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Abstract
Slope failures are an ongoing global threat leading to significant numbers of fatalities and
infrastructure damage. Landslide impact on communities can be reduced using efficient early
warning systems to plan mitigation measures and protect elements at risk. This manuscript
presents an innovative geophysical approach to monitoring landslide dynamics, which combines
electrical resistivity tomography (ERT) and low-frequency distributed acoustic sensing (DAS), and
was deployed on a slope representative of many landslides in clay rich lowland slopes. ERT is used
to create detailed, dynamic moisture maps that highlight zones of moisture accumulation leading
to slope instability. The link between ERT derived soil moisture and the subsequent initiation of
slope deformation is confirmed by low-frequency DAS measurements, which were collocated with
the ERT measurements and provide changes in strain at unprecedented spatiotemporal resolution.
Auxiliary hydrological and slope displacement data support the geophysical interpretation. By
revealing critical zones prone to failure, this combined ERT and DAS monitoring approach sheds
new light on landslide mechanisms. This study demonstrates the advantage of including subsurface
geophysical monitoring techniques to improve landslide early warning approaches, and highlights
the importance of relying on observations from different sources to build effective landslide risk
management strategies.

1. Introduction

Slope failures are a threat to communities around
the globe. They cause significant damage to crit-
ical infrastructure and individual properties and in
some cases may lead to loss of life. In recent his-
tory, landslides led to > 4500 recorded fatalities per
year (Froude and Petley 2018), and billions of dol-
lars of economic losses (Dilley 2005, Kirschbaum
et al 2015). Even non-fatal, minor landslides may
have large economic impacts as they affect critical

infrastructure (Emberson et al 2020). These num-
bers are set to increase due to climate change and
associated global rise in rainfall intensity, which is
a major trigger of landslides (Gariano and Guzzetti
2016). While preventing landslides from occurring is
impractical due to costs, the associated risks can be
mitigated both at local and regional scales to reduce
landslide impacts on society (Lacasse et al 2009). A
better understanding of the morphology of unstable
slopes, and the associated slope failure mechanisms is
key to developing more informed risk management
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strategies. Monitoring of unstable slopes, in particu-
lar, is an essential component of local landslide early
warning systems (Lo-LEWS) (Maskrey 2011), which
main purpose is to identify precursors of landslide
events (Intrieri et al 2013) and locate zones that may
become unstable due to changes in the subsurface
conditions.

Moisture-induced landslides—also referred to as
rainfall-induced landslides—are those triggered by
increased soil moisture or groundwater levels, which
raise pore water pressures and hence reduces effect-
ive stresses. Basic Lo-LEWS monitoring approaches
mainly integrate surface displacement observations,
indicating ongoing deformation but not detecting
the underlying cause, which may lead to belated
early warnings. Therefore, Lo-LEWS can benefit from
monitoring subsurface parameters related to the driv-
ing factors of slope failure to extend the effective
warning period (Lacroix et al 2020). Geophysics-
based monitoring systems have emerged as powerful
tools to track subsurface conditions of slopes prone
to moisture-induced landslides (Whiteley et al 2019),
increasing the predictive capacity of slope failure
(Uhlemann et al 2021). Designed to non-invasively
image the subsurface, and providing proxies to critical
slope stability properties (e.g.moisture, suction, shear
strength), geophysical methods are ideally equipped
to assess the integrity of unstable slopes at various
scales (Whiteley et al 2021a).

Electrical resistivity tomography (ERT) has long
been used to investigate landslides in 2D or 3D
(Jongmans and Garambois 2007), providing elec-
trical resistivity models linked to the geology, hydro-
logy and morphology of the landslide. More recently,
time-lapse ERT (i.e. in 4D) has increasingly been
applied to monitor landslides (Bièvre et al 2012,
Lehmann et al 2013, Supper et al 2014, Gance et al
2016, Perrone et al 2014, Hojat et al 2019, Falae et al
2021, Tsai et al 2021, Lapenna and Perrone 2022,
Wicki and Hauck 2022, Watlet et al 2023, Whiteley
et al 2023). The main benefits of geoelectrical mon-
itoring lie in the possibility to link changes in elec-
trical resistivity to changes in subsurface conditions,
mainlymoisture (Slater and Binley 2021, Holmes et al
2022), coupled with the maturity of remote monit-
oring equipment specifically designed for autonom-
ous monitoring of slope processes (Chambers et al
2022). At the other end of the near-surface geophysics
spectrum, distributed acoustic sensing (DAS) systems
have rapidly emerged as novel tools capable of detect-
ing seismic signals (Dou et al 2017). More recently,
DAS has shown great potential in the low-frequency
domain (<1 Hz) to monitor dynamic changes in
strain (Karrenbach et al 2019, Crickmore et al 2020),
with promising prospect for landslide monitoring
(Ouellet et al 2024).

