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e Statistical signal decomposition for displacement timeseries in complex
environment

e Satellites map irreversible long-term damage of stable and unstable
slopes

e Spatial variations of reversible deformation linked to pore pressure
change

e Local groundwater recharge deformation patterns are discernible from
satellites
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Abstract

We study the deformation in the region of the Great Aletsch Glacier in the
period 2015-2021. With the help of a statistical blind source separation
method, we differentiate sub-centimetric displacements caused by environ-
mental factors in the satellite radar interferometry time series. Long-term
displacement trends in the vicinity of large slope instabilities potentially in-
dicate slope reaction to the glacier’s retreat and cyclic loadings. Annual
cyclic deformation designates where considerable pore pressure variations oc-
cur in the fractured bedrock slopes related to groundwater storage-discharge
processes. Spatial variations in the cyclic deformation exhibit variability in
pore-pressure change and rock mass hydromechanical properties. We validate
our observations drawn from satellites with a continuous ground monitoring
network. The outcomes of this study show the potential of using satellite
radar interferometry to investigate slope-scale mechanical processes driven
by seasonal to multiannual environmental factors in an alpine context.

Keywords: deformation, groundwater, glacier retreat, paraglacial, Alps
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1. Introduction

Ground surface deformation in alpine environments results from multiple
tectonic and environmental factors (Sternai et al., 2019). The deformation of
the surface can inform us about processes happening at and below the sur-
face, such as tectonic activity (Bock et al., 1993), gravitational instabilities
(Agliardi et al., 2020), changes in surface loads (Mey et al., 2016), thermoe-
lasticity of the subsurface (Collins et al., 2018), as well as poroelastic changes
in aquifers (Loew et al., 2007; Vasco et al., 2019). Due to the amplified ef-
fects of climate change at high elevations, most glaciers are rapidly melting
(Huss and Hock, 2018), exposing large areas to paraglacial conditions (Oliva
et al., 2020). The deglaciated slopes are prone to develop instabilities, some-
times delayed after the glacier retreat due to the accumulation of progressive
damage (Ballantyne et al., 2014; Gréamiger et al., 2020). In this context, mon-
itoring the surface deformation of such areas is critical to better understand
where new slope instabilities could develop and how environmental factors
could participate in their formation.

Measuring ground displacements at relevant spatial and temporal resolu-
tions is challenging in alpine environments, mainly because of costs associated
with the deployment of monitoring systems and the difficulties of accessing
remote and hazardous places. Remote sensing has increased our capability to
gain quantitative insights into the properties and dynamics of land surfaces
globally. Among other methods, the continuous development of the Differen-
tial Interferometric Synthetic Aperture Radar (DInSAR) in the past decades
allowed quantification of the ground motion (Rosen et al., 2000; Crosetto
et al., 2016). Noteworthy, several recent examples have shown the capability
of DInSAR to monitor movement related to changes in groundwater storage
in different geographic settings (Béjar-Pizarro et al., 2017; Neely et al., 2021;
Ali et al., 2022; Song et al., 2022). Applying DInSAR might be challenging in
mountain environments because of the intrinsic limitations associated with
snow cover, geometric distortions (layover and shadowing), and atmospheric
phase screen (Wasowski and Bovenga, 2014; Manconi, 2021). The relatively
low amplitude of expected seasonal deformation (centimetric) also challenges
the use of DInSAR. However, with modern processing approaches and sig-
nal deconvolution techniques, we hypothesize that DInSAR can reveal key
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quantitative insights about surface displacement dynamics associated with
mountain slope instabilities.

This work shows the result of surface displacement measured with DIn-
SAR in the Aletsch valley, Switzerland (see Figure 1). This region is in-
tensively studied as it hosts the current longest European Alps glacier that
retreated over 1km in length between 2’000 and 2’020 (GLAMOS - Glacier
Monitoring Switzerland, 2021). The bedrock in the area is composed of
strongly foliated gneisses and granite from the Aar massif (Berger et al.,
2016). Several instabilities are identified around the glacier tongue (Kos
et al., 2016; Glueer et al., 2019; Hugentobler et al., 2020), some being inac-
tive, while others are moving at rates high enough to influence and interact
with the glacier flow (Storni et al., 2020).

