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ABSTRACT
The warming of rock permafrost affects mechanical stability and hydro-cryostatic
pressures in rock walls. The coincident decrease in slope stability frequently affects
infrastructure by creep and subsidence and promotes the generation of rockfalls and
rockslides. The increasing hazard posed by warming permafrost rock walls and the
growing exposure of infrastructure and individuals create a demand for quantitative
monitoring methods. Laboratory-calibrated electrical resistivity tomography provides
a sensitive record for frozen versus unfrozen bedrock, presumably being the most ac-
curate quantitative monitoring technique in permafrost areas where boreholes are
not available. The data presented here are obtained at the permafrost-affected and
unstable Steintaelli Ridge at 3100 m a.s.l. and allow the quantification of permafrost
changes in the longest electrical resistivity tomography time series in steep bedrock.
Five parallel transects across the rock ridge have been measured five times each, be-
tween 2006 and 2019, with similar hardware. Field measurements were calibrated us-
ing temperature-resistivity laboratory measurements of water-saturated rock samples
from the site. A 3D time-lapse inversion scheme is applied in the boundless electrical
resistivity tomography (BERT) software for the inversion of the data. To assess the
initial data quality, we compare the effect of data filtering and the robustness of final
results with three different filters and two time-lapse models. We quantify the volu-
metric permafrost distribution in the bedrock and its degradation in the last decades.
Our data show mean monthly air temperatures to increase from −3.4°C to −2.6°C
between 2005–2009 and 2015–2019, respectively, while simultaneously permafrost
volume degraded on average from 6790 m3 (±640 m3 rock in phase-transition range)
in 2006 to 3880 m3 (±1000 m3) in 2019. For the first time, we provide a quantita-
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tive measure of permafrost degradation in unstable bedrock by using a temperature-
calibrated 4D electrical resistivity tomography. Our approach represents a fundamen-
tal benchmark for the evaluation of climate change effects on bedrock permafrost.

Key words: Climate change, ERT, Geohazard, 3D.

INTRODUCTION

The change in global climate at the end of last century is
well documented by an increase in air temperature, which
is probably the oldest and best recorded environmental pa-
rameter (Wanner et al., 1998; Casty et al., 2005; Scherrer
et al., 2005; IPCC, 2014). High alpine meteorological stations
(e.g., Zugspitze-D, Sonnblick-AT and Jungfraujoch-CH) ac-
tive for up to 120 years are in agreement and show increas-
ing mean annual air temperatures in the last three decades.
Between 2008 and 2017, permafrost boreholes in the Euro-
pean Alps documented a mean annual ground temperature
(MAGT) increase in rock walls ranging from 0°C to 1°C per
decade (Hock et al., 2019), while global MAGT increase is of
0.19±0.05 °C/decade (Biskaborn et al., 2019).

The ground warming leads to an increase in the active-
layer thickness (Gruber, Hoelzle and Haeberli, 2004; Pogliotti
et al., 2015) and permafrost degradation (Noetzli et al.,
2019). Permafrost warming and degradation decrease the
rock-mechanical strength (Mellor, 1973; Krautblatter et al.,
2013) and weakens ice-filled joints (Mamot et al., 2018). It
is still hard to attribute individual collapse events to per-
mafrost degradation because of geological and hydrological
factors preparing progressive rock failure independent of per-
mafrost (Gruber and Haeberli, 2007). However, recently, nu-
merous events were recorded in permafrost-affected critical
heights and expositions, where a connection with warming
permafrost is very likely (Gruber, Hoelzle and Haeberli, 2004;
Huggel, 2009; Pirulli, 2009; Ravanel et al., 2013; Phillips
et al., 2017; Walter et al., 2020).

In comparison with the melting of glaciers, the degra-
dation of permafrost is not directly visible in the landscape;
therefore, the analysis of permafrost spatial and temporal vari-
ability and the assessment of climate change consequences are
subject to greater uncertainties (Harris et al., 2003). Long-
term observation can help to gain important knowledge, and
therefore an increasing number of monitoring sites have been
established throughout the Alps and elsewhere during the

last decades. Most of these studies apply multi-technique ap-
proaches including automated weather stations, boreholes,
ground surface temperature and laser scanning. Several studies
include 2D electrical resistivity tomography (ERT) time-lapse
measurements (Pogliotti et al., 2015; Mollaret et al., 2019;
Noetzli, Pellet and Staub, 2019), and only a few (Krautblatter
et al., 2010; Keuschnig et al., 2017) are monitoring resistivity
in solid and steep bedrock, with interesting results but still at
too short a time sequence for climate analysis.

The application of quasi-3D ERT (i.e., closely spaced
parallel 2D lines) in periglacial geomorphology is generally
sparse and does not include monitoring studies, even if it can
provide important insights into subsurface heterogeneity and
can help mapping permafrost conditions in a spatially exten-
sive way (Kneisel et al., 2014). Only a few studies have so
far successfully investigated the suitability of 3D resistivity
imaging for alpine environments with coarse surface mate-
rial by merging several closely spaced 2D ERT lines (Röd-
der and Kneisel, 2012; Emmert and Kneisel, 2017; Duvillard
et al., 2018).Decade-long 3D resistivity measurements in steep
bedrock have not been reported so far. Ground truthing can
be gained from borehole temperature measurements (Pogliotti
et al., 2015; Emmert and Kneisel, 2017; Mollaret et al., 2019),
but this is usually not feasible in steep unstable rock walls. A
valid alternative is provided by temperature-resistivity (T–ρ)
laboratory calibration of bedrock samples from the specific
study sites (Krautblatter et al., 2010) and these techniques
have been subsequently tested in Arctic and Alpine environ-
ments (Siewert et al., 2012; Magnin et al., 2015).

In this study, we present a benchmark in permafrost
research, introducing a laboratory-calibrated quasi-3D ERT
monitoring (hereinafter ‘3D’) in bedrock with time-lapse in-
version and try to answer the following questions. (1) Can
laboratory-calibrated 4D ERT provide a robust monitoring
of permafrost distribution in steep fractured walls and rock
ridges? (2) Can we localize and quantify permafrost evolution
over more than a decade? (3) What are the implications of
permafrost degradation for rock wall stability?
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Figure 1 (a) Map of the Steintaelli Ridge (in red; ERT), meteorological station Oberer Stelligletscher (in blue; STN2) and point of view for
picture C in black (coordinates in CH103+/LV95, source: © swisstopo; BA20074). (b) Map of Switzerland with highlighted study site (source:
Wikipedia). (c) Picture from E–NE with Rothorn peak in the background and the five ERT transects in red. (d) Permafrost and ground ice map
from Kenner et al. (2019) indicate permafrost occurrence at the Steintaelli.

