strong seasonal sum-
mer surface ablation of approximately 4-6 m water
equivalent (Van den Broeke et al., 2017). Previous bore-
hole measurements, although mostly located higher up
the catchment, have shown that the glacier is polyther-
mal: ice temperatures range from —5 to —10 degrees
within the first few hundreds of meters of depth, and in-
crease to the pressure-melting point within a few tens
to a hundred meters above the glacier bed (Harring-
ton et al., 2015). The drilling campaigns also reported
hard bed conditions, with limited to non-existent till at
the ice-bed interface (Harper et al., 2017). Neverthe-
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less, till is likely to be more prevalent within troughs,
where drilling campaigns were limited due to greater
ice thicknesses that make drilling more challenging.
Constraints on glacier bed topography are provided by
airborne radar (Jezek et al., 2013; Lindback et al., 2014),
although there are fewer observational constraints over
the glacier tongue due to higher signal attenuation and
harsher ground survey conditions in this area.

In the targeted area, the existence of several sub-
glacial lakes, each hundreds of meters in diameter,
is suspected based on sudden surface subsidence and
uplift events observed previously from the differenc-
ing of ArcticDEM digital elevation models (Livingstone
et al., 2019). We targeted the region between subglacial
Lakes 1 and 2 identified in Livingstone et al. (2019) (see
black dashed lines in Fig. la-b), where ice thickness
varies between 350-500 m and ice speed can reach up
to 0.7 m/day in the summer (Jones et al., 2018), with
several stations covering subglacial Lake 2, which is in-
ferred to have drained in August 2015 and has suppos-
edly refilled since then. Airborne radar reflectivity sur-
veys upglacier have revealed persistent subglacial wa-
ter storage on bedrock ridges in winter, which migrates
to the subglacial troughs during the melt season (Chu
et al.,, 2016). Thus, in summer and fall 2024, we ex-
tended the array northward to cover the large overdeep-
ened bed trough (Lindbick et al., 2014).

3 Deployment strategy and acquisi-
tion settings

3.1 Seismic Nodes

Our experiment was designed to study the evolution of
seismic sources and glacier internal structure across
multiple seasons to resolve the response to variations
in hydrological conditions. Due to the challenging de-
ployment environment and the limited 1-month auton-
omy of the sensors, we conducted three campaigns tar-
geting three different times of the year: in spring 2023,
near the onset of surface melt; in summer 2024, at max-
imum surface melt; and during fall 2024, at decreasing
surface melt. In the following we describe the specifics
of each campaign.

3.1.1 The 2023 campaign

The spring 2023 campaign targeted the time period
from late April to the end of May. From April 25 to May
30, we deployed 82 Fairfield ZL 3C units with a sampling
frequency of 250 Hz. These sensors have a lower cutoff
frequency of 5 Hz, a sensitivity of 76.7 V/m/s (see Ringler
et al., 2018, for a detailed laboratory analysis of sen-
sor response characteristics), and a typical autonomy of
about 35 days. Each unit comprises a sensor, a data log-
ger, and a battery in a cylindrical casing with a diame-
ter of 10 cm (Fig. 1f). We deployed the units ~60 cm
deep into a circular hole drilled with an auger 12.5 cm
in diameter, providing a small clearance relative to the
casing. The node deployment depth was chosen to en-
sure that the unit was deep enough to remain buried in
the ice over the measurement period while being shal-
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low enough for the GNSS signal to pass through the ice
layer to ensure proper reception for time synchroniza-
tion. The units were oriented toward geographic North
using a compass, and a bamboo stick was inserted into
each hole between the unit and the hole edge to help
locate the nodes during recovery. The nodes were re-
covered between June 9 and June 13, 2023. The data
availability from the spring 2023 deployment is shown
in Figure S1.

3.1.2 The 2024 campaigns

The 2024 campaigns targeted the summer period from
late June to the end of July and the fall period from
early September to early October. 115 seismic nodes
were deployed in similar locations during both of these
time intervals over a study area of approximately 1.6 x
1.6 km? (Fig. 1b). The 2024 deployment extended fur-
ther north than the 2023 deployment and did not in-
clude the southwest corner instrumented in 2023. This
areais highly crevassed and, unlike in spring 2023 when
the crevasses were filled with snow, the crevasses were
largely open in 2024, making a repeated deployment too
challenging. The 27 nodes originally planned to be de-
ployed in the southwest corner were instead deployed
as a dense sub-array of 0.3 x 0.3 km?, located southwest
of the French Ice Camp (FIC, Fig. 1b). The spatial distri-
bution of nodes was defined following an aperiodic tile
pattern geometry, which is expected to improve plane
wave beamforming performance compared to regular
orthogonal arrays (Mordret and Grushin, 2025).

Each node consisted of a Geospace GSB-3 recorder,
which combines a data logger, and GNSS receiver for
time synchronization, connected to a Geospace GS-ONE
LF 5 Hz 3C geophone (Fig. 1g). The GSB-3 has 64 GB of
onboard data storage and an internal battery life of up
to 40 days. To extend this operating time, 12 additional
external BN25 batteries were deployed, each capable of
extending the autonomy of a GSB-3 recorder by approxi-
mately 200 days. All GSB-3 recorders were configured to
record data with a 1000 Hz sampling rate, a 1 Hz low-cut
filter, a linear phase alias filter, and a 24 dB gain.

Summer 2024

The installation procedure was designed to support
both instrument protection and data quality, given the
strong ice melt of 1-2 m water equivalent per month
in summer. The nodes were deployed using a double-
hole configuration drilled with a 15-cm-diameter auger.
The deeper hole (0.8-0.9 m) and the shallower hole
(0.1-0.15 m) accommodated the geophone and the
GSB-3 recorder, respectively. The BN25 battery, when
present, was placed directly on the surface. A custom-
manufactured pole, able to clamp and release the geo-
phone, was used to place the geophone at the bottom of
the hole and orient it toward geographic North using a
compass, correcting for the declination. Ice chippings
were added around the geophone to stabilize its position
and to enhance coupling with the surrounding ice. Two
additional nodes were installed next to node 1058 to test
the influence of the deployment protocol on data qual-
ity, specifically on tilt resilience, leading to a total of 117
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Figure 1 a) Bing satellite image of the region around the study area. The black dashed lines correspond to the outlines
of subglacial lakes identified in Livingstone et al. (2019). The blue squares, circle, and diamond mark GNSS, seismic and
GNSS+seismic stations, respectively. The gray lines show the bed elevation from BedMachine (Morlighem et al., 2017). The
red dashed rectangle indicates the location of the study area in panel b). The red square in the inset indicates the location
of the satellite image. b) Satellite image of the study area. Green and red triangles mark the 2023 and 2024 seismic nodes,
respectively. The blue diamond and square indicate the locations of the GNSS F and G stations, respectively, with a long-term
seismic station co-located at F. The purple and orange lines show the location of the optical fiber deployed in summer 2024
with the distance in the records. The dark blue cross on fiber CH2 shows the channel used in Figure 2j. The black star indicates
the location of event 52292 shown in Figure 7. FIC marks the French Ice Camp location. c) Sketch of nodes deployment, as
illustrated by the photographs f) and g). d) AYTOP portable GSB data transfer rack in the tent. e) F Station. h) Sledgehammer
blow close to the optical fiber cable during the summer 2024 campaign. i) Tilted node 1052 observed during fall 2024.

nodes (Fig. 1b). The geophone of node 1101 was buried of it. In contrast, node 1092 had its geophone, battery,
at the bottom of the hole with the battery placed on top and GSB-3 all deployed at the surface (Fig. S2a-c). The

4
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data availability from the summer 2024 deployment is
shown in Figure S3.