A large monitoring setup (see Figure 1) was installed in the Aletsch valley
in 2013 and improved since, with Robotic Total Stations (RTS) and contin-
uous Global Navigation Satellite Systems stations (cGNSS) (Frukacz et al.,
2017; Glueer et al., 2021). Together with extensive fieldwork, the system
helped to characterize the structures and kinematic model of the Moosfluh
landslide (Glueer et al., 2020). The objectives of the monitoring network
extend beyond the surveillance of the major instabilities and include the
study of long-term progressive slope damage, landslide formation in glacial
and para-glacial environments, hydro-mechanical landslide-glacier interac-
tions and monitoring system development (Frukacz et al., 2017; Gramiger
et al., 2017, 2018; Manconi et al., 2018; Glueer et al., 2019, 2020; Hugen-
tobler et al., 2020; Storni et al., 2020; Gramiger et al., 2020; Hugentobler
et al., 2021; Oestreicher et al., 2021; Glueer et al., 2021; Oestreicher et al.,
2023). To increase the spatial and temporal coverage of the ground observa-
tion network, we have processed the available data acquired from the ESA
Sentinel-1 constellation (Torres et al., 2012) in the period 2015-2021. We
generated surface velocity maps and displacement time series with the in-
terferometric point target analysis (IPTA) (Werner et al., 2003). The IPTA
results have been further processed using an advanced signal decomposition
method to link the main signal components with environmental controlling
factors (Gualandi and Liu, 2021). We finally validated the DInSAR data
analysis outcomes with ground-trusted data and previous site knowledge
(Hugentobler et al., 2020; Gramiger et al., 2020; Oestreicher et al., 2021,
2023) and extended the spatio-temporal analysis of ongoing slope displace-
ment processes into formerly unexplored regions in the lower Aletsch valley
study area.
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2. Methods

2.1. Differential Interferometry of Synthetic Aperture Radar Data (DInSAR)

We considered the ESA Sentinel-1 imagery acquired during the period
2015-2021. A total of 329 images from the Track 15, Ascending orbit (here-
after TO15A) and 346 from the Track 66, Descending orbit (hereafter TO66D),
were selected, and processed with the GAMMA software (Wegmiiller et al.,
2016). The images have been initially co-registered (aligned) to the dates
Aug 08, 2018 (T015A) and Aug 26, 2018 (T066D), respectively. These im-
ages were also used to generate the interferometric pairs following the single
reference approach, which has been demonstrated to be an effective method
in alpine environments (Strozzi et al., 2017). Perpendicular baselines for all
pairs are generally below 150 m, as expected for Sentinel-1 (See Table 1 and
Table 2 in the supporting information). Topographic phase component was
removed by considering the high-resolution digital elevation model provided
by Swisstopo (SwissAlti3D), with a ground sampling distance of 5m. The
I[PTA (Werner et al., 2003) strategy was applied to retrieve average surface
velocities and displacement time series for point targets with high temporal
correlation (coherence). Spatial and temporal filtering was applied to miti-
gate atmospheric artifacts and other system noise sources (Wegmiiller et al.,
2021). The final results include a total of 7148 and 7299 coherent point
targets for the TO15A and T066D orbits and a total of 329 and 346 scenes,
respectively.

The IPTA dataset is then corrected for the motion of the reference point.
We use the cGNSS data from the Chatzulecher station. We add the dis-
placement of the ¢cGNSS to the one measured from the satellite. Because
the sampling from the satellite occurs every 6d to 12d depending on the
number of available satellites, we first need to downsample the cGNSS data
(the cGNSS station measures its position every 30s). A daily solution is cal-
culated with respect to another ¢cGNSS station (HOHT) situated in Rhone
Valley. An intermediate reference station (FIES), closer to Chatzulecher, is
also involved in this process to reduce the atmospheric noise on the GNSS
positioning. More details on this procedure are available in Limpach et al.
(2016). However, the daily signal from the ¢cGNSS still includes noise (both
instrumental and atmospheric), particularly in the vertical direction. The
latter is critical, as the incidence angle from the satellite is around 35° from
the vertical for the study area. To increase the signal-to-noise ratio further,
we average the cGNSS position in the 6d preceding a satellite observation.