F IELD S ITE

The Steintaelli is located at the crestline between the Matter
and Turtmann Valleys in Valais, Switzerland, at an altitudi-
nal range of 3070–3150 m adjacent to the Rothorn (Fig. 1a
and b). The lithology in the study area comprises slaty parag-
neisses with a homogeneous structure. The warming tendency
after the Little Ice Age resulted in the massive retreat of the
Rothorn NE Glacier, which lost several hundreds of metres of
its maximum length. Presently, the remnants of the Rothorn
NEGlacier are dissected by newly exposed rock bars in several
small ice relics.

All existing permafrost models indicate the occurrence of
permafrost in the Steintaelli. The permafrost model by Gru-
ber and Hoelzle (2001) categorizes the northeast side of the
ridge as ‘possible local permafrost’ and ‘likely extensive per-
mafrost’, while the southwest is categorized as only ‘possible
patchy discontinuous permafrost’. In contrast, the Alpine Per-
mafrost Index Map by Boeckli et al. (2012) indicates both ex-
positions as ‘permafrost in nearly all conditions’ . Similarly,

themodel by Kenner et al. (2019) also classifies the entire ridge
as ‘permafrost zone’ with an estimated mean annual ground
temperature between −1°C and −3°C (Fig. 1d).

Previous geophysical measurements indicated the occur-
rence of permafrost, especially in the north and east-facing
rock walls. Krautblatter and Hauck (2007) conducted, for
the first time, 2D electrical resistivity tomography (ERT) in
rock walls (starting 2005) and detected permafrost-affected
bedrock on the N-slope. ERT data from 2005 to 2007 demon-
strated that aggradation in permafrost rocks with and without
active cleft water systems evokes significantly different pat-
terns (Krautblatter, 2010). Krautblatter and Draebing (2014)
identified permafrost occurrence on the N-slope and ridge
along the cross-section using seismic refraction tomography
between 2006 and 2007. Draebing et al. (2017) monitored
active-layer dynamics between 2012 and 2014 and demon-
strated a significant influence of snow cover. Long-lasting
snow cover reduced significantly any active-layer thawing on
the ridge and the north face in 2013 and 2014. Furthermore,
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Figure 2 Flowchart of the procedure to obtain permafrost volumes.

Draebing et al. (2017) identified cyclical seasonal thermo-
cryogenic processes that progressively decrease the stability of
the rock wall.

METHODS

The following section presents how meteorological data have
been analysed and explains the procedure from field measure-
ments to volume calculation, also presented in the flowchart
of Figure 2.

Meteorological data

Meteorological data were obtained from the nearby sta-
tions Oberer Stelligletscher STN2 and Platthorn SAA1,
both belonging to the Intercantonal Measurement and
Information System (IMIS) network and providing simultane-
ous data since 1999. STN2 is located 2.3 km SE of the Stein-
taelli at 2914ma.s.l., while the 9.7 km distant SAA1 is in-
stalled at 3245 ma.s.l. By interpolation of their air temper-
ature, we obtained a temperature lapse rate of 0.63°C/100m

(r2 = 0.97), which we applied to model air temperatures for
the Steintaelli Ridge.

To highlight annual and seasonal temperature trends, we
calculated mean monthly air temperature (MMAT) and its
five-year average. We computed mean annual air tempera-
ture (MAAT) and its average for the period 1999 to 2009
(MAAT1999–2009). The annual difference from this average al-
lowed to highlight years colder and warmer than average. For
the final discussion of results, we derived a five-year moving
mean of air temperature and compared its long-term fluctua-
tions with changes in apparent resistivity.

Field measurements

In summer 2006, 205 electrodes were drilled on the ridge
in five parallel arrays (Fig. 1c), with 41 electrodes each
(Krautblatter, 2009). To achieve optimal electrical contact
with the rock mass, 10 mm thick and 100 mm long stainless-
steel screws were permanently installed and subsequently used
as electrodes for our measurements. Electrodes have a mini-
mum spacing of 2 m along the rock surface and the spacing
between arrays is 4 m, which is an acceptable distance for 3D
applications (Gharibi and Bentley, 2005). Exact electrode po-
sitions were measured with tachymeter with approximately 1
cm accuracy. The topographic data were used to create a high-
resolution DEM for our inversion process.

Date of measurements, number of data points and in-
strument settings are summarized in Table 1. Measurements
have been conducted between August and September when
ground temperatures are expected to be highest and weather
or snow conditions enable fieldwork. Before themeasurement,
we tested the contact resistance of each electrode and excluded
electrodes with unrealistic high contact resistances from the
measurement. We collected up to 190 data points for each
transect with a Wenner array, as this array yields the highest
signal-to-noise ratios for mountain permafrost environments
(Krautblatter et al., 2010; Rödder and Kneisel, 2012).

Laboratory calibration of the electrical resistivity
tomography

Two rock samples with approximate size 20×20 × 30 cm
and density 2.6 g/cm3 have been chosen as lithological end
members representing the homogeneous lithology of slaty
paragneiss in the few decameter large Steintaelli Ridge.
Sample S1 has a more enhanced schist structure than S2.
Porosity values range from 1.94%±0.10% at sample S2
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Table 1 Information about field measurements, laboratory calibration and filters

A. Field measurements

2006 2007 2008 2012 2019

Date 8/8–20/09 10–11/08 2–8/09 18/08 12–13/09
Measurements (out of 950) 948 708 844 835 941

100% 75% 89% 88% 99%
Instrument (ABEM) SAS 300 TERRAMETER LS
Current 0.2–1 mA 0.1–10 mA
Contact resistance Mostly <10 k�m
Voltage max 800 V 600 V
Stacks/error 2–4 / 1%

B. Laboratory calibration

Samples Sample S1 Sample S2
device ABEM SAS 300 TERRAMETER
Transition range (TR) 11.5–13.5 k�m 13–15 k�m
TR average 11.5–5 k�m = 13.25 ±1.75 k�m

C. Data filtering

Manual filter rejected <2.5 k�m and > 100k�m + manual selection
4% 3% 3% 4% 4%

Automatic filter rejected < 3.2 k�m and > 63.1 k�m
4% 4% 4% 7% 6%

to 2.4%±0.10% at sample S1 (Draebing and Krautblatter,
2012). We installed multiple electrodes with spacing a few cm
and depth ∼0.5 cm into the middle of the sample surface with
the Wenner configuration. In addition, 0.03°C-accuracy cali-
brated temperature loggers were installed on each rock speci-
men at the median depth of electric current flow (see, Kraut-
blatter et al., 2010, for details). Samples were submerged in
low conductive water (0.032 ±0.002 S/m) in a closed basin
to approach their chemical equilibrium. Pore space was fully
saturated under atmospheric pressure and room temperature
until resistivity did not decline further (over at least a 24 h
period), as free saturation resembles the field situation more
closely than saturation under vacuum conditions. We assume
90%–100% saturated pores, which allow the best application
of the Archie’s law and reflects electrolytic conduction of ion-
bearing pore water in long-term chemical equilibriumwith the
pore wall.