While combining various geophysical methods
has proven powerful for characterising landslides het-
erogeneity (e.g. Hibert et al 2012, Whiteley et al
2021b, Zakaria et al 2022), relatively few case studies
have focused on integrating multiple complementary
geophysical techniques formonitoring and predicting
landslide processes. Most geophysical monitoring
applications focus on a primary technique, poten-
tially supplemented with additional methods at vary-
ing scales, such as geotechnical or remote sensing
data (e.g. Jaboyedoff et al 2019, Thirugnanam et al
2022), which together provide critical insights into
subsurface conditions impacting slope stability. Yet,
differences in the scales of these data sources can
complicate direct correlations between subsurface
measurements and surface deformation, thereby lim-
iting early warning capabilities.

Hence, can we elucidate the relationship between
locally elevated soil moisture and slope deformation
by integrating high-resolution ERT imagingwith spa-
tially distributed deformation sensing? We present,
to the best of our knowledge, the first 4D ERT ima-
ging of slope movement supported by strain meas-
urements from low-frequency DAS at comparable
scales, and hydrological and geotechnical datasets.
With this study, we aim to demonstrate the advanced
capability to detect precursory conditions to slope
displacement. Incorporating 4D soil moisture data
in the feed of information used to assess slope sta-
bility has the potential to improve landslide early
warning strategies, thereby enhancing landslide risk
mitigation.

2. Site description andmethodology

2.1. The hollin hill landslide observatory (HHLO)
The HHLO (figure 1, Chambers et al 2011, Gunn et al
2013) in North Yorkshire, UK, was designed in the
mid-2000s as a test site for developing novel geophys-
ical monitoring of unstable slopes. The site features
a moisture-induced, slow-moving landslide, repres-
entative of many clay-rich lowland landslides world-
wide. It has a well-documented history of seasonal
reactivationwith peaks inmovement generally occur-
ring during winter, between December and March
(see figure S1 in the supplementary material) due
to reduced evapotranspiration. The landslide’s mor-
phology largely depends on the underlying geological
structure. The south-facing slope comprises twomain
geological units (Lower to Late Jurassic) gently dip-
ping to the North: the Whitby Mudstone Formation
(WMF) and the Staithes Sandstone Formation (SSF).
Due to lower permeability and high plasticity, the
WMF slowly creeps over the SSF when reaching elev-
ated moisture contents. This translational movement
mostly occurs in the central part of the slope. In the
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Figure 1. (a) Location of Hollin Hill on UK map, (b) map of the HHLO displaying the location of the ERT array, fibre optic cable,
point sensors (and location number), GNSS markers and main landslide features; (c) drone photo highlighting the backscarp and
compression ridges of the HHLO. (d) Resistivity model and (e) ERT-derived GMC model for the monitoring baseline (22
November 2020).

top part, a complex rotational failurewithin theWMF
is observed, linked to the mass wasting generated
by creeping downslope (Uhlemann et al 2017, Boyd
et al 2021). The hydrogeological context of theHHLO
includes the occurrence of perched water tables at
shallow depth (Gunn et al 2013) overlying a deeper
regional groundwater table.

Since first deployed in 2008, 4D geoelectrical ima-
ging revealed complex, seasonal moisture dynamics
in the slope (Uhlemann et al 2017,Merritt et al 2018).
Preferential infiltration and moisture build-up have
also been linked with periods of increased move-
ments, and evidence of superficial drying processes
are associated with surface shrinking and cracking.
However, properly demonstrating that local zones of
elevated moisture content were leading to co-located
displacement or slope failure has been challenging.
One main reason has been the challenge of monit-
oring slope deformation at a spatial and temporal
scale comparable to that of time-lapse ERT meas-
urements (Kelevitz et al 2022). Deriving electrode
movements from time-lapse ERT measurements was
successfully developed (Wilkinson et al 2015, 2016),

providing a means of tracking large displacements
greater than 10% of the electrode spacing. But other
techniques providing independent measurement of
surface deformation at higher resolution, such as
strain from low-frequency DAS, ideally complement
the toolbox of monitoring techniques able to detect
minor movements precursory to larger slope failure.