Fall 2024

Seismic nodes from the summer were recovered; data
were downloaded, and internal batteries were charged
on site using the AYTOP portable GSB data transfer rack
installed in a tent (Fig. 1d) and a power system as de-
scribed in Section 3.4. This approach allowed the nodes
to be re-deployed during the same field campaign. Vi-
sual inspection of the status of each sensor at recovery
demonstrated that, despite being placed in boreholes,
the sensors experienced significant tilt, and the surface
geophone of node 1092 did not show greater tilt than
the other two co-located nodes. Following these obser-
vations, we re-deployed all the sensors at the surface
within 15 m of their summer 2024 location, with the
exception of nodes 1101 and 1092 which were not re-
deployed (Fig. 1c). The availability of the fall 2024 nodes
data is shown in Figure S4.

3.2 Long-term seismic stations

In addition to the seismic node array, two long-term
seismic stations were installed and maintained on the
glacier and at its outlet in 2023 and 2024 (see Fig. S5
for a summary of data availability). A seismic station
was installed at the glacier outlet, on the southern side
of the valley on June 1, 2023 (Fig. 1a). The outlet seis-
mic station was initially equipped with a Guralp Ra-
dian Posthole sensor sampling at 500 Hz and recorded
by a Guralp Minimus logger. On August 28, 2023 a Di-
gos DATA-CUBE? type 2 logger was installed alongside
the Radian and set to record data at 100 Hz (https://
digos.eu/the-seismic-data-recorder/) with a DiGOS 4.5 Hz
3-component geophone with a sensitivity of 28.0 V/m/s
(https://digos.eu/geophone/) connected to a battery sys-
tem powered by solar panels. The station stopped op-
erating at the end of October 2023 due to insufficient
power, as site constraints required the solar panels to
face north. During the summer 2024 field campaign,
the power system was replaced, the Guralp Radian Post-
hole was removed, the Digos DATA-CUBE? was success-
fully restarted, and it recorded continuously through
fall 2024.

An on-ice seismic station was co-located with
the GNSS F station on June 9, 2023 (Fig. 1b,e). It
comprised a Type 2 DATA-CUBE® and a GEObit
C100 borehole-type, 3-component, 50 mm diame-
ter, 4.5 Hz geophone with a sensitivity of 1500 V/m/s
(https://geobit-instruments.com/seismometers-seismic-
sensors/c100_sensor_256/), installed 5 meters deep into
the ice. The seismic station recorded data at a 400 Hz
sampling rate from June 9, 2023 to August 14, 2023 and
at 100 Hz from August 14, 2023 onward. The station
was maintained on June 27, 2024, when the sensor was
found to be tilted in the borehole and was re-deployed
at 5 m depth. The seismic station was deployed using
the same solar panel power system as that used for
the GNSS stations (see Section 3.5.1). It acquired
continuous data except for ~1.5 months data gap in
January caused by limited sunlight. Both the outlet and
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F station remain operational and are recording data at
present.

3.3 Distributed Acoustic Sensing

Two 1-km long optical fiber cables were deployed across
the glacier as two orthogonal profiles (Fig. 1b). Profile
1 was ~965 m long and oriented east-west. Profile 2
was ~910 m long and oriented north-south, with two
bends: one at 725 m (47° toward the west) and another
at 876 m (119° toward the north). The starting point of
both profiles was located near FIC, close to seismic node
1041. The installation of each 1-km fiber cable was com-
pleted in a single day by a three-person team. One per-
son carried the fiber reel on their back, another guided
the deployment using a handheld GNSS receiver, and
the third ensured contact between the fiber and the ice
using blocks of ice cut with a chainsaw. The location of
the fiber cables was surveyed with Real-Time Kinematic
(RTK) GNSS using a Leica GS10 receiver equipped with
an AS10 antenna, which yields decimetric relative posi-
tion uncertainties.

The coupling between the fiber cables and the glacier
ice was a major source of concern on data quality. The
dark optical fiber cable absorbed sunlight, causing lo-
calized melting of the surrounding ice and creating a
shallow trench along approximately 80% of the cable.
The remaining 20% of the cable length was either lying
in surface streams (Fig. 1h) or suspended between sur-
face irregularities.

DAS data were acquired with the FEBUS Al DAS in-
terrogator, which can interrogate two different opti-
cal fibers simultaneously. The interrogator was placed
in a tent at FIC, where it remained connected to the
fibers throughout the campaign. Both connected ca-
bles were LightMax Flatdrop, each containing two 1-
km-long G657A2 single-mode tight fibers. We used a
1000 Hz sampling rate, 2 ms derivation time, 10 m gauge
length, and 2 points per gauge length, leading to 4.8 m
spatial sampling. These settings were chosen to bal-
ance spatial resolution, co-processing time, and data
storage needs. DAS data were acquired over a period of
23 days in July 2024, 3 days in early September 2024, and
4 days in October 2024. The availability of the DAS data
is shown in Figure S6.

3.4 Energy station for nodes and DAS infras-
tructures

A requirement for the summer 2024 deployments was
to have sufficient available energy to charge all GSB-3
nodes on site (85.7 Wh per GSB-3) and run DAS acqui-
sitions with a power consumption of ~200 W as con-
tinuously as possible. The electric power supply sys-
tem installed at FIC consisted of multiple components
designed for energy production, storage, and manage-
ment. For electricity generation, the setup included a
gasoline-operated generator with a maximum output of
2 kW, and a 6-liter fuel tank, which results in an auton-
omy of 4-8 hours. Solar power was harnessed using
three separate clusters of 55 W and 60 W photovoltaic
panels, providing a total of 460 W. For energy storage,
the system used eight 12 V batteries arranged in four
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24-V banks. Two of these banks consisted of 90-Ah bat-
teries and the other two of 100 Ah batteries, thus pro-
viding a theoretical total of 760 Ah at 12V, or 9120 Wh.
To manage the power flow and deliver clean 220 V
AC, a 24 V-1600 W Victron Multiplus inverter and Vic-
tron SmartSolar MPPT 75V-15AS were used. The mul-
tiplus received the AC input from the generator while
the MPPT received the DC input from the solar pan-
els to charge the batteries while providing power to the
camp and devices such as the DAS, data transfer rack,
and laptops. A Victron Cerbo GX device monitored and
recorded all aspects of the power system, including gen-
erator and solar panel production, battery charge lev-
els, and instantaneous power consumption. The power
supply system was sufficient to fully charge all GSB-3
recorders during fall 2024. While the GSB-3 recorders
were charging, the data acquired since the summer 2024
deployment were downloaded, and their memory was
cleared before being deployed again. The multi-day to
multi-week DAS acquisitions were made possible by an
on-site team that refueled and restarted the generator
every two to three days.