130

131

132

134

135

136

137

139

140

141

142

143

144

145

146

147

148

149

150

151

152

154

155

156

157

158

159

160

161

162

163

Then, we calculate the position of the ¢cGNSS station in the line of sight
(LOS) of the satellite d:

d = cos(0)ly — sin(0)cos(a)ly — sin(f)sin(a)lg (1)

where 6 is the incidence angle (from vertical), « is the satellite flying direction
(clockwise from North), and Iy, I, are respectively, the Up, North, and
East components of the GNSS position. Finally, the displacement of the
reference point in the line of sight of the satellite is added to the displacement
observed from the satellite in order to correct the satellite displacement data
in the absence of any stable point in the area.

2.2. Validation with Ground-Truthing of Satellite Deformation

The slopes of the Aletsch Valley in our study area experience significant
annual cyclic and reversible displacement of the slopes, as observed at many
observation points (Oestreicher et al., 2021). Three monitoring boreholes
were drilled near the ice margins (at the time of the installation) (Hugen-
tobler et al., 2020). One of them provides information on the pore pressure
fluctuations in the slope. All three are equipped to track sub-millimetric
deformation along the depth (~50m) of the boreholes (Hugentobler et al.,
2020). Hugentobler et al. (2021) show that the shallower part of the slope
reacts to temperature variations, while the deeper part reacts more to the
variations of the slope groundwater table and englacial pore pressure fluc-
tuations, resulting in reversible displacements. Irreversible displacements
were also recorded and attributed mainly to the current unloading of the
melting glacier and damage from cyclic loading (Hugentobler et al., 2022).
To further test the validity of the results from the DInSAR processing, we
make use of the extensive ground monitoring system in place in the Aletsch
valley (Oestreicher et al., 2021), and we compare cGNSS and RTS displace-
ment timeseries converted in the LOS with nearby satellite points in a circle
around the stations. If the circle’s radius is too small, only a few permanent
scatterers (PSs) are retained, while if the radius is too large, the PSs have
higher chances to experience different displacements than the displacement
of the ground station. As a trade-off, we select a circle with a radius of
50m (see Figure 2 and Figures S2, S3, S4, S5, S6 and S7 in the Supporting
Information). We find a good correlation between the three methods. In
particular, the long-term trends are well respected, and an extensive range
of points exhibit seasonal patterns independently of the observation method.
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The comparison between DInSAR and ¢GNSS stations’ displacement shows
that the two methods give similar results regarding long-term trends and
seasonal displacements. Some cGNSS stations have data interruptions: the
station ALO1 was taken down by a snow avalanche in 2018 and replaced by
the station AL0O3 at a safer location (Oestreicher et al., 2021). The number
of PSs in 50 m circles around the cGNSS stations fluctuates from 0 to 20. In
some cases (e.g., ALTS and ALTD in the ascending orbit), the displacement
of the PSs deviates slightly from the one recorded by the cGNSS. Some of
the deviations are due to the PS’s location at a distance to the station, and
local changes of the surface displacement between the location of the sta-
tion and the PSs, as sometimes local displacement variations are significant
(Oestreicher et al., 2021). Figure 2 shows that in some cases (e.g., ALO1
and ALO3 in the descending orbit), the IPTA method can fill up a gap in
the cGNSS timeseries. The point-by-point comparison for the total station’s
data is available in the supporting information.

One of the differences between the IPTA and ground-based displacement
observations is the presence of larger noise in the satellite data in winter. The
snow covering the ground in winter introduces high variabilities in the phase
values measured from the satellites. Instead of cutting out winter times from
the analysis and/or from the final displacement timeseries, we keep elevated
noise in the data. The reason is that some points might stay uncovered for
longer periods in winter, for example, on steep cliffs or close to springs where
the flowing groundwater melts the snow earlier than at other places. South-
oriented slopes and low-elevation areas also see a shorter snow-covered period
during winter time. Those points stay coherent longer during the year and
are important to retrieve information about annual cyclic displacement.

2.3. Statistical Decomposition of Satellite Data

The displacement timeseries of a single PS have likely been generated
by multiple sources of deformation. For example, a point on a mountain
slope might be subject to gravitational slope deformation, as well as ther-
moelastic and poroelastic effects on the slope. Moreover, system noise and
atmospheric artifacts can also be present. All these signals are mixed in the
satellite displacement data, therefore requiring disentanglement. Statistical
signal decomposition techniques are commonly used to isolate parts of the
signal originating from different sources (Gaddes et al., 2018). Among the
available methods, the Principal Component Analysis (PCA) is standard but
often cannot properly separate physical sources into different components.