In a freezing chamber, samples were cooled with incre-
ments of 0.1–0.2°C in a range of 20°C to−3°C,while continu-
ously monitoring the resistivity using an ABEM SAS 300 TER-
RAMETER. Ventilation was applied to avoid thermal layer-
ing. Samples were loosely coated with plastic film to protect
them against drying. A bilinear relationship between temper-

ature and resistivity is expected, with strong differences in the
gradient between the frozen and unfrozen state, as already
shown by Krautblatter et al. (2010). Due to hysteresis effects
between freezing–thawing and light resistivity variations be-
tween transects, it was not possible to define one single tran-
sition point. Therefore, we defined a transition range (TR) of
resistivity for each sample: this range includes the end of the
supercooling effect of all transects in that sample, even if this
point is normally located already under 0°C (Murton et al.,
2006, 2016). After this, the two TRs have been united in one
single range by taking the minimum and maximum values out
of both.

Data pre-processing

Before starting, we calculated geometric factors modelled on
the true surface geometry in boundless electrical resistivity to-
mography (BERT) with the help of a digital terrain model and
used those factors to obtain apparent resistivities (ρa). In the
first step, we analyse differences in time of ρa before filter-
ing and inverting the data to exclude their influences in the
assessment of changes. To evaluate overall variations in ρa,
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(a) (b)

(c)

(d)

Figure 3 (a) X side-view pseudosection, (b) common pseudosection and (d) y side-view pseudosection. In (c) the number of measurements that
have been manually rejected with side-view pseudosection, displayed by transect and year.

yearly data sets are fitted to a Kernel distribution, plotted as a
probability density function (PDF) and compared. Mean val-
ues of the PDFs and their percentage changes are numerically
analysed. To localize changes in raw data according to depth,
quadrupoles from each data set are divided according to elec-
trode distance, namely pseudo-depth (PD). Using Wenner ar-
ray with electrode distance 2 m, the PD number corresponds
approximately to the depth below ground level in metres (e.g.,
PD = 4 is equal to ∼4m depth). For each PD the average ρa

is calculated, plotted with others from the same transect, and
compared between years.

In the second step, we apply manual (M) and automatic
(A) filters to our raw data to exclude outliers and improve the
quality of the inversion. We also show results from unfiltered
data (U) for evaluating the influence of outliers in volume esti-
mation. In rock permafrost, outliers are most likely caused by
insufficient coupling of electrodes, punctual near-surface phe-
nomena like ice- or air-filled crevices or loose scree material.
These outliers are characterized by very high or low ρa and
occur mostly in the active-layer near the surface. Since these
phenomena are not the focus of this study, outliers represent
a problem for the data fitting of the inversion and therefore
need to be removed.

For supporting data filtering, we plotted the raw data in a
standard pseudosection and in two ‘side-views’ graphs, which
offer a 3D visualization of the pseudosection. Commonly used
pseudosections present differences with colours, but can be
easily biased by the chosen scale. The here proposed side-view
pseudosections (Fig. 3) put resistivity on one axis and the x
or y coordinates on the other. In each side view, the second
coordinate can be added by changing marker size or colours.
This allows an assessment of resistivity based on simple carte-
sian coordinates. Large resistivity differences, and thus out-
liers, are evident because bad data points are located far away
from the neighbours.

We used all raw data, including those that were clearly
outliers in the unfiltered approach (U). In the manual filter-
ing approach (M), in contrast, we (i) removed extreme low
(<2.5 k�m) and high values (>100 k�m). Then, (ii), we
derived side-view pseudosections of apparent resistivity and
manually rejected measurements that did not fit with other ad-
jacent data points. If the data points were considered outliers
in more than two years, they were eliminated from the whole
time series, to allow consistent data filtering over the years.
In the third approach, the automatic filtering (A), a range of
resistivities were chosen based on the side-view pseudosection
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Table 2 BERT parameters for mesh and inversion

Mesh parameters

SURFACESMOOTH 1 Improves quality of surface grid, making a nicer surface
SURFACEQUALITY 34.7 Quality of the surface mesh, from 35 (good) to 20 (bad)
PRIM3DQUALITY 1.12 Quality of primary mesh, from 1.11 (good) to 2 (bad)
PARA3DQUALITY 1.25 How fast the mesh is growing, from 1.1 (slow) to 2 (fast)

Size of resulting meshes

ParaMesh – parameter mesh Nodes: 19,399 Cells: 98,081
Secmesh – secondary mesh Nodes: 144,305 Cells: 784,648

Inversion parameters

LAMBDA (λ) 20 Default value in BERT, proved to be appropriate in this case to avoid under-
or overfitting

MAX ITER – maximum number
of iterations

5 Was selected as fix value to allow better comparison between models. Some
calculations would naturally take much more iterations to reach a
stopping criterion, but five in the last iterations only little changes
happened in the RRMS/χ2 values

ROBUST DATA 1 For robust (L1) data reweighting
BLOCKY MODEL 1 For contrasts enhancing by robust (L1) methods.
TIME-LAPSE STEP MODEL

(also ‘TL’)
0 or 1 In each frame a full minimization is done, but the models are constrained

taking the model of either the first (TL0) or the preceding (TL1) frame as
reference (Günther and Rücker, 2019)

analysis (3.16–63.1 k�m), and all values outside this range
were excluded.