3.5 Supporting datasets
3.5.1 GNSS measurements of ice surface motion

Time series of horizontal and vertical ice surface mo-
tion were determined from dual-frequency (L1 + L2)
Global Navigation Satellite System (GNSS) data recorded
by Leica GS10 (Site F) and GM30 (Site G) receivers at
0.1 Hz. GNSS stations G and F were deployed at the cen-
ter, and to the northeast, of previously-identified Sub-
glacial Lake 2 respectively (Fig. 1a). GNSS antennas
were mounted on a 6-m-long aluminium pole drilled
5minto the ice surface. Rapid re-freezing of the hole se-
cured the antenna pole within the ice. The stations were
powered by two 50 W photovoltaic panels connected
to a battery bank of two (Site F) or four (Site G) 80 Ah
lead acid batteries, which allowed them to operate al-
most continuously over one year, with only a brief in-
terruption of a few months around January due to a lack
of solar input. Data were post-processed kinematically
(King, 2004) relative to a bedrock-mounted reference
station using the differential carrier-phase positioning
software Track v1.53 (Chen, 1998). Baseline lengths
were < 3.0 km and precise ephemerides from the Inter-
national GNSS Service were used (Dow et al., 2009). Po-
sitioning uncertainties were estimated at ~0.01 m in the
horizontal and ~0.02 m in the vertical by calculating the
standard deviation of the residuals from linear regres-
sion applied to the position time series during a month-
long period of steady ice motion in November 2023.
Small (< 5min) gaps in the position record were linearly
interpolated before a second-order 6 h low-pass Butter-
worth filter was applied. The position record was then
resampled to 10 minute medians and differentiated to
calculate velocity, which was further filtered usinga 6 h
moving average. To prevent phase shifts, phase pre-
serving filters, differentiation, and resampling methods
were used throughout.
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3.5.2 Meteorological data

Surface melt over Isunnguata Sermia was modeled us-
ing COSIPY, a coupled snow pack and ice surface energy
and mass balance model in Python (Sauter et al., 2020).
This model was forced by data (shortwave radiation,
air temperature, relative humidity, air pressure, wind
speed, all-phase precipitation, and cloud cover fraction)
from the Programme for Monitoring of the Greenland
Ice Sheet - Greenland Climate Network (PROMICE - GC-
NET) KAN_L weather station (Fausto et al., 2021) situ-
ated 12 km southeast of the seismic array. Air tempera-
ture from KAN_L was extrapolated over the Isunnguata
Sermia margin using elevation from the Arctic DEM and
a constant lapse rate of —5.3 °C/km (Harper et al., 2011).
Atmospheric pressure was corrected using barometric
equation. Precipitation for the COSIPY model was ex-
tracted from the nearest grid point of the ERAS5 Land re-
analysis model (Mufioz-Sabater et al., 2021).

4 Data quality control

4.1 Nodes and DAS Power Spectra

Both the seismic nodes and the DAS operated in highly
dynamic glacial conditions, where melting and ice ab-
lation can affect the coupling between the ice and the
sensors. During the retrieval of the spring 2023 nodes,
no tilt was observed, likely because surface melting was
minimal during this period and the sensors remained
well embedded in the ice. In contrast, during the sum-
mer 2024 deployment, the drilled holes remained filled
with water. Melting likely increased later in the sea-
son as sensors became exposed at the surface, allow-
ing them to tilt. This is consistent with the tilt observed
for multiple sensors in fall 2024 (Fig. 1i). Meanwhile,
melt around fiber cables and surface streams (Fig. 1h)
impacted the coupling with the ice. To investigate the
impact of these mechanisms on the quality of the sig-
nal recorded by the seismic nodes and DAS, we compute
their time-dependent Power Spectral Density (PSD) us-
ing the Welch method with 10 s windows and 50% over-
lap applied to 1-h data segments.

4.1.1 PSD of Node records

In the nodes PSD (Fig. 2a-i), we observe strong tran-
sient power decreases below 20 Hz on all sensor com-
ponents, particularly in summer 2024 (hashed areas in
Fig. 2b,e,h). These power drops occur when the geo-
phone tilt exceeds 30°, 8°, and 8° for the vertical, north,
and east components, respectively, causing the coil to
hit the end stop. Notably, seismic power often returned
to pre-anomaly levels after these episodes, suggesting
that the geophones were able to passively re-level with-
out manual intervention.

We compare the data from the three co-located nodes
deployed in summer 2024 to test the impact of the de-
ployment on sensor tilt. On July 4, 2024, we noticed
that the geophone of the surface-only protocol test node
1092 was significantly tilted in the N-S direction (Fig.
S2c¢); hence, it was re-deployed. This N-S tilt by July 4
and the re-deployment can clearly be identified in the
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PSD associated (Fig. S2k). PSD analysis reveals that this
node started to tilt again two weeks later in the E-W di-
rection (Fig. S21). During the same time period, the geo-
phone in the hole (node 1058) tilted briefly in the N-S
direction (Fig. S2e) and tilted multiple times in the E-
W direction (Fig. S2f). Although the surface and buried
geophones (nodes 1092 and 1058) both tilted in the N-
S and/or E-W direction, their tilt did not exceed 30°, as
their vertical component PSD does not show any spu-
rious power drop (Fig. S2d,g). In contrast, the PSD of
the geophone buried in the hole with a battery on top
(node 1101) indicates long periods of tilt in both direc-
tions (Fig. S2h-i), which were temporarily greater than
30° (Fig. S2). This large tilt may be due to the battery
pushing the geophone downward. Overall, the surface
geophone (node 1092) performed as well, if not better,
than the buried geophones (nodes 1058 and 1101), as it
experienced shorter tilted periods. It may thus not be
worthwhile to place geophones into holes unless they fit
tightly, as was the case in 2023 with the 10-cm-diameter
Fairfield nodes installed in a 12.5-cm-diameter hole.

To identify and remove data strongly affected by tilt,
we generate catalogs of days with significant geophone
tilt using a threshold on the PSD within the 5-20 Hz
band. In the 2023 dataset, 100% of vertical and 98%
of horizontal records were acquired with sensors oper-
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ating within their tilt limits. In contrast, the summer
2024 dataset shows a decline in data quality, with only
80% of vertical records and 36% of horizontal records
below the tilt limit. The fall 2024 dataset exhibits some
improvement, with 92% of vertical and 55% of horizon-
tal records below the tilt limit. In subsequent analyses,
data from strongly tilted stations are systematically dis-
carded.

4.1.2 PSD of DAS records

We computed the PSD of channel 960 m on fiber CH2
(Fig. 1b), which records E-W and N-S strain rates due to
the bend in the profile. The seismic power on the DAS
record shows strong similarities to the node. Most of the
seismic power is concentrated below 50 Hz, but it ex-
hibits narrower high-amplitude spectral lines (Fig. 2j).
The frequencies of these spectral lines vary over time
during summer but remain stable in October. Similarly
tothe nodes, the DAS records also show abruptand large
changes in seismic power, for example on July 4 and July
19. These variations may be spurious and could, for in-
stance, result from changes in the coupling between the
fiber and the ice. Identifying the mechanisms responsi-
ble for the observed spectral lines, as well as the origin
of these abrupt variations in seismic power, is left for
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future investigation.

4.2 Active seismic measurements

We generated controlled seismic sources through series
of ~10 sledgehammer blows performed 5 m away from
95 of the deployed nodes. In each series, we hit a plas-
tic plate lying on the ice surface with a ~6 kg sledge-
hammer every ~10 s. Figure 3a shows a section from a
single sledgehammer blow next to node 1104 (Fig. 1b)
recorded by seismic nodes in the vertical component,
filtered between 100-200 Hz. A Rayleigh wave with a ve-
locity of ~1650 m/s is clearly observed over hundreds
of meters from the source. A P wave with a velocity
of ~3750 m/s can also be discerned, although with a
much weaker signal. Figure 3b shows the same event
recorded by the DAS system, filtered in the same fre-
quency band as Figure 3a. The seismic waves generated
by the blow are also detectable on the DAS; however,
they are only observable within approximately 25 m of
the source. This significant difference can be explained
by multiple effects, such as poor coupling of the DAS
cable, the difference in the directionality of the signal
(vertical/horizontal), and the source-station direction,
as the source was offset by a few meters from the fiber
cable.