7
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More advanced methods for blind source separation of DInSAR data include
the Independent Component Analysis (ICA) (Ebmeier, 2016; Gaddes et al.,
2018), and the variational Bayesian ICA (vbICA) (Gualandi and Liu, 2021),
as well as deep learning autoencoders (Rouet-Leduc et al., 2021). The signal
of interest (in the LOS of the satellite) extracted from the decomposition
process consists of timeseries for each component at all permanent scatterers
in the study area.

We use the vbICA, which statistically extracts Independent Components
(ICs) from timeseries without a priori definition of the physical sources of
the signal (Gualandi and Liu, 2021). Hereafter, we present the results of
the vbICA in spatial mode (S-mode) with three ICs and whitening, meaning
that the algorithm looks for independent components in the spatial domain
and the data has been sphered to allow for an easier separation of almost
parallel components. The variational Bayesian approach allows us to select
the number of ICs following the Automatic Relevance Determination (ARD)
method, as described by Choudrey and Roberts (2003); Gualandi and Liu
(2021). We use the ratio between the maximum and minimum variance of
the mixing matrix columns and retain the smallest number of components
with a ratio lower than an arbitrary small threshold of this ratio fixed at 0.01
(see Figure S8 in the Supporting Information). Additional components do

not significantly add information and can be neglected (Gualandi and Liu,
2021).

3. Surface Deformation of Valley Flanks from DInSAR
3.1. Location of Persistent Scatterers (PS) in the Study Area

Figure 1 shows measurement points for ascending and descending orbits.
Both datasets are referenced to a point where the relative displacement is
known, located close to the center of the ~25km* study area (Figure 1).
The reference point is relative to the reference ¢cGNSS station HOHT, sit-
uated outside the study area in the Rhone valley. HOHT records an addi-
tional uplift of 2.1 mm/yr relative to the Swiss coordinate reference system
CHTREF2016 (Oestreicher et al., 2021). 7’148 measurement points for the
ascending orbit and 7’299 for the descending one were analyzed. The points
of the ascending orbit spread further away from the reference point, particu-
larly on the North flank of the Rhone valley, around the villages of Riederalp
and Bettmeralp (Figure 1). For both datasets, no points are found on the
glacier nor on the main part of the fast-moving Moosfluh landslide and small

9
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rock glacier East of ALO3. This is because surface deformations in these re-
gions are too rapid to ensure efficient tracking with the Sentinel 1 satellites,
inducing decorrelation (Manconi et al., 2018; Manconi, 2021). The areas cov-
ered by forests (i.e., to the South-West of the Moosfluh instability) also lack
points due to vegetation-induced decorrelation.

3.2. Irreversible Displacements

The displacement time series over the 2015-2021 time period are available
for each measurement point in Figure 1. We first extract the long-term trend
in the displacement time series that reveals the irreversible deformation af-
fecting the valley flanks (Figure 3). The magnitude of the observed signal
in the 6yr dataset is up to 17mm/yr in the descending orbit and around
8 mm/yr in the ascending orbit. The most significant surface velocities ob-
served from the ascending and descending orbit take place at the main slope
instabilities (Moosfluh, Driest, Riederalp-Bettmeralp) and on the South-East
facing slopes at Ze Béchu (see Figure 3).

The ascending and descending orbits show large velocities North-East of
the Moosfluh instability. The descending orbit is particularly well suited to
detect the landslide’s motion, going to the North-West and down, hence away
from the satellite line of sight (Glueer et al., 2020). While there are almost
no PS in the central, faster part of the Moosfluh instability, PS on some parts
of the landslide moving slower are preserved. The significant displacement
away from the satellite in the descending orbit, in the slopes on the right
flank of the Moosfluh landslide, induces a cluster of negative values in the
histogram of LOS displacement (Figure S10). The detection of motion on the
right flank of the Moosfluh instability is confirmed by the reflectors situated
in this part of the slope (see Figure S3), which show a progressive attenuation
of the deformation with the distance to the lateral scarps which formed in
2016 (Glueer et al., 2020). This could be explained by the field observation
of decreasing openings of tension cracks with distance from the lateral scarp
to the North-East (Truttmann et al., 2021; Hugentobler et al., 2021).