Over the years, state-of-the-art sensors have also
been deployed at the HHLO to provide independ-
ent measurements for comparison and interpreta-
tion alongside geophysics-basedmonitoring. Clusters
of point sensors including shallow soil moisture (at
20 cm and 50 cm bgl), matric potential (at 50 cm
bgl) and piezometers monitoring water level in shal-
low and deep boreholes are distributed over 6 loca-
tions (1–6 in figure 1). Ground deformation associ-
ated with the landslide activity is also tracked via four
independent approaches at the HHLO, including tilt-
meters (at location 2, 4 and 5), Shape Accelerometers
Arrays (SAA; Abdoun et al 2013) (at location 4 and
5), GNSSmarker pegs and repeated LiDAR scans (see
table S1 and text S3 in the supplementary material for
more details; Lague et al 2013)
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2.2. Gravimetric water content from electrical
resistivity tomography
The PRIME system installed since November 2020 at
the HHLO is a low-cost and low-power ERT instru-
ment designed for remotely monitoring slope con-
dition (Holmes et al 2020). ERT measurements are
acquired on a scheduled, daily basis and telemetered
to remote servers through 4G internet. The ERT array
comprises seven lines oriented in the slope direction,
each with 32 electrodes, forming a grid of 224 elec-
trodes with a separation of 9.5 m across the slope and
4.75 m along the slope (see figure 1). A comparable
ERT array layout was installed for a decade (2008–
2019) at the HHLO (Kuras et al 2009), and proved
to capture shallow hydrological processes through-
out the hillslope (Uhlemann et al 2017, Merritt et al
2018). ERT time-lapse inversion follows a hybrid
inversion scheme mimicking a time-lapse inversion
but incorporating potential electrode movements as
monitored by repeated GNSS surveys of a network of
ground control points (Uhlemann et al 2016, Boyd
et al 2021). Since only one large slope displacement
event occurred within the time window presented in
thismanuscript (22November 2020–30March 2022),
electrode locations have been adapted only once fol-
lowing this event. Adjusted electrode locations are
derived from inverting the ERT data for electrode
movements, following a methodology developed in
(Wilkinson et al 2015, 2016).

In this study, we present ERT monitoring results
as soil moisture models. Resistivity models are trans-
lated into gravimetricmoisture content (GMC)mod-
els after inversion and temperature correction, fol-
lowing the approach by Uhlemann et al (2017), cal-
ibrated for the HHLO by Merritt et al (2016) using
Waxman and Smits (1968) relationships (figures 1(d)
and (e)). The calibration was performed on soil and
shallow borehole core samples from the SSF and
WMF. We use separate parameter sets for the WMF
and the SSF as in Uhlemann et al (2017). Boyd
et al (2024) has highlighted that this relationship
is likely to be valid only at shallow depths, given
that Waxman-Smits equation parameters change
for deeper, more consolidated rocks. Therefore, the
GMC models are generated using the relationship
developed by Uhlemann et al (2017) applied to the
first 2 m below the ground surface, which represents
the layer above mapped shear zones. However, due to
the presence of perched water levels at ∼2 m below
ground level (bgl), especially in the WMF, most tem-
poral changes in resistivity, and therefore GMC, are
expected to occur at shallow depth. More detailed
on the acquisition processing and correction of the
ERT data is available in text S1 of the supplement-
ary materials (Keller and Frischknecht 1966, Brunet
et al 2010, Mwakanyamale et al 2012). Text S1 also
contains information on the spatial resolution of the
resistivity models.