We compare the waveforms recorded by node 1104
with those recorded by the closest DAS channel during
this sledgehammer blow (Fig. 3c). We select the North
component of the node, collinear to the direction of
the N-S fiber (CH2), deconvolve its instrument response,
and convert the strain rate recorded by the DAS to veloc-
ity with a spatial integration followed by sliding mean
removal (Trabattoni et al., 2023) so that both measure-
ments can be compared. We find that the waveforms
have a similar envelope, with a clear large-amplitude
transient followed by a short coda. However, the noise
level is significantly larger on the DAS compared to the
node.

A comparison of sledgehammer-blow waveforms
recorded by DAS and collocated seismic nodes reveals
significant time desynchronization between them. For
example, node 1097 records exhibit a constant lag of ap-
proximately 0.46 s relative to DAS records at the time
of the blows (Fig. S7a). Such time desynchronizations
compromise seismic node array analysis and compari-
son with DAS.

4.3 Clock synchronization assessment and
correction

We systematically evaluate the clock synchronization
of the seismic nodes throughout all three deployment
campaigns. To assess node clock stability, we com-
pute hourly ambient noise correlation functions (de-
tails on calculation in Section S1 of the Supplementary
Material), which approximate the Green’s function be-
tween station pairs (Campillo and Paul, 2003), and filter
them between 10-20 Hz. The time drift caused by GNSS
desynchronization at one station produces an asymmet-
ric shift between the causal and anticausal parts of the
correlation function, which we use to resynchronize the
sensor (Stehly et al., 2007).

During the spring 2023 campaign, correlograms ex-
hibit overall stable noise correlations, and only few sta-
tion pairs are affected by clear drifts indicative of time
desynchronization caused by GNSS signal loss. For ex-
ample, the correlogram of pair N001-N033 (Fig. 4a) ex-
hibits a linear drift beginning on May 23, 2023 (green
shading), with a rate of several tens of milliseconds of
desynchronization per day. Importantly, this drift be-
gins several days after station N033 lost GNSS synchro-
nization, as indicated by the Fairfield ZL logs (green line
in Fig. 4a). This highlights the need for a careful selec-
tion of the time windows used to estimate and correct
for clock drift.

We observe similar clock-desynchronization periods
with the Geospace GSB-3 recorders in summer 2024,
whereas none are detected in the fall 2024 dataset. Un-
like in 2023, desynchronization occurs immediately af-
ter GNSS loss in summer 2024 and often persists un-
til the day following re-synchronization. For exam-
ple, node 1010 was logged as re-synchronized on July
25, 2024, but the re-synchronization only took effect
on July 26, when the drift coefficient changed abruptly
in the pair 1001-1010 correlogram (Fig. 4c). We ob-
serve a singular case for node 1097, which, despite con-
tinuously receiving the GNSS signal, shows a continu-
ous drift throughout the summer 2024 deployment (Fig.
S7b). Additionally, the 2024 desynchronizations induce
not only drift but also variable time offsets that differ
between nodes and across episodes (Fig. 4c).

We manually identify all affected stations and esti-
mate their offsets and drift rates for the spring 2023
(Fig. 4b) and summer 2024 (Fig. 4d) campaigns (de-
tails on clock correction in Section S2 of the Supplemen-
tary Material). Although DAS records are correctly syn-
chronized in time at the beginning of the deployment,
recorded logs reveal GNSS signal losses at later times
(Fig. S6). A systematic quantification and correction
of the time desynchronization of the DAS records is re-
quired before this data is integrated with node records.

5 Preliminary results

5.1 Spectral signatures of seismic sources
and links with water input and glacier dy-
namics

We show in Figure 5a the PSD of the seismic signal
recorded at F station over the 2023 and 2024 periods of
interest, supplemented by the PSD of node N038 (Fig.
1b) collected prior to the deployment of the F station.
We observe strong variations in seismic power occur-
ring over a range of frequencies and temporal scales.
Seismic power exhibits a clear seasonal pattern, in-
creasing during summer as air temperatures rise and
surface melt rates increase. This seasonal change is ac-
companied by a shift in frequency content: in spring
2023, seismic energy is primarily concentrated above
5 Hz, whereas during the summer of 2024 it extends to
lower frequencies, down to 1 Hz. In addition to this
long-term trend, seismic power shows high amplitude
broadband peaks associated with rainfall events, such
as the one in late September, which could result from
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the short-term increase in glacier velocity possibly en-
hanced by rain-induced sliding (Horgan et al., 2015). Su-
perimposed on the seasonal trend is a distinct diurnal
signal well correlated with temperature (Fig. 5c¢). This
can be observed during periods of minimal precipita-
tion and surface melt (e.g., from April 28 to May 3, 2023),
when large diurnal temperature fluctuations coincide
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with clear diurnal variations in high-frequency seismic
power. Interestingly, seismic power averaged in the 4-6
Hz band, dominated by subglacial water-flow-induced
seismic noise (Bartholomaus et al., 2015; Gimbert et al.,
2016; Nanni et al., 2021), correlates well with glacier sur-
face velocity variations measured by GNSS (Fig. 5b).
Large peaks in glacier surface velocity are generally as-
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sociated with large increases in seismic power, with a
few exceptions, such as on July 26, 2024, when a peak
in GNSS velocity is not associated with a peak in seismic
power, or on September 4, 2024, when a peak in seis-
mic power is not associated with a significant increase
in glacier surface velocity (Fig. 5b,c).

5.2 Analysis of the ambient noise wavefield
from noise correlation functions

In Figure 6a,c,d, we show stacked hourly noise correla-
tion functions filtered at high-frequency (40-80 Hz) and
sorted by inter-station distance for spring 2023, sum-
mer 2024, and fall 2024, respectively. Even at these high
frequencies, the vertical-vertical (ZZ) component of the
spring 2023 data reveals clear P- and Rayleigh-wave ar-
rivals, which are symmetric at negative and positive lag
times and persist up to inter-station distances of 900 m
and 1200 m, respectively (Fig. 6a). In summer 2024,
the strong increase in noise power around 0-s lag time
significantly reduces the signal-to-noise ratio (SNR) of
Rayleigh waves, and P waves are no longer visible (Fig.
6¢). In fall 2024 the noise level decreases relative to
the summer, and both P and Rayleigh waves reappear,
though with a lower SNR than in spring 2023 (Fig. 6d).
Despite the lower SNR, we reconstruct the fall 2024 P
and Rayleigh waves over greater inter-station distances
than in 2023, which results from the increased num-
ber of available station pairs with large inter-station dis-
tances (blue curve in Fig. 6a-d). In the transverse-
transverse (TT) component, we also observe clear Love
waves in the 10-20 Hz range (Fig. 6b).

Surface melt appears to strongly influence noise cor-
relation functions. We observe large amplitudes around
0-s lag time in summer 2024, when surface melt rates
are high; moderate amplitudes in fall 2024, when melt
rates are low; and small amplitudes in spring 2023,
when there is little to no surface melt (Fig. 6a,c-d). Sev-
eral surface streams cross the array and generate signif-
icant seismic energy; as a result, the generated seismic
waves reach both stations at a similar time, producing
spurious arrivals centered at 0-s in the noise correlation
functions. Part of these spurious arrivals can also arise
from the near-vertical incidence of waves generated by
deep englacial or subglacial hydrological sources.