The Driest instability exhibits points moving away from and towards the
satellite, respectively, for the top and bottom parts of the instability. This is
consistent with RTS data and the rotational nature of this suspended rock-
slide (Vogler, 2015). The Riederalp-Bettmeralp DSGSD shows an average
displacement rate of 1.1 mm/yr away from the satellite in the ascending or-
bit (1446 PS) and 0.7mm/yr towards the satellite in the descending orbit
(149 PS) (Figure 3).

10
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two dates, multiply the value shown on the map by the difference in the time series of IC1
(upper panels) at the two given dates.
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At other locations, for example, on the right flank of the valley along the
glacier, significant long-term trends are detected and confirmed by c¢cGNSS
and RTS methods (see Figure S6 and S5). We observe displacement to-
wards the valley center up to ~7 mm/yr on both valley flanks in the recently
deglaciated bedrock slopes. No slope instabilities are mapped at this loca-
tion, and no signs of instabilities are visible in the field.

3.3. Reversible Deformation

The satellites detect seasonal cycles in deformation at a magnitude below
the centimeter in the LOS direction (up to 3cm, Figure 4). Such reversible
motion is observed in large parts of the study area, with more substantial
magnitudes in the vicinity of the glacier tongue (see Figure S11 in the Sup-
porting Information). The ascending and descending monthly timeseries of
deformation correlate with the variation of the hydraulic head (Pearson’s cor-
relation coefficient of respectively 0.47 and 0.22) measured in the borehole
B4 (see Figure 1). The deformation at the valley scale exhibits Pearson’s
correlation coefficients of respectively 0.57 and 0.62 with two months lag to
the monitored hydraulic head (see Figure 5) and even coefficients of 0.62 and
0.75 when discarding winter times. While the depth at which the hydraulic
head is monitored in the borehole is relatively shallow (~45m), it reacts
rapidly to recharge from the surface (Hugentobler et al., 2020).

By knowing the average direction of the groundwater-related displace-
ment in the region from Oestreicher et al. (2021), we can combine the informa-
tion from the ascending and descending orbits and estimate the displacement
magnitude and orientation with Figure S10 in the Supporting Information.
In Figure 6, we jointly analyze the information derived from ¢GNSS, RTS,
and DInSAR ascending and descending orbits along the two profiles shown
in Figure 4. The interpretation from the satellite displacement directions
(black arrows) correlates well with the ones drawn from ¢cGNSS and RTS
observations performed on the left flank of the glacier. It complements these
data for regions not covered by the other methods. Noteworthy, we found
that the interpreted seasonal DInSAR displacement dynamics are generally
underestimated compared to the grounded-based observations (see Figure 6).
This bias might be due to different processes occurring locally, challenging
the signal decomposition algorithm and leading to a cross-talk between the
first and second ICs.

Our analysis with the vbICA method isolates a third independent com-
ponent of displacement in the study area (see Figure S9 in the Supporting

12



Ascending track Descending track

IC 2! ‘ ’ !
i ¥ #
SR "‘z-%‘sfz‘ L ’5*.?:,‘ & #
) - won
0 . - 0 8
,LQ\(‘) ,lg'\- 10\1 1’0'\-% ,LQ'\9 ,LQ’LQ ,LQ’L\' ,LQ'\?’ ,LQ\Q’ 10\1 ,Lg\% 0’\9 ,LQ'LQ ,LQ’I:\'

g% /icA

v Active instabilities @® <-5mm

Profile 1
/. Historic instabilites @ -5--2mm = ===-- Profile 2
P2+ Glacier -2 - +2 mm
[ Lakes @ +2-+45mm
® >+5mm

Figure 4: Second independent component of vbICA exhibits cyclic annual displacement for
the ascending and descending tracks of the satellite. The upper panels show the time series
related to the IC. Positive values on the map signify displacement towards the satellite for
a positive change in the time series.

13

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4703611



311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

T
N N
o (&)

Deformation
anomalies
—
O

head in borehole (m)

T
-
o

Groundwater pressure

—— Descending

S NP SN\ I AW\ o Qo o I\ 9
WO T T g g "&\g 10@0 @010 10@0 "&'L'\

Figure 5: Comparison between the monthly deformation anomalies (ascending orbit, black
and descending orbit, green) and the monthly pressure head at B4 (blue). Grey areas are
periods with expected partial snow coverage, during which lower correlation factors may
be expected because of decorrelation induced by the snow.