2.3. Strain from low-frequency distributed acoustic
sensing
We rely on strain measurements acquired by a DAS
system along a fibre optic cable deployed at theHHLO
(Clarkson et al 2021). The DAS system consists of
a Luna Optasense ODH-F interrogator unit which
transmits coherent laser pulses within the fibre, and
acts as a distributed interferometer. Any strain dis-
turbance to the fibre changes the optical phase of
the backscattered light (Bao and Chen 2012, Bao and
Wang 2021) and can be recorded. A low-pass filter
at 1 Hz is applied to the DAS data and optical phase
data are converted to units of strain. The fibre was
buried at ∼10 cm bgl within narrow trenches along
the slope direction to form six lines, five of which are
co-located with the easternmost five lines of the ERT
array. The strain measurements derived from low-
frequencyDAS are sampled with a 1m spatial interval
over a gauge length of 4 m, which defines the spatial
resolution (detailed processing, including temperat-
ure correction, in text S2 of the supplementarymater-
ial). In this study, we investigate change in strain aver-
aged at daily time intervals on two periods overlap-
ping the ERT dataset from 22 November 2020 to 30
January 2021 (70 d), and then from 22 November
2021 to 28 February 2022 (100 d), each focusing on
the wettest part of the season. Data are expressed as
cumulative change in microstrain (µε) with respect
to a baseline set at the beginning of each period.

3. Results and discussion

3.1. Moisture accumulation preceding landslide
reactivation
The ERT-derived soil moisture dataset of this study
starts on 22 November 2020. Increase in GMC is dis-
played at regular intervals before the main slope dis-
placement event on 20–21 January 2021 (figure 2).
This increase is most pronounced in the WMF form-
ation, especially above the backscarp and in the area
of the rotational slip, with localised increases higher
than 10% GMC. This general moisture trend is cor-
roborated by the network of soil moisture sensors.
The backscarp itself stays relatively dry, contrasting
with the zone directly above and below. The steepness
of the scarp combined with locally lower permeability
near the slip plane favors surface run-off processes,
hindering in-situ water infiltration. The resistivity
models in the backscarp region also show preferential
flow between the zone above the scarp and the flat-
ter region at the toe of the scarp, favoring moisture
accumulation (see figure S2 in the supplementary
material).

Deformation data show that the 2021 reactiva-
tion started with two minor precursory displacement
events (in the order of 1 mm recorded by the shallow-
est SAA at 10 cm bgl) following rainfall events, on 27
December 2020 and 14 January 2021 (figure 3). The
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Figure 2. ERT-derived gravimetric moisture content (GMC) model for the baseline on 22 November 2020 (a), and models of
relative increase in GMC with respect to the baseline displayed on a selection of time-steps (b)–(i). Recorded changes in
microstrain are also shown. See animated version in the supplementary materials.

Figure 3. Summary of the geophysical, hydrological and displacement datasets acquired during the 2021 (a)–(f) and 2022 (g)–(l)
landslide reactivation periods (November 2020 to February 2021, and November 2021 to March 2022). Figures display rainfall
(a), (g), surface displacement (b), (h), DAS microstrain (c), (i) using channels highlighted in figure S3, borehole water level (d),
(j), soil moisture at 20 cm bgl (e), (k), ERT-derived GMC (f), (l). Grey boxes indicate periods of minor (light grey) and major
(dark grey) deformation event.
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Figure 4.Maps showing (a) vertical displacement computed from LiDAR scans from November 2020 and September 2021, and
horizontal displacement on the network of GNSS markers between 15 January 2021 and 20 February 2021; (b) ERT-derived GMC
following peak movement in landslide reactivation 2021 (22 January 2021) as compared to GNSS markers displacement; (c) strain
change recorded on the fibre and interpolated, and compared to GMC contour lines following peak movement (22 January 2021);
(d) sketch describing the landside dynamics at the HHLO and the geophysical observations on the ERT and DAS monitoring
systems.

first precursor event seems to have predominantly
affected the middle part of the slope, where change in
microstrain indicates compression in the mid-slope
ridges (figure 4). The second precursory event fol-
lowed snowfall and a three-day time window is docu-
mented using strain data from the low-frequencyDAS
at 1 min sampling frequency in Ouellet et al (2024).
It started with mid-slope deformation, then propag-
ated upslope to the backscarp. The main deform-
ation occurred on 20–21 January 2021, as Storm
Christophe hit the UK. Deformation was mainly con-
fined to the top part of the slope underneath the
backscarp, as corroborated by the microstrain data
(figure 3(c)), with twomain transverse zones of com-
pressions on existing ridges, and extension in the
backscarp. The top-slope tiltmeter recorded a tilt
step of 0.3◦ in the slope direction, indicating rota-
tional processes. The mid-slope tiltmeters showed no
change, although the western SAA recorded∼12 mm
horizontal displacement, indicating minor transla-
tional movement mid-slope (figure 3(b)). Following
this main event, two minor events were visible in the
tiltmeters and SAA data on 29 January 2021 and 19
February 2021, with respectively 2 mm and 1 mm as
recorded by the SAA, as well as 0.04◦ and 0.02◦ recor-
ded by the top-slope tiltmeter.