We used these correlation functions to calculate the
frequency-velocity diagram averaged across the array,
using the slant-stack method of Park et al. (2005), which
estimates signal power as a function of phase velocity
by applying offset-dependent phase shifts. Across the
different recording periods, the P and Rayleigh wave ve-
locities remain constant above 20 Hz (Fig. 6e-g). Below
20 Hz, Rayleigh wave phase velocity slowly decreases
alongside frequency in 2024. In spring 2023, we observe
a steep ~150 m/s change in the Rayleigh wave phase ve-
locity around 10 Hz (Fig. 6e), which is not observed in
2024 (Fig. 6f-g). The origin of this sharp velocity change
remains uncertain, and the discrepancy between 2023
and 2024 could be due either to a temporal change in
the medium or to spatial variations, because the 2023
and 2024 arrays do not cover the same area. Below 3 Hz,
where Rayleigh waves are mostly sensitive to depths
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greater than 200 m, the phase velocity slowly starts to in-
crease as the frequency decreases. This increase in ve-
locity with decreasing frequency (increasing depth sen-
sitivity) may reflect higher S-wave velocities in deeper
ice, or sensitivity to a high-velocity bed beneath parts of
the array where the ice is the thinnest (~350 m in the
southwestern corner). Below 2 Hz, the dispersion curve
of Rayleigh waves is no longer properly resolved due to
the limited aperture of the array (black dashed line in
Figure 6e-g).

5.3 Seismic event detection and localization
with Matched Field Processing

We use Matched Field Processing (MFP) (Baggeroer
et al., 1988; Chmiel et al., 2019; Gimbert et al., 2021)
in the 4-6 Hz frequency band to locate seismic events
and construct seismic event catalogs for the 2023 and
2024 datasets. MFP evaluates the mismatch between
the phases recorded by all stations across the array
and those predicted for a hypothetical seismic point
source defined by its three-dimensional location and
wave phase velocity. The degree of phase coherence
is quantified using the normalized Bartlett output (BO)
which ranges from 0 to 1. BO values close to 1 in-
dicate a good match between observed and synthetic
phases. We employ the Nelder-Mead algorithm (Nelder
and Mead, 1965), a derivative-free local optimization
method, to optimize the source coordinates and phase
velocity that maximize the BO. In Section S3 of the Sup-
plementary Material, we provide more details on the
MFP parameterization and our strategy for designing
the source location optimization for events with optimal
BO > 0.3. In the following subsections, we report well-
located events associated with BO > 0.3.

5.3.1 An example of a natural event as recorded
with Nodes and DAS

Due to the uncertain coupling of the optical fiber ca-
ble under surface melt, we assess the quality of the
DAS data by comparing its signals with those from seis-
mic nodes during a natural event from the MFP cata-
log (Fig. 7). For this comparison, we chose the sum-
mer 2024 event 52292 (Fig. 1b), which occurred on July
17, 2024, at approximately 22:23:40.6 UTC (22:23:40-42
MFP time window) during a period of high surface melt
(Figure 5c). This event is associated with a high BO (BO
> 0.9) and is close to node 1116, which is located near
the fiber cable CH2. This event can be observed in the
records of all non-tilted nodes of the summer 2024 ar-
ray, as it generates high-amplitude Rayleigh waves (Fig.
7a). The P waves generated by the event can be observed
up to ~600 m from the source. At the time of the event,
some stations were significantly tilted (red and purple
waveforms in Fig. 7a). These stations recorded a sig-
nificantly higher frequency signal than non-tilted sta-
tions, effectively filtering out surface waves far from the
source. Multiple nodes were also desynchronized at the
time of the event (dashed blue waveforms in Fig. 7a).
For instance, node 1031 (Fig. 1b) was desynchronized
for ~32 hours by the time of the event (Fig. S3), which
resulted in arrivals too early by ~0.5 s. After correcting
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parameters at F station. The orange, green and red lines represent the surface temperature interpolated from KAN_L on the
ArcticDEM grid, precipitations from the nearest ERA5 Land reanalysis grid cell and modeled surface melt with COSIPY (Sauter

et al., 2020), respectively.

for this delay, the waveforms align well with records at
the other nodes (solid blue waveforms in Fig. 7a).

In the records of the DAS CH2 cable, Rayleigh wave
propagation can be observed up to hundreds of meters
from the source (Fig. 7b). However, surface wave ar-
rivals are masked where the fiber cable crosses surface
streams because of the noise that dominates the sig-
nal. Note that this seismic event was observed from
22:23:39.6 in the DAS records, ~1 second before the es-
timated origin time, which indicates significant time
desynchronization of the DAS system when the GNSS
signal is lost.

In Figure 7c, we compare the waveforms recorded by
the north component of node 1116 and its closest DAS
channel. The DAS waveform was time corrected and
converted from strain rate to velocity, while the node
waveform was corrected for the instrument response
and converted to velocity. Both waveforms were filtered
between 20-50 Hz. The DAS waveform is similar to the
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node recording, but the node has a significantly higher
SNR.

We compute the frequency-velocity diagram from
the 50 to 500 surface events with BO > 0.9 in the different
datasets, using the MFP algorithm without averaging BO
over frequency (Fig. 7d-f). These diagrams are similar
to the results obtained from ambient noise correlation
functions. The BO value is maximized for frequency
and velocity values similar to the power in Figure 6e-g.
Above 40 Hz, P waves with velocities around 3750 m/s
dominate, whereas below 40 Hz, Rayleigh waves domi-
nate. The Rayleigh waves have a constant phase velocity
of ~1650 m/s between 20-40 Hz. The abrupt Rayleigh
wave velocity discontinuity observed around 10 Hz in
2023 (Fig. 7d) is consistent with that observed from the
noise correlation frequency-velocity diagram (Fig. 6e),
although it is less pronounced, likely due to differences
in spatial coverage. In 2024, additional smaller but
steep velocity changes appear between 20 Hz and 25 Hz
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Figure 6 Spring 2023 time averaged vertical-vertical (ZZ) a) and Transverse-Transverse (TT) b) noise correlations filtered
between 40-80 Hz and 10-20 Hz, respectively. c-d) Time averaged ZZ noise correlations for summer 2024 and fall 2024. The
blue curves in a-d indicate the normalized number of correlation functions stacked in each interstation distance bin. e-g)
Frequency-velocity diagrams for the ZZ components of spring 2023 e), summer 2024 f) and fall 2024 g). The black dashed line
indicates the frequency-dependent resolution limit, given the maximum wavelength and sensor spacing Aoz = Amaz /2.

“P” and “R” indicate P and Rayleigh waves.

(Fig. 7e-f), which were not resolved by the frequency- strong similarity between the noise-based and event-
velocity diagrams from noise correlation functions (Fig. based frequency-velocity diagrams supports the relia-
6f-g). Furthermore, P waves are significantly clearer in bility of our MFP analysis and optimized source loca-
the event frequency-velocity diagrams and remain well tions.

above the noise level during summer 2024 (Fig. 7e). The
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Figure 7 a) Nodes vertical component waveforms recorded during event 52292 in summer 2024 (location in Fig. 1b). P
and R indicate the direct P and Rayleigh wave arrivals. The color of the waveforms indicates the status of the station as
indicated in the legend. The dashed waveforms show the data before clock correction. b) DAS record along fiber CH2 for the
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indicates the channel used in panel c). ¢) Comparison between the signals recorded by the north component of node 1116
and its closest DAS channel in the 20-50 Hz band. d-f) Frequency-velocity diagrams from surface BO > 0.9 events in d) spring
2023, e) summer 2024, and f) fall 2024. The black dashed line indicates the frequency-dependent resolution limit, given the
maximum wavelength and sensor spacing Aoz = Apnaz/2. “P” and “R” indicate P and Rayleigh waves.