Information). It shows a low magnitude of displacement, with only some
points over 2mm for the ascending orbit. The temporal pattern exhibits an
annual cyclicity.

4. Discussion and Conclusion

The results of the interferometric point target analysis (IPTA) show that
the method can monitor sub-centimetric surface displacement in complex
alpine environments, such as the Aletsch valley. One of the main challenges
of the IPTA method is that parts of the hillslopes cannot be monitored due
to geometrical decorrelation (e.g., Rosen et al., 2000). In addition, slope
displacements that are too fast (>1.4cm in LOS between two scenes for
Sentinel 1) or oriented approximately perpendicularly to the satellite LOS
also cannot be monitored efficiently (Manconi, 2021). At our study site, we
could show that the IPTA method could detect Persistent Scatterers (PS)
away from the reference point across decorrelated parts on the opposite side of
large slope instabilities and the glacier. Positioning the reference at a location
where the displacement is known, i.e., a ¢cGNSS station in our case, helps
correct the IPTA dataset with the displacement of the reference point. The
comparison with the other surface displacement monitoring systems at our
study site (GNSS and total stations) shows good correlations that validate
the accuracy of the satellite-based measurements (Figure 2).

The challenge when analyzing the surface displacement timeseries is the
decomposition of the signal in different spatiotemporal patterns that can be
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Figure 6: Topographic profiles across the valley with groundwater-related displacement
during infiltration. Top: profile 1; Bottom: profile 2 in Figure 4. Black arrows are cGNSS
and RTS data (grey ellipses for uncertainty). Red arrows are interpreted direction of
ground displacement from DInSAR, and points are raw data from Figure 4 with a 90 m
buffer distance around the profile. GAG stands for Great Aletsch Glacier, and its extent
is delimited in blue.
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related to environmental processes. Different statistical approaches exist to
reduce the dimensionality of the dataset, including vbICA (Gualandi and
Liu, 2021; Larochelle et al., 2022). While these approaches have been mainly
applied at large-scale (Serpelloni et al., 2018), we show a successful signal
decomposition with the vbICA method at hillslope scale in a complex alpine
environment. This approach decomposes the signal into three independent
components (IC) based on the Automatic Relevance Determination method
(Gualandi and Liu, 2021). The first IC is mainly composed of a linear trend,
with a superimposed weak annual cyclic pattern (see Figure 7). The lin-
ear trend is interpreted to be a long-term mechanical response of the slopes,
while the weak seasonal signal is likely to be a residual of the seasonal cycles
identified in IC2, which is discussed later. At certain locations, the long-term
trends are oriented downslope and represent the long-term gravitational slope
motion. We do not only observe such slow surface displacements on mature
landslides but also on slopes at early stages of damage accumulation. For ex-
ample, we identify long-term gravitational slope motion close to the Moosfluh
and Driest instabilities (Glueer et al., 2019, 2020; Kos et al., 2016). Numer-
ical experiments have shown that the Moosfluh and Driest instabilities are
likely caused by cycles of glacier advance and retreat that induce progres-
sive damage in the surrounding slopes (Gramiger et al., 2017). In addition,
temperature (Gramiger et al., 2018; Hugentobler et al., 2021) and groundwa-
ter fluctuations (Gramiger et al., 2020; Hugentobler et al., 2022) have been
identified as important factors contributing to the long-term damage of the
slopes. The modeled damage is significantly greater when the temperature
effect is taken into account (Gramiger et al., 2018), as rocks are rapidly ex-
posed to warmer conditions (paraglacial thermal shock, (Gramiger et al.,
2018)) and more short-term temperature fluctuations after the ice retreats
(Hugentobler et al., 2021). With annual groundwater table fluctuations in-
cluded, damage also increases due to hydromechanical fatigue, and the mode
of failure in the model resembles the landslide observations in the Aletsch
valley (Gramiger et al., 2020). The strongest damage occurs directly at the
glacier margin and moves down (or up) the slope with the pace of glacier
retreat (or advance) during multiple glacial cycles (Hugentobler et al., 2022).
We also observe significant