Data inversion and visualization

For data inversion, we applied the open-source C++/Python-
based software BERT due to its capability to deal with the
steep ridge-shaped topography and to allow for a real 3D
inversion (Günther et al., 2006). BERT is an enhanced code
based on existing techniques that combines the fast conver-
gence of regularized Gauss–Newton methods with accurate
finite elements forward calculation. It includes a tool for au-
tomatic mesh generation and features model discretization by
unstructured triangles and tetrahedrons in 2D and 3D, re-
spectively, reaching high topography accuracy and offering a
quantification of topographic effects. Forward calculation is
very fast thanks to three grids at different coarseness levels:
coarse parameter grid, secondary field grid, and highly refined
primary field grid. The software allows to choose between
the standard smoothness-constrained least-square inversion,
which minimizes the squares of the data misfit, and an iter-
atively reweighted least-square inversion, which is more ap-
propriate for blocky models and more robust with respect to
large data differences (expected in the ridge).

In BERT, the regularization parameter λ specifies the
weighting between the data misfit �d and model roughness
�m (Günther, Rücker and Spitzer, 2006) and, therefore, is a
crucial parameter in the inversion process:

� = �d + λ�m → min. (1)

Using large values results in smoothed models with high
relative root mean square (RRMS), while using small λ val-
ues results in data consistent but very noisy models with low
RRMS values (Hauck and Vonder Mühll, 2003). The fitting
of the data within errors is expressed by the chi-squared misfit
χ2 = �d /N, where N is the number of data, and a theoretical
value of χ2 = 1 means a perfect fit of data within the data
error. The number of iterations can be decided by the user, but
when � stagnates or when χ2 ≈1 the inversion stops auto-
matically (Günther, Rücker and Spitzer, 2006). During the in-
version process, we used two time-lapse approaches: in TL0,
the steps were constrained taking always the first model as ref-
erence, while in TL1 the respective preceding model was used
as reference at each time step (Günther and Rücker, 2019).
Table 2 presents all the settings for this model.

As shown in Figure 2, we quantified the volume of
permafrost using the software Paraview for each time step.
We (i) excluded from the mesh not data-determined cells
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(a)

(b)

Figure 4 Air temperature from interpolation for the study site. Grey vertical lines show the days when ERT measurements took place. (a)
MMAT, with red lines representing the respective five-year averages. (b) MAAT, with base value corresponding to the average of the first 10
years (MAAT1999–2008 = −3.26°C).

based on sensitivity and so reduced the volume from 27,434
m3 to 14,282 m3. Then we (ii) selected cells that ex-
ceeded the thresholds determined in the laboratory calibra-
tion (maximum, mean and minimum of transition range)
and (iii) calculated total volumes by integration over the
selected cells.

RESULTS

Meteorological conditions at the Steintaelli

Mean monthly air temperature (MMAT) revealed higher than
average hot summers in 2003, 2006 and 2015, when MMAT
≥ 7°C were recorded at least in one month (Fig. 4a). In
addition, the summers of 2003 and 2019 exceeded the 5°C
mark for three consecutive months. In winter,MMAT reached
−15°C in 2004/05 and 2013/14,while 2006/07 was extremely
warm, with a minimum MMAT of only −9°C. The five-year
average of MMAT for 2000–2004 is −3.10°C, decreasing to
−3.38 °C in 2005–2009 and −3.30°C in 2010–2014. Ex-
traordinary increases of air temperatures in the last five years
(2015–2019) raised the average by 0.73°C to the value of
−2.57°C.

The mean annual air temperature (MAAT1999–2009) was
−3.26°C (Fig. 4b). The deviation from MAAT1999–2009 re-
vealed that warmer and colder years irregularly alternated and
balanced until 2014. From there on, temperatures showed a
warmer trend than average without colder years in between.

The warmest years in the analysed period of 21 years were
2015 and 2011, with a MAAT of −2.09°C and −2.27°C, re-
spectively, 1.2°C and 1.0°C above average.

Laboratory resistivity calibration

Calibration results could be accurately fitted by bilinear rela-
tions, where freezing occurs with a sudden increase in the T–ρ
gradient (Fig. 5). The resistivity range and the T–ρ gradient of
frozen and unfrozen samples fit well in the domain of other
tested metamorphic rocks in Krautblatter (2009) and refer-
ences herein. After the supercooling phase, the T–ρ gradient of
frozen rock approached average values of 8.7±1.3 k�m/°C.
The transition range (TR) for each sample is highlighted in
yellow in Figure 5 and reported in Table 1. These results led
to an overall TR of 13.25± 1.75 k�m, whose mean value is
used hereafter to estimate permafrost volumes.

Quality assessment of pre-processing and inversions

Probability density functions (PDFs) of raw data clearly
showed that ρa distributions are shifting with time in the direc-
tion of lower values (Fig. 6a). The majority of raw data ranged
from 2.5 k�m to 50k�m, values that fit very well with the re-
sults of sample calibration.The years 2006 to 2008 show anal-
ogous mode, differing slightly in variance and skewness. In
comparison, 2012 shows a definite reduction of the mode, and
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Figure 5 Laboratory results of (a) sample S1 (schisty quartz slate) and (b) sample S2 (quartz slate).Multiple lines represent different quadrupoles
in the same sample. Yellow area highlights the range of phase transition that was used to calculate permafrost volumes.

this reduction was even stronger in 2019. The variance was
higher in 2012 than in 2019, with a marked negative skew-
ness around 31.5 k�m in 2012, while in 2019 values were
more symmetrical and concentrated close by the mode. The
mean revealed minimal decreases of 1% and 2% in 2007 and
2008 (Table 3), respectively, values are considered within the
precision of the measurement.On the contrary, a strong reduc-
tion of 20% was recorded in 2012 and confirmed with 23%
decrease in 2019. Mean PDF values range from 11.6 k�m to
8.9 k�m.

In Figure 6(b), the superficial layers (pseudo-depth
(PD)≤4) of all transects presented small absolute differ-
ences between years in mean ρa with fluctuating sign and
only seldom a decrease, which corresponded well to active
layer’s dynamic and its dependency on seasonal conditions. In
contrast, mean ρa showed an unambiguous decreasing trend
at depth (PD>4). Between 2006 and 2008 only small changes
were visible and all the PD had a mean ρa >10 k�m. How-
ever, in 2012 and 2019 the decrease is evident, resulting in
ρa ≤ 10k�m almost everywhere. A clear exception is given by
the outlier in the transect T3 at PD = 12 m in 2019, which
reached 15.8 k�m.