5.3.2 Spatial distribution of natural events

During spring 2023, BO > 0.8 events, hereafter referred
to as high Bartlett output (HBO) events, occur predom-
inantly near the surface and closely match the pattern
of surface crevasses, suggesting that these are crevass-
ing events (Fig. 8a). Two regions exhibit deeper events
in 2023; the center-southeast region and the northwest
region, with 100-200 m and 200-300 m deep events, re-
spectively. In summer 2024, the MFP localized fewer
HBO sources overall, with only sparse detections in the
southwest crevasse field and very few sources in the
northwest. Moreover, the spatial distribution of these
sources shows limited alignment with surface crevasses
(Fig. 8b). The fall 2024 results exhibit an intermediate
pattern between spring 2023 and summer 2024: more
seismic sources are detected than in summer, particu-
larly in the central region, where they align more clearly
with surface crevasses (Fig. 8c).

Overall, there is a clear change in the event depth dis-
tribution from 2023 to 2024, as the fraction of surface
events drops from 40% in spring 2023 to ~20% in 2024
(Fig. 8d,f,h). This change in source depth is also accom-
panied by a decrease in the proportion of HBO events in
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summer 2024, where the cumulative proportion of HBO
events decreases from ~13.8% to ~7.1% between spring
2023 and summer 2024 (Fig. 8e,g). The proportion of
HBO events in fall 2024 increases back to ~11.5%, but
the depth distribution of fall 2024 events remains simi-
lar to that of summer 2024 (Fig. 8i).

In the following, we investigate the uncertainty in the
locations of these seismic events and the origin of dis-
crepancies in the BO between different periods, to ver-
ify that the observed changes are physical rather than
artifacts arising from varying configurations.

5.3.3 t.l_ncertainties of MFP-derived source loca-
ions

We assess the uncertainties of MFP-derived source lo-
cations by generating synthetic events with waveforms
at a central frequency of 5 Hz to which we add back-
ground noise. We evaluate the uncertainty on synthetic
events with different optimal BO values by modulating
the background noise power (see Section S4 of Supple-
mentary Material for technical details). For each syn-
thetic event, we measure the horizontal and vertical dis-
tances between the optimized and reference source lo-
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cations, which we refer to as horizontal resolution (h....)
and vertical resolution (|z.,|). Figure 9 shows the reso-
lution estimated on a grid of events. At the first order,
the resolution depends on the optimum BO value and
the location of the event with respect to the array.

Inside the array, surface events (0 m depth) with a
very high BO (BO > 0.9) have a vertical resolution of 7 m
and 10 m, for the 2023 and 2024 arrays, respectively (Fig.
9b,d,f), while the horizontal resolution is 1 m for all ar-
rays (Fig. 9h,j,1). For low BO (0.3 < BO < 0.4) events,
the vertical resolution of surface events inside the ar-
ray decreases to 16 m and 20 m in 2023 and 2024 (Fig.
9a,c,e), respectively, while the horizontal resolution de-
creases to 5 m for all arrays (Fig. 9g,i,k). Deep events
(450 m depth) within the array are also well resolved at
very high BO, with respective vertical resolutions of 8 m
and 6 m for the 2023 and 2024 arrays (Fig. 9n,p,r), de-
spite the trade-off between source depth and phase ve-
locity (Fig. S8), and a horizontal resolution of 2 m for
all arrays (Fig. 9t,v,x). Deep events with low BO are sig-
nificantly less well resolved than surface events. Their
vertical resolution decreases to 52 m and 36 m in 2023
and 2024, respectively (Fig. 9m,0,q), and their horizon-
tal resolution decreases to 18 m and 10 m in 2023 and
2024, respectively (Fig. 9s,u,w).

Outside the array, both vertical and horizontal reso-
lutions are poorer than within the array and progres-
sively degrade with increasing distance from it. This
loss of resolution is particularly pronounced for low-
BO events. Nevertheless, despite the overall degrada-
tion outside the array, the horizontal locations of events
in the south-western corner of the 2024 array, where
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no nodes were deployed, remain well resolved even for
low-BO events, with horizontal resolutions of 10 m for
surface events (Fig. 91,k) and 15 m for deep events (Fig.
9u,w).

5.3.4 Seasonally varying Bartlett output values:
a physical or instrumental origin?

Distinct source types can be recovered by scanning seis-
mic sources across different BO values (Nanni et al.,
2022). Based on these results, the decrease in the
proportion of HBO surface events that align along
crevasses, observed in 2024 compared to spring 2023,
canindicate a decrease in surface crevassing activity. To
assess whether this shift reflects changes in source pro-
cesses or instead results from seasonal or instrumental
effects, we evaluate how variations in array geometry,
sensor tilt, and background noise can influence the BO
estimate without changing the underlying event popu-
lation.

The 2024 array geometry differed from the 2023 con-
figuration, affecting the array response and potentially
the convergence of the MFP optimization. A grid-
search around each optimized source location shows
that optimization-induced mislocations (optimization
error) greater than 25 m remain limited to 16% of ob-
served spring 2023 events and only 4% of observed sum-
mer 2024 events (Fig. 10a-b). Thus, geometry changes
alone cannot explain the systematically lower BO in
2024. Sensor tilt, however, is a more likely contrib-
utor. In spring 2023, due to the absence of melt, no
sensors were tilted, whereas in 2024 several geophones
were moderately tilted, especially during the summer.
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Synthetic tests (details in Subsection S4.2 of the Supple-
mentary Material) show a clear negative correlation be-
tween tilt and optimum BO (Fig. 10c), where a mean tilt
of 15° is associated with a decrease in optimum BO of
~0.045. Applying this correction increases the propor-
tion of summer 2024 HBO events to 11.7%, closer to that
of spring 2023 statistics.

We measured the noise power between 4-6 Hz in a
1-s time window before each event (Fig. 10d). The back-
ground noise level measured in summer 2024 is sub-
stantially higher than during other periods, consistent
with enhanced surface melt. To quantify the impact
of this elevated noise level on maximum BO, we per-
formed synthetic tests (details in Subsection S4.3 of the
Supplementary Material). Synthetic events spanning a
range of BO values were first generated using the noise
level from spring 2023. The SNR of these events was
then updated to match the varying noise level across
seasons, and MFP optimization was repeated to evalu-
ate BO with the new noise level. These tests show that
increased noise reduces BO in a nonlinear manner, with
the largest reductions occurring for events that origi-
nally exhibit high BO values (Fig. 10e). We use the re-
sulting empirical relationship to estimate the BO values
that summer 2024 events would have achieved under
the spring 2023 noise level, thereby placing all deploy-
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ment periods on a common noise baseline. After ap-
plying this correction, the proportion of HBO events in
summer 2024 increases to ~14%, matching the propor-
tion observed during spring 2023 (Fig. 10f).

Overall, both sensor tilt and increased background
noise contribute significantly to the reduced HBO pro-
portion in summer 2024, with hydrological noise ap-
pearing to be the dominant factor. Thus, no evident
change in the source types can be inferred from the ob-
served changes in BO values between the different sea-
sons.