In 2022, the landslide remained comparatively
stable, with only a few minor deformation events.
Each observed deformation in 2022 is visible in only
one of the datasets from DAS (figure 3(i)), SAA,
or the top-slope tilt-meter (figure 3(h)), indicating
much smaller and more localized deformation than
in 2021. This is confirmed by the GNSS surveys and
LIDAR scans which detected no noticeable surface
topography variation.

3.2. Landslide mechanism
A joint analysis of vertical displacement (from LIDAR
surveys), horizontal displacement (fromGNSSmark-
ers), tilt data and downslope strain (from low-
frequencyDAS) during the 20–21 January event high-
lights rotational movement mainly in a small area
underneath the backscarp, where ground elevation
increased below a zone of extension on the fiber.
This area coincides with the GNSS marker with the
highest horizontal displacement, confirming a com-
bination of translational and rotational movement,
limited to the top half of the slope. Despite a lack
of temporal resolution in the geophysics-based data,
comparing tilt change at the top of the slope and dis-
placement data from the central slope SAA suggests
similar dynamics as described by Ouellet et al (2024),
with central slope destabilization and horizontal
displacement propagating and amplifying upslope,
including a rotational component when reaching
the backscarp zone. During the 14 January precurs-
ory event, high temporal resolution low-frequency
DAS (Ouellet et al 2024) showed that this retrogres-
sional behavior propagated from the central slope to
the backscarp at ∼1.7 m h−1. Similar retrogressive
dynamics were also identified at larger timescales by
large mobilization of the flow lobes in 2013 followed
by the development of the backscarp in 2016.

The top-slope tiltmeter showed significant
downslope tilt starting on 20 January 2021 around
20:00 UTC, peaking between 02:00 and 03.00 UTC
on 21 January 2021, coinciding with a peak in mois-
ture content at the top of the slope. Peak displace-
ment lasted 15 h, as inferred from the tilt data. This
event cannot be related to a particularly extreme rain-
fall event, with only 10 and 15.6 mm on 19 and 20
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January. Rainfall on 20 January was low but sus-
tained, becoming more intense towards the evening
with 9.59 mm recorded over 4 h starting from 20:00,
peaking at 22:00. Despite the daily rainfall being unre-
markable, this 4 h event was the most intense since
summer 2020 and the second highest over winter
2021, linked to smaller movements recorded by the
SAA and tiltmeters.

However, the main deformation event and pre-
cursors occurred in the area with the highest mois-
ture content (>40% GMC and up to 55% GMC) as
established by the ERT monitoring, and the highest
increase in moisture with respect to the baseline
(>10% GMC, figure 2). This confirms elevated
soil moisture as the driving factor for ground dis-
placement, with WMF mudstone material poten-
tially reaching a local liquid limit. GMC higher than
55% matches with liquid limits previously measured
on WMF soil samples (Merritt et al 2014) and fits
well with previously obtained thresholds for land-
slide activation of 49% (Uhlemann et al 2017). Data
from moisture sensors and piezometers show high
peaks in moisture and water level starting at 22:00,
which are hard to explain solely by local rainfall. As
a consequence of Storm Christophe hitting the UK,
heavy rain with spatially varying intensity was recor-
ded inNorthern England (MetOffice 2021). It is likely
that the event was triggered by surface or subsurface
run-off from that plateau upslope, temporarily sat-
urating parts of the hillslope already at high mois-
ture levels. Rain rate data fromNIMRODMET-Office
rainfall radar (over 1 km2 cells and 5 min intervals;
(Met Office 2003)) reveals that more intense rainfall
occurred just north of the site, on the plateau directly
upslope of the hill.