Manual filtering rejected on average 3%–4% of the mea-
surements, the automatic filter up to 7%: both values were
objectively very low (Fig. 6c). Concerning data fitting, relative
root mean square (RRMS) was very variable for unfiltered
data (U), fluctuating between 20% and 589%, while for man-
ual filtering (M) and automatic filtering (A) values were lim-
ited to 16%–24%. Filter A produced better RRMS in 2007

and 2019 compared with M, which can be explained with
1%–2% more rejected data. In contrast, no significant im-
provement of RRMS was recorded in 2012, even if 3% more
data had been excluded.

Improvements with TL1 were evident on the RRMS and
led to average decreases of 2%, reaching the minimum RRMS
of 13% for A1 in 2012 and 14% for M1 in 2009. In contrast
to the high RRMS in 2012, no significant differences of χ2

were recorded between years with unfiltered data, with results
varying from 5 to 10.With filters A and M, χ2 values were on
average 1–2 points better than with the unfiltered data. Apply-
ing the model TL1 reduced χ2 a further one point on average,
but, as expected, only from the third iteration the time-lapse
strategy differs from TL0.

4D electrical resistivity tomography

The 3D inversions revealed in 2006 a well-defined elongated
high-ρ (32 k�m) body starting at z = 50/60m under the
NE slope (Fig. 7). This body developed without interrup-
tions parallel to the slope and grew its depth from 10 to
20m going from x = 0 to 16 m. This was interpreted as a
frozen area, apparently connected to the surface of the ridge at
x=12–16 m. High ρ at z = 50m were still present in 2007
but a reduction of ρ can be seen at z = 40–45m along a corri-
dor perpendicular to the slope in x = 0, 4 and 8 m. No signif-
icant differences were recorded in 2008, while 2012 showed
a decrease in size and ρ of the lens at z = 50 m all over the
x axis. This process was even more evident in the measure-
ments from 2019, where the ρ of the core dropped down to
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(a)

(b)

(c)

Figure 6 Left: changes in apparent resistivity of unfiltered data. (a) Comparison of probability density functions for all the transects, by year.
(b) Comparison of average values at different pseudo-depth (PD), displayed separately for each ERT measurement transect. Right: Data fitting
of inversions, in blue unfiltered data (U), in orange manually filtered data (M) and in green automatically filtered data (A). Continuous lines
are obtained using always the first model as constrain (TL0, dotted lines using at each step the previous model (TL1). (c) From top to bottom:
percentage of excluded data, RRMS with U/M/A, RRMS with different time-lapse mode and χ2 with U/M/A and time-lapse models.

22.4 k�m. At the toe of the NE slope, high resistivities were
evident only at x = 0, 4 and 8 m, while x = 12–16 m showed
signs of resistivity decrease. An exception was the very steep
part of the rock wall at x= 16 m, z= 50 m,which maintained
its high resistivities over time.

On the ridge, the NE side above z = 50 m presented
ρ at the lower limit of the transitional range (11.2 k�m) in

2006. The conditions were stable until 2008, but this value de-
creased significantly in 2012 and 2019. This resulted in a low
ρ corridor (down to 5 k�m) perpendicular to surface between
y = 155–170, z = 45–55 m, which was well documented at
x = 4 m and already evident but still forming in x = 0 and
8 m. The SW side of the summit presented two small but
remarkable high-ρ surface bodies at 0/180/50 m (x/y/z) and
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Table 3 (A) Raw data analysis: mean apparent resistivity values, obtained from the PDFs in Figure 5, with percentage differences to 2006
(�2006). (B) Exemplary volume estimate for model with manual filter and time-lapse scheme 1 (M1). (C) Volumetric analysis: average volume
of permafrost, percentual changes compared with 2006, decrease rate of volume per year compared with previous measurement and average
volume in the TR

2006 2007 2008 2012 2019
A. Raw data analysis

μρa (k�m) 11.6 11.5 11.4 9.4 8.9
�2006 μρa (%) – −1 −2 −20 −23

B. Estimated permafrost volumes for model M1 (m3)

Maximum (ρ>11.5 k�m) 7430 6600 6340 5310 4260
Average (ρ>13.25 k�m) 6770 6070 5650 4740 3440
Minimum (ρ>15 k�m) 6130 5450 5020 4170 2800

C. Volumetric analysis

Average PF volume (m3) 6790 6150 5860 5050 3880
�2006 volume (%) – −9 −14 −26 −43
� volume/year (%/y) – −9.4 −4.7 −3.5 −3.3
Transition-range volume (m3) 1290 1110 1100 1230 2010

± 645 ± 555 ± 550 ± 615 ± 1005

4/173/55 m, which reached a depth of 5 m and connected
with each other. These two bodies preserved their ρ values and
were evident even in 2019, when the low-ρ corridor was well
established. Similar effects can also be found lower on the SW
slope (e.g., in x = 12–18 m at y = 182 / z = 45–48 m).

The lower part of the SW slope and its toe presented ρ <8
k�m at x = 0 m, y = 190–170 m and z = 40–50 m in 2006
with a light increase up to 10 k�m in direction x = 16 m,
where in fact half of this area was close to TR values. In 2007,
the low-ρ area expanded almost to y = 160 m for x = 0–12 m
and showed a sharp decrease of ρ down to 4 k�m.While this
trend continued until 2008, values in this area were not show-
ing significant ρ changes in 2012 and 2019 but only increase
in surface and volume.

In 2006, the central lower core of the ridge (y = 170–180
m, z = 30–45 m) showed a 10 m-wide area with values in the
TR (11.5–15 k�m). In the following years, the high resistant
core moved towards the NE slope and got thinner down to 5
m or less, as it can be seen in 2007–2008 for all x sections.
In 2012 the area was centred at y = 160 m, and it started to
expand. Due to the significant ρ reduction of the high-ρ body
on the NE slope in 2019, this area expanded exponentially
and reached the surface of the slope with width up to 15 m at
some points.

The examination of 2D slices perpendicular to measure-
ments in Figure 8 allowed the detection of different dynamics.
At x = 155 m (NE side of the crest), ρ decreased quite homo-

geneously from the surface into the bedrock. In 2006, high ρ

(ρ > 15 k�m) started at z = 55 m, under an approximately
3 m-thick TR area and extended until z= 30 m. Small changes
were recorded in 2007 and 2008, while in 2012 the beginning
of high ρ shifted down to z = 40 m for x = 0–10 m and TR
areas strongly increased. In 2019, ρ decreased also in x = 10–
16 m with the beginning of high ρ moving further down to z
= 35 m but with ρ decreasing even under that.