6 Discussion

6.1 Usingseismicsignalsfromthe node array
for glacier sources and structure analysis

6.1.1 Glacier sources

Our observations indicate that water flow is a primary
source of the ambient seismic noise recorded by the
node array. Seismic power is low under no or low
melt conditions in early and late summer and is much
higher during peak melt in summer (Fig. 5). Seismic
power in summer is also particularly strong at low fre-
quencies, as expected if turbulence in the water flow
generates tremors (Gimbert et al., 2014, 2016), as ob-
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served on other glaciers (Lindner et al., 2020; Nanni
et al., 2019; Clyne et al., 2023). The subglacial discharge
of Isunnguata Sermia is one of the largest in Green-
land (Mankoff et al., 2020), whereas the surface melt
in the studied region is fragmented into small catch-
ments, leading to limited surface discharge. Thus, it is
likely that subglacial water flow noise dominates over
supraglacial water flow noise since seismic power in-
creases with discharge and hydraulic pressure gradient
(Gimbert et al., 2014, 2016), which are expected to be
larger for subglacial flow. This suggests that the col-
lected dataset can support studies of subglacial hydrol-

ogy.

Systematic Matched Field Processing (MFP) analysis
of Bartlett outputs has been shown to successfully iden-
tify englacial and subglacial hydrology under various
drainage conditions, from englacial to subglacial cavi-
ties and channels (Nanni et al., 2021). However, our re-
sults indicate that the quantitative values of the Bartlett
output are influenced not only by source characteristics
but also by additional factors such as ambient seismic
noise, tilt, and array geometry. Noise correlation func-
tions, in combination with principal component analy-
sis, can also be used to locate the largest contributing
noise sources and their variations over time (Journeau
et al., 2022). An interesting result that supports this ap-
proach is that noise correlation functions exhibit high
energy near zero lag times in summer (Fig. 6c), when
surface melt is large, highlighting an increase in the
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contribution of sources located inside or below the seis-
mic array.

Seismic sources other than subglacial turbulent water
flow operate at the investigated site. Diurnal variabil-
ity in seismic power from late April to early May 2023
occurs without significant surface melt (Fig. 5c), mak-
ing it unlikely to be caused by turbulent water flow. We
suggest that these sources correspond to englacial frac-
turing, either driven by temperature changes (Podol-
skiy et al., 2018) or by hydrodynamic processes (Helm-
stetter et al., 2015). The most prominent sources ob-
tained at high Bartlett values from MFP exhibit a spa-
tial pattern that follows the surface crevasses distribu-
tion (Fig. 8a), similar to previous observations with a
dense array on the Argentiere alpine glacier (Gimbert
et al., 2021; Nanni et al., 2022). This pattern, however,
varies across seasons (Fig. 8), which suggests that dif-
ferent types of crevasse activations operate in the dif-
ferent seasons. We show from synthetic analysis (Fig. 9)
that super-resolution capabilities (Harris and Kvaerna,
2010) are reached, with errors in source locations rang-
ing from 1 to 18 m horizontally and 6 to 52 m verti-
cally, depending on the Bartlett output and event lo-
cation. This is promising regarding our ability to dis-
criminate between surface and deep events in order to
study crevassing and surface to bed water pathways at
high resolution. An interesting insight is our observa-
tion that sources attributed to crevassing with MFP are
deeper in summer and fall compared to spring (Fig.
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8d,f,h), consistent with crevasses extending deeper due
to surface melt forcing (van der Veen, 1998).

Of particular interest is the striking agreement be-
tween seismic power in the 4-6 Hz band and glacier
surface velocities (Fig. 5b), which suggests that ice dy-
namics are driven by subglacial hydrological processes.
The reasons why such a good correlation is obtained
here, compared to other glaciers (Umlauft et al., 2023;
Bartholomaus et al., 2015; Nanni et al., 2019), remain
to be investigated. MFP combined with supervised or
unsupervised machine learning (Seydoux et al., 2020)
could help decipher the different source mechanisms,
allowing for a more targeted analysis of sources primar-
ily associated with changes in ice dynamics.

6.1.2 Glacier structure

We observe differences in the Rayleigh wave phase ve-
locity dispersion curves across the three deployment
periods (Fig. 7d-f), particularly between 2023 and 2024.
Because the arrays did not cover the same spatial ex-
tent in these two years, these differences may partly re-
flect spatial heterogeneity in seismic velocities associ-
ated with variations in ice thickness and/or the presence
of englacial and subglacial structures. However, the ob-
served correlation between surface velocity and seismic
noise power also suggests that temporal variations in
glacier properties may occur. These changes are likely
influenced by a combination of surface, englacial, and
subglacial features present within the 2.5 km? study
area, as evidenced by the pronounced spatial variability
in surface crevassing. Some of these possible features,
such as weakly connected cavities and subglacial lakes,
play a key role in bed lubrication properties. They are
not necessarily expected to generate seismicity, but they
may be resolved through seismic tomography.

The ambient noise correlation functions exhibit
clear, stable, and symmetric P and surface wave ar-
rivals, indicating that the ambient noise field is suffi-
ciently diffuse for structural imaging methods, such as
surface wave tomography (Shapiro et al., 2005; Nishida
et al., 2024) and body wave tomography (Nakata et al.,
2015), to be applied seasonally. Rayleigh wave travel-
time tomography has already been successfully imple-
mented on the Argentiére Glacier (Gimbert et al., 2021).
However, glacier settings can exhibit strong seismic
azimuthal anisotropy on the order of several percent
(Sergeant et al., 2020), which calls for more robust meth-
ods such as eikonal tomography that jointly inverts for
azimuthal anisotropy (Kistle et al., 2021) or focal spot
imaging (Giammarinaro et al., 2022; Hillers et al., 2016;
Tsarsitalidou et al., 2024). Surface waves generated by
crevassing events also offer unprecedented opportuni-
ties for tomography. In particular, Seismic Michelson
Interferometry applied to the seismic array, as well as
to the source field from turning sources to receivers us-
ing the reciprocity principle (Chmiel et al., 2018, 2020;
Nanni et al., 2024), can yield constraints at a scale larger
than the array and at higher spatial resolutions than
those limited by sensor spacing.

Surface wave tomography, however, suffers from lim-
ited vertical resolution because the depth sensitivity
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kernels of surface waves are broad. Moreover, the un-
constrained depth of the ice-bed interface would make
inferred models from dispersion curves highly non-
unique, which is also a major limitation (Lebedev et al.,
2013; Nishida et al., 2024). This ambiguity can be re-
duced by jointly inverting surface wave velocities and
Rayleigh wave ellipticity measurements (Hallo et al.,
2021). However, surface waves must be of sufficiently
low frequency to sample the deep interface, which also
limits the horizontal resolution. Other studies have ex-
plored the use of P waves to constrain the ice-bed inter-
face. Autocorrelations of teleseismic P wave coda have
successfully imaged the ice-rock interface in Antarctica
(Pham and Tkal¢ié, 2017, 2018), but the low frequencies
involved also result in limited resolution, which is insuf-
ficient for detailed mapping of bed topography. In con-
trast, our event catalog includes clear high-frequency P
wave arrivals, which can be exploited to study the inter-
face with higher resolution. Surface events generating P
waves are expected to allow common reflection analysis
analogous to active seismic methods (Booth et al., 2012).
Additionally, amplitude versus offset (AVO) analysis (Os-
trander, 1984) applied to reflected P waves can provide
valuable constraints on the properties of the ice-bed in-
terface and the presence of water. Temporal changes in
seismic wave propagation and the underlying structural
properties can also be investigated through ambient
noise seismic interferometry, applied to ballistic body
waves (Brenguier et al., 2020; Sheng et al., 2022), surface
waves (Mordret et al., 2020), and coda waves (Mordret
etal., 2016; Paris et al., 2025; Zhan, 2019) extracted from
noise correlation functions, as well as through icequake
coda interferometry (Hillers and Campillo, 2018). By
combining these measurements with a velocity model
derived from tomography, one can compute sensitivity
kernels and thereby constrain the three-dimensional lo-
cation of seismic velocity variations (Sager et al., 2021).