3.3. Combining ERT and low-frequency DAS and
implications for landslide early warning
This study highlights the complementarity of ERT
and low-frequency DAS to reveal the mechanisms
leading to slope deformation with unprecedented
detail. The ERT-based moisture imaging provides
time-lapse snapshots of the subsurface with high spa-
tial resolution, setting the moisture condition con-
text throughout the slope. Despite the 3D ERT-based
GMC models being displayed on a relatively fine
mesh, the overall resolution depends on the electrode
separation, which is relatively sparse at the HHLO
(see section 2). As discussed inUhlemann et al (2017),
this layout has the benefit of sampling a large por-
tion of the hillslope, while limiting the capability of
the system to image subtle shallow resistivity changes
but providing spatially continuous images at depths
closer to the expected slip surface. This is precisely
where the complementarity with the low-frequency
DAS is most powerful. By providing strain data at
shallow depth (∼10 cm), with high spatial resolu-
tion along the FO cable, i.e. in the slope direction,
it provides direct and localised information on slope

stability in the near surface where the ERT system has
poor sensitivity.

The ERT-derived moisture models accurately
delineate zones of interest (figure 4(d)) where mois-
ture slowly builds up, and the WMF clay materials
are above the plastic limit, locally reaching the liquid
limit. Slope deformation occurred in an area that
showed elevated moisture contents in the weeks prior
to movement. The low-frequency DAS complements
these observations by identifying strain changes at the
edge of the zones of elevated moisture, as minor dis-
placement occurs. This demonstrates that calibrated
time-lapse ERT providing spatio-temporal soil mois-
ture dynamics, effectively validates elevated soil mois-
ture as the cause of slope movement, and identifies
zones where landslide susceptibility increases. DAS
strain data then sheds light on how the elevatedmois-
ture translates in terms of slope stability. Crucially,
the co-location of these measurements allows time-
lapse imaging of holistic slope processes that can-
not be practicably replicated using point sensors nor
rainfall data alone. This makes it extremely valuable
for both sources of geophysical information to jointly
feed a new generation of Lo-LEWS looking at changes
in co-related material properties (Bogaard and Greco
2018, Segoni et al 2018, Whiteley et al 2021a), with a
particular interest in the surveillance of critical infra-
structures, such as long linear assets (e.g. railway cut-
ting, flood embankment, etc.).

Datasets acquired at the HHLO prior to the rel-
atively minor slope deformation event in 2021 also
help to improve the definition of thresholds that
can be used to issue Lo-LEWS alarms for future,
potentially larger events. For instance, no signific-
ant movement was recorded in 2022. Comparing the
ERT-derivedmoisturemodels from January 2021 and
during winter 2022 shows that moisture was at lower
levels throughout the slope, particularly in the top of
the slope where zones with the highest moisture con-
tents remained below the thresholds of the January
2021 event (figures 3(f) and (l)).

4. Summary

This study presents the deployment of a long-term
ERT and strain monitoring from low frequency DAS
at the Hollin Hill Landslide Observatory (HHLO),
together with a network of hydrological and geo-
technical sensors and techniques. It represents, to
the best of our knowledge, the first combination of
ERT and DAS monitoring on an active slow-moving
landslide. Through a robust and already well docu-
mented methodology, daily 3D electrical resistivity
models are transformed into shallow soil moisture
models at high spatial resolution. These reveals zones
of moisture accumulation in the top part of the slope,
which eventually led to slope movement, with a peak
in January 2021, as revealed with an unprecedented
spatial resolution by changes in strain measured by
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the low-frequency DAS along a fibre optic cable co-
located with the ERT array.

Results from this interdisciplinary approach high-
light the efficacy of integrating multiple geophysical
methods together to enhance the observability and
understanding of landslide mechanisms. A notable
strength of this approach lies in the capability of ERT,
via high-spatial resolution imaging, to delineate zones
of elevated moisture content, which can be inter-
preted as precursory indicators of slope instability.
Unlike point sensors, which do not provide spatially
continuous measurements of subsurface properties,
the ERT and DAS monitoring capability described
in this study can provide high-resolution spatiotem-
poral images that allow a holistic assessment of sub-
surface processes at the whole-slope scale. Building
up on this study, future applications should aim to
further integrate the outputs of both ERT and DAS
monitoring within early warning systems. Given that
both methods have proven highly complementary,
this study also calls for similar experiments to be con-
ducted in analogous environments, such as for mon-
itoring ground subsidence, volcanic uplift or shallow
degassing processes, as well as CO2 storage-related
activities. Overall, this study offers novel ways to
address the critical need to advance the observational
capability in slope stability analysis, which will inev-
itably lead to improved early warning systems and
to better informed risk management strategies, and
therefore enhance the resilience of societies to land-
slide hazards worldwide.
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