The southwest side of the crest (x = 172 m) presented
a wider low resistivity ‘couloir’ (ρ <8 k�m) between two
very-high-ρ surface bodies (ρ >40 k�m), which very likely
revealed ice-filled and/or air-filled fractures. In 2006 the
‘couloir’ had low ρ between z = 60 m and 50 m and TR re-
sistivities between z = 50 and 55 m. Subsequent time-lapse
images showed an overall absolute increase of ρ in 2007 and
2008 and an expansion of the corridor on the x axis starting
in 2012. In 2019, this structure reached a width of 10 m at z=
55 m and of 15 m at z = 45 m. Despite these changes, the two
high-ρ surface bodies preserved their values and extension.

Estimated permafrost volumes

Changes in permafrost between 2006 and 2019 are presented
graphically in Figure 9. Figure 9(a) shows permafrost exten-
sion between the two years, while Figure 9(b) shows ρ dif-
ferences in the lost areas. Decreases in ρ of up to 60% were
mostly located under the active layer; on the contrary, changes
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Figure 7 Results from the 3D inversion: vertical slices parallel to the direction of measurements, at the location of transects, x = 0, 4, 8, 12 and
16 m. Three isolines present in the graphs x = 8 m are representing minimum, mean and maximum values of the TR: 11.5, 13.25 and 15 k�m,
respectively. The extent of permafrost significantly decreases over time in all the transects.
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Figure 8 Vertical slices perpendicular to the direction of measurement at y = 155 m and 172 m. The isolines are representing minimum, average,
and maximum value of the TR: 11.5, 13.25 and 15 k�m, respectively.

in the active layer were mainly limited to between 0% and
−30%. Figure 9(c and d) presents ρ changes according to
three categories: (i) frozen, which includes values bigger than
the TR, (ii) values in the TR and (iii) unfrozen, which in-
cludes values smaller than the TR. Here it is evident how
the strongest changes—from frozen directly to unfrozen—
happened at depth, in the core of the ridge. Some active layer
in the north slope and part of the south slope were catego-
rized as TR in 2006 and are now unfrozen. In 2006, most of
the north slope under the active layer and some parts of the
core were frozen but in 2019 they were in the TR.

Figure 10(a) shows, for the first time, a geophysically
constrained quantitative volume estimation of bedrock per-
mafrost and its degradation over the last 13 years. All models
confirm a comparable decrease of volumes between 2006 and
2019. Unfiltered data showed the biggest volumes compared
with automatic and manual filtered data. Marked differences
were evident when changing the time-lapse model: constrain-
ing each model with the previous (TL1) produced smaller per-
mafrost volumes.

In an exemplary way, the reported volumes for the model
M1 in Table 3B and the average of all models in Table 3C.
Here, all volumes should be understood as approximation
and not as a precise measure; therefore, data are presented
by rounding them to the closest tens. We calculated 6790 ±

645 m3 of bedrock with ρ >13.25 k�m in 2006, which re-
duced to 3880±1005 m3 in 2019.We interpret this as a 43%
volumetric decrease of frozen bedrock. These results, together
with the mean resistivity and the five-year moving mean of
MMAT, are also plotted in Figure 10(b). Here, it is possible to
directly compare the inverse trends of temperature and resis-
tivity/volumes. Strong changes in volumes (−9%) took place
between 2006 and 2007, while resistivity dropped mainly be-
tween 2008 and 2012 (−20%). Air temperature showed a
five-yearmovingmean decreasing until 2013 and then increas-
ing dramatically in the last seven years. Permafrost volume, on
the contrary, decreases steady also in the last period, with a
light increase of the volumes classified in the TR. The volume
included in the TR is rather stable (∼600m3) between 2006
and 2012, but increases to 1000 m3 in 2019.

DISCUSS ION

Applicability of laboratory-calibrated 4D electrical resistivity
tomography in steep permafrost rock walls

It is not expected that geophysical methods can constrain per-
mafrost distribution with extreme spatial accuracy, but they
are probably up to date the best developed tool to estimate
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(a) (b)

(c) (d)

Figure 9 Changes in permafrost extension between 2006 and 2019. (a) Permafrost extensions obtained with ρ > 13.25 k�m. (b) Difference of
permafrost volumes between 2006 and 2019, corresponding therefore to the light blue volume in illustration (a). Colours indicate the decrease of
resistivity. (c–d) Classification of changes in three categories, represented with smoothed surfaces with two opposite points of view. The parts of
the model that were definitely frozen in 2006 and became definitely unfrozen in 2019 are here highlighted in yellow. In red are marked the parts
that changed from definitely frozen to transition range, while in green those that were in the transition range and are now definitely unfrozen.

permafrost distribution and to monitor changes in frozen
bedrock. As the freezing resistivity range of different litholo-
gies varies significantly, laboratory calibration is essential.
Only owing to the congruent calibration of multiple samples
from the field site, we can interpret resistivity values > 13.25
±1.75 k�m as permafrost. Even if this range already includes
uncertainties in the calibration due to supercooling effects
(Krautblatter et al., 2010), resistivity values of intact labora-
tory samples might not exactly represent the fractured rock
walls in the field. In fact, the degree of saturation, pore distri-
bution and interconnectivity of pore throats as well as distri-
bution and orientation of cracks and fractures influences elec-
trical properties of rocks (Jouniaux et al., 2006; Zisser et al.,
2007; Krautblatter et al., 2010). In this case, fractures are in-
deed supposed to be the cause of the extremely high resistivity
values (>100k�m) repeatedly measured on the surface,while
rarely were located at depth, possibly due to more intact and
homogeneous lithology.

True 3D measurements, i.e., employing measurements
across acquisition lines, in periglacial environment have been
successfully conducted by Draebing and Eichel (2017) on gen-
tle moraine slopes and smaller landforms in a roll-along set-
up (Doetsch et al., 2012); however, the size of the Steintaelli
Ridge, the required pseudo-depth (PD) and the complexity of
its topography with steep walls made a similar approach not
feasible. Instead, data have been collected in quasi-3D using
multiple parallel 2D transects. According to Chambers et al.
(2002), excluding perpendicular transects could lead to accen-
tuate perpendicular structures in 3D imaging. Since our main
high-resistivity body is located under the NE slope, exactly
perpendicular to measurement direction, we cannot exclude
an overestimation of its extension, which would result in an
overestimation of permafrost volumes. As this effect is con-
stant over the years,we do not expect a strong influence on the
overall degradation rate of permafrost given by the difference
between subsequent time sections. Rödder and Kneisel (2012)
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(a)

(b)

Figure 10 (a) Volumetric estimation of per-
mafrost: points are representing the volume
of all the cells with ρ>13.25 k�m, while the
lower (upper) error bars represent the volume
of cells with ρ >11.5 k�m (ρ >15 k�m). (b)
The average permafrost volume of all the mod-
els is here represented with a dashed grey line,
with confidence intervals as pointed lines. In
blue is shown the moving mean of the mean
monthly air temperature,with period five years
before date, and in green the average apparent
resistivity of the raw data.

showed for periglacial environments that using only parallel
2D transect instead of combining parallel and perpendicular
transects delivers very similar results. This is especially true
when the distance between the parallel transects is, like in our
case, only two times the transect internal electrode distance.