6.2 On the exploitation of DAS to comple-
ment nodes arrays

The dense spatial sampling provided by Distributed
Acoustic Sensing (DAS) supports the observation of seis-
mic events and the associated wave propagation at very
high frequencies. In contrast, traditional seismic node
arrays are fast to deploy and can cover large areas, but
their wider station spacing often limits their ability to
resolve the wavefield at high frequency. DAS records
can also capture slow aseismic deformation (Ouellet
etal., 2024), which seismic nodes cannot. Although seis-
mic nodes record vertical and horizontal ground mo-
tion, they can experience significant tilt due to surface
melt, which particularly affects the data quality in the
horizontal components (Fig. 2). DAS, on the contrary,
measures strain along the cable axis, providing obser-
vations of horizontal ground deformation that are in-
herently insensitive to sensor tilt when the cable is de-
ployed at the surface. A direct comparison of an ice-
quake recorded by a co-located seismic node and DAS
channel (Fig. 7c) demonstrates that, despite uncertain
cable-ice coupling due to surface roughness and melt
conditions (Fig. 7b), DAS recordings can closely resem-
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ble those obtained from conventional seismic sensors,
albeit with higher noise level. These characteristics
highlight the complementary nature of seismic nodes
and DAS measurements and provide strong motivation
for their joint deployment in highly dynamic environ-
ments such as glaciers.

Both datasets can be combined to perform a joint ar-
ray analysis of events. However, jointly using DAS and
node data for array processing applications requires
that they be synchronized in time, which still needs to
be established more systematically in our experiments,
in addition to being converted to comparable physi-
cal quantities using spatial integration and deconvolu-
tion. Therefore, unless a rigorous check is performed
to ensure time synchronization, the DAS data should be
viewed as a complementary tool that offers unique in-
sights into specific aspects of the seismic wavefield that
are challenging to capture with the seismic node arrays,
such as source migration and rupture length.

6.3 Further improving data quality in future
experiments

Across 2023 and 2024, seismic nodes have been affected
by two main issues: GNSS signal losses leading to time
desynchronization, and sensor tilt. Overall, we ob-
served time desynchronization for 2%, 5%, and 0% of
the spring 2023, summer 2024, and fall 2024 datasets,
respectively. While GNSS dropouts cannot be fully pre-
vented, they can be straightforward to correct using am-
bient noise correlation functions. However, these cor-
rections have been made in the 10-20 Hz frequency
range and thus may lack precision at higher frequen-
cies, which are important to study basal stick slip, for ex-
ample (Gimbert et al., 2021; Nap et al., 2025). Sensor tilt,
however, remains a primary source of data degradation,
and although periods of excessive tilt can be identified
through PSD analysis, even moderate tilt (<30°) can sig-
nificantly distort the signal, as shown by the impact on
the MFP Bartlett output. Therefore, a critical improve-
ment is to better control and reduce sensor tilt.

For the 2024 field campaigns, we used Geospace GSB-
3 recorders with Geospace GS-ONE LF 5 Hz 3C geo-
phones. These versatile instruments are available from
community equipment pools (Hillers et al., 2025), which
provide access to the large number of units needed to
deploy dense seismic arrays at limited costs. These
units can also be connected to external batteries, which
extend their autonomy by several months. The main
drawback of these sensors compared to the Fairfield
units is their geometry. Fairfield sensors are all-in-one
cylindrical units, whereas Geospace nodes comprise
two to three separate components connected by cables.
The shape of the Geospace geophone, combined with
the position of the cable connected to the GSB-3, cre-
ates additional clearance within the drill hole, leaving
the sensor vulnerable to tilt. This issue could be mit-
igated by placing each sensor inside a casing that fits
tightly within the hole. Additionally, deeper holes are
expected to help mitigate sensor tilt by allowing quicker
refreezing around the sensor, preventing sunlight in-
duced preferential melt at the bottom of the hole, and
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keeping the sensors buried longer. Such a deployment
strategy is possible using an extension cable between
the sensor and the logger to ensure the GSB-3 remains
near the surface for proper GNSS signal reception. It
also requires custom deployment tools to ensure the
correct orientation of the sensors toward geographic
north.

The main limitation of the DAS dataset is the uncer-
tain coupling with the ice, largely due to surface irreg-
ularities and surface streams. The DAS dataset can,
therefore, be improved by deploying the optical fiber
further upglacier, where there is less surface relief, or
in spring when the surface is covered in snow and is
free from surface streams. A snow-covered surface is
more even, which leads to a better coupled fiber. The
fiber can also be deployed in boreholes, where coupling
is naturally ensured as the water refreezes around the
cable (Booth et al., 2020). This configuration also en-
ables the recording of vertical ground motion, which
is currently achieved only by seismic nodes and long-
term seismic stations. The SNR of the DAS record-
ings can also be improved by increasing the number
of points per gauge length. Here we used 2 points per
gauge length, but using more may help better capture
the wavefield at high frequency. The DAS data were only
acquired during field campaigns because the interroga-
tor required additional power from a generator. Longer-
term DAS acquisitions require the installation of a solar-
powered system capable of supplying sufficient energy
for continuous and maintenance-free operation.

7 Conclusion

We present a dense, multi-season seismic experiment
on the ablation zone of Isunnguata Sermia that is de-
signed to resolve hydrological and dynamic processes
at spatial and temporal scales previously inaccessible
in Greenland. Each campaign involved continuous
one-month data acquisition by an array of 82-117 seis-
mic nodes. In 2024, this was complemented by Dis-
tributed Acoustic Sensing (DAS) measurements along
two ~1 km profiles. Rigorous quality control of seismic
node records ensured data applicability for array-based
analyses despite frequent geophone tilt and GNSS time
desynchronization. The DAS records contain signals of
seismic events with high spatial resolution, although
the data are noisier and also experience episodes of
GNSS time desynchronization.

Initial analyses demonstrate that seismic power
is dominated by meltwater flow, with strong low-
frequency power during peak summer melt, indicating
a primarily subglacial origin. This highlights the poten-
tial of passive seismic signals as indicators of subglacial
hydrological forcing. Seismic power in the 4-6 Hz band
closely follows glacier surface velocity, suggesting that
ice dynamics are driven by subglacial hydrological pro-
cesses. Matched Field Processing detects and localizes
over a hundred thousand seismic events with meter-
scale resolution that reveal characteristic spatial pat-
terns that evolve across seasons. Specifically, surface
fracturing occurs in early spring, while deeper events
in summer and fall are consistent with melt-driven
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fracture growth. Ambient noise correlation functions
show clear high signal-to-noise ratio Rayleigh, Love,
and P wave arrivals. The dispersion curve of Rayleigh
waves shows clear variations across datasets that reveal
a strong temporal and spatial variability in ice seismic
velocities, and that likely reflect heterogeneous surface,
englacial, and subglacial structures.

Together, these results confirm the feasibility and
value of dense seismic deployments in the ablation
zones of rapidly evolving glaciers. These datasets
provide an unprecedented perspective for studying
the interactions between meltwater input, subglacial
drainage evolution, and ice dynamics. Future work
will exploit these collected signals to develop high-
resolution models of glacier structure, characterize hy-
drological pathways across melt seasons, and improve
our understanding of the processes driving the dynam-
ics of the Greenland Ice Sheet.
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