The analysis of raw data using probability density func-
tions (Fig. 6a) presents a gradual reduction of the mean ρa

from 2006 to 2019, explained by a decrease of probabil-
ity density for ρa >11.5 k�m and a consequent increase for
<11.5 k�m. Similarly, the results of the PD analysis reveal
that for PD>4, mean ρa reached values <11.5 k�m every-
where in 2019. The outlier in transect 3 (Fig. 6b) at PD =
12 in 2019 is biased by a single measurement error, since we
show here unfiltered data. The value of 11.5 k�m occurs to be
the lowest border of the transition range (TR) obtained from
laboratory calibration, suggesting that major phase changes
happened inside the rock mass. Figure 6(a, b) demonstrates
that the decrease in resistivity is present even prior to filter-
ing and not an inversion artefact. This assumption strongly
supports our results, and it is fundamental for the following

volumetric analysis. We are aware of the fact that shallower
measurements affect the deeper ones; nevertheless, Figure 9(a)
demonstrates that only minor resistivity changes happened at
shallow layers compared with deeper layers. Therefore,we hy-
pothesize that resistivity changes at depth have a bigger mag-
nitude than the effects given by superficial layers.

An accurate selection of outliers previous to inverse mod-
elling is crucial, and the exclusion of just a few data points
from the calculations can strongly improve relative root mean
square (RRMS; Fig. 6c). During manual filtering, we noticed
that some outliers approach identical values in subsequent an-
nual measurements. As Lysdahl et al. (2017) shows, the com-
parison of repeated independent measurements can help to
distinguish real features from measurement errors. Figure 7
shows values close to or above 100 k�m on the surface of
more neighbouring transects in every year. These values would
theoretically correspond to rock temperatures below −10°C,
highly improbable as rock surface temperatures during sum-
mer (Draebing et al., 2017) and borehole measurements in
Switzerland at similar sites recorded rock temperatures in a
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range between −2°C and −3°C at 20 m depth (Noetzli, Pel-
let and Staub, 2019). According to laboratory measurements,
these values rather indicate ice intercalations (e.g., segregation
ice) or massive ice in crevices when reaching 1 M�m. Both
these phenomena have been detected on this site and doc-
umented by crackmeters (Draebing, Krautblatter and Hoff-
mann, 2017) and pseudo-3D seismic refraction tomography
(Krautblatter and Draebing, 2014; Draebing et al., 2017).

Automatic filtering is quick and delivers better visual re-
sults (tomograms not shown here) as well as better data fitting
(RRMS, χ2) compared with unfiltered data, although leading
to the exclusion of a few values that could represent real fea-
tures, as just shown in the previous paragraph. Manual fil-
tering is more time intensive, but provides the best results in
data fitting and allows to include real features and to decipher
measurements errors. Other filtering approaches, such as the
use of reciprocal or short-term repeated measurements and
their error estimates, could possibly improve inversion results,
but require increased time and power, both precious resources
in high alpine terrain. On the contrary, using stacking errors
may lead to underestimation of uncertainties (Tso et al., 2017).
Side-view pseudosections provide an additional tool to select
the minimum and maximum limits for automatic filtering as
well as to detect outliers for manual filtering, thanks to their
3D visualization of raw data. We recommend laboratory cali-
bration of samples to support filtering and data interpretation,
since it is the only method that can provide a T–ρ relationship
under controlled conditions.

The resulting values of RRMS are similar to other ex-
amples in BERT (Martin and Günther, 2013; Lysdahl et al.,
2017). The chi-squared misfit shows reliable results without
overfitting or underfitting the data when χ2 <5 (Günther,
Rücker and Spitzer, 2006), which we obtain in all simula-
tions apart from 2006. Tests with further inversion settings
have been conducted but are not shown here for place limi-
tations and redundancy of results. In fact, in all the other in-
versions, values of RRMS and χ2 were changing but volumes
remained within the confidence interval shown here. Models
computed with TL1 deliver better results than with TL0. Raw
data analysis, inversion performance and plausibility checks
indicate that laboratory-calibrated quasi-3D electrical resistiv-
ity tomography (ERT) can provide a robust monitoring tool
for permafrost monitoring.

Permafrost evolution in the Steintaelli

Long-term air temperature trends at the Steintaelli show an
increase of ∼0.8°C between 2005–2009 and 2015–2019,

with rates significantly growing in the second period. Cli-
mate change studies in the Alpine region quantified a 2.0°C
±0.6°C mean annual air temperature increase above 3000 m
between 1900 and 2004 (Gilbert and Vincent, 2013), with
four times higher rates in 1970−2009 than in 1934–1970
(Mourey et al., 2019). Further records indicate that the pe-
riod 2014–2018 is the warmest ever recorded in Switzerland
since measurements began in 1864 (Noetzli, Pellet and Staub,
2019), in agreement with our data and very likely leading to
permafrost degradation.

Between the known monitoring studies in the Alps
(Krautblatter et al., 2010; Supper et al., 2014; Keuschnig et al.,
2017; Mollaret et al., 2019; Noetzli, Pellet and Staub, 2019),
numerical quantification of resistivity changes seems very rare.
Hilbich et al. (2008) showed maximal inter-annual resistiv-
ity changes up to 35% between 1999 and the hot summer
of 2003, while Mollaret et al. (2019) reported a ‘distinct’ re-
duction in average resistivity between 2009 and 2013 at five
sites simultaneously. Looking at results in Figure 10, we can
see changes in mean resistivity of raw data up to −23% from
2006 to 2019, that we interpreted as increase of rock temper-
atures and a respective decrease in the proportion of perma-
nently frozen rock in the rock mass.

The presented 3D inversions go beyond the standard 2D
analysis of permafrost changes and allow volumetric evalua-
tion of changes (Fig. 9). Due to laboratory calibration of the
bedrock at the study site, we are able to estimate the frozen
and unfrozen parts of the ridge. By this, we can compute the
total volume of frozen bedrock for the first time and its reduc-
tion in time. Permafrost volume reduces of 43% in 13 years.

Our data show corridors with lower resistivity within
high resistive bodies, which potentially indicate preferred
paths for heat fluxes due to hydraulic conductivity along frac-
tures (Krautblatter, 2010).

Volumetric permafrost degradation occurs gradually
with similar rates over the monitoring period (Table 3); how-
ever, the degradation rate is not always directly connected to
an increase of air temperatures. Between 2006 and 2015, alter-
nating warmer and colder than average years were recorded
by the meteorological station; however, the volumetric cal-
culation of permafrost suggests a decrease in the same pe-
riod. The warming phase that started in 2013 (Noetzli, Pel-
let and Staub, 2019 and Fig. 4) apparently did not accelerate
permafrost degradation as indicated by mean permafrost vol-
ume and degradation rate (see, Table 3). The influence of air
temperature changes on permafrost is reduced by insulating
snow cover (Draebing et al., 2017) and, therefore, air temper-
ature changes only affect near-surface part of the active layer
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(Krautblatter and Draebing, 2014; Draebing et al., 2017).Our
data suggest a delayed response of permafrost to a long-term
air temperature trend. According to climate scenarios (Gob-
iet et al., 2014), air temperature will increase with a trend of
0.25°C to 0.35°C per decade and permafrost will respond de-
layed to this warming trend. Knowing that the rock mass in
phase transition increased 70% in the last seven years, we ex-
pect not only permafrost degradation to continue, but also
degradation rates to increase. These can also be increased by
heat transport along fracture by percolating water, which can
rapidly increase the thermal regime (Draebing et al., 2014;
Phillips et al., 2016).

Implications of permafrost warming and degradation on
rock wall stability

Rock slope failures vary from m3 size rockfall (Kenner et al.,
2011; Ravanel et al., 2013; Hartmeyer et al., 2020) to rock
avalanches of millions of m3 (Sosio et al., 2008; Walter et al.,
2020). Studies over the last century demonstrated an increase
in rockfall activity from permafrost-affected walls between
1990 and 2009 (Ravanel and Deline, 2010), with a strong
correlation between rockfalls and the warmest summers (e.g.,
2003, 2015) when the number of rockfalls increased three to
four times compared with average summers (Ravanel et al.,
2017). They suggest a contribution of permafrost degradation
by long-term climate change, amplified by heat waves. Our
observed data demonstrate a permafrost degradation and an
increase of masses close to thawing point.

Permafrost warming and thawing reduce the shear resis-
tance by increasing the creep and fracture of ice within frac-
tures and the fracture of rock–ice contacts, the friction along
rock–rock contacts and the fracture of intact rock bridges
(Krautblatter, Funk and Günzel, 2013). Concerning the first
point, multiple mechanical factors influencing rock stability
like fracture toughness, compressive and tensile strength are
sensitive to temperature changes and can decrease by up to
50% when intact water-saturated rock thaws (Mellor, 1973;
Krautblatter, Funk and Günzel, 2013). The factor of safety
of slopes will also reduce when temperature rises if a slope
presents ice-filled joints, since stiffness and strength of an ice-
filled joint are a function of both normal stress and tempera-
ture (Davies et al., 2001). Regarding the second point, more
unfrozen material means more material exposed to cryo- and
hydrostatic pressures, which are both well-known destabiliz-
ing factors (Sosio, Crosta and Hungr, 2008; Fischer et al.,
2010; Phillips et al., 2017). As a result, an increase in the
frequency and size of destabilizing events can be postulated.

Therefore, our data suggest that the stability of the Steintaelli
Ridge decreases with time.

Rock wall instability in permafrost rocks is threatening
infrastructures and people not only in the high alpine sum-
mits, but also in the valleys downstream, due to possible un-
controlled subsequent cascading effects (Walter et al., 2020).
The understanding of processes that dispose, detach and trig-
ger rockfalls is fundamental and strictly connected to the in-
ternal thermal state of bedrock. While the drilling of bore-
holes has important cost, difficult logistics and provides only
1D results, geophysical sounding comes at much lower human
and economical effort and can provide 3D spatial information
on permafrost presence and development, a crucial informa-
tion for evaluating slope stability. Monitoring with 4D ERT
provides a new tool for the spatial and temporal analysis of
rock permafrost degradation, which is strictly connected with
active rock deformations and sliding processes, preparatory
components of rockslides.

CONCLUSIONS

We conducted a high-resolution pseudo-3D electrical resis-
tivity measurements along five parallel transects across the
permafrost-affected Steintaelli Ridge at 3150 m a.s.l. in the
Matter Valley (CH) in summer 2006, 2007, 2008, 2012 and
2019 with virtually identical set-up and measurement devices.
A 4D data inversion was performed using the software BERT
with a tetrahedral mesh composed of about 20,000 nodes, ro-
bust data reweighting and time-lapse scheme. Bedrock temper-
atures have been linked to resistivity thanks to T–ρ laboratory
calibration of two samples from the ridge. Calibration ofMat-
ter Valley quartz schist results in a bilinear T–ρ relationship
with phase transition by 13.25±1.75 k�m. According to this
range, estimation of frozen volumes has been conducted and
changes in the 13 years of monitoring were assessed.

Air temperature in the region shows alternating warmer
and colder years between 2006 and 2015 and a very steep in-
crease in the last five years. However, the volume of frozen
bedrock decreases regularly from 6790± 640 m3 in 2006 to
3880± 1000 m3 in 2019, implying a volumetric loss of 43%
of permafrost in total. Raw data analysis, the application of
filter techniques and time-lapse models confirm the robust-
ness of the obtained volumes. The observed increase of un-
frozen masses in steep rock walls will further be amplified by
climate change, and it is likely to lead to an increase in size
and frequency of instability phenomena like creeping, rock-
falls and slides, which are threatening structures and people in
high alpine environments as well as in the downstream valleys.

© 2021 The Authors. Near Surface Geophysics published by John Wiley & Sons Ltd on behalf of European Association of
Geoscientists and Engineers.,Near Surface Geophysics, 19, 241–260



258 R. Scandroglio et al.

Calibrated 4D electrical resistivity tomography has proven to
be a robust method to detect, monitor and conceivably predict
these hazards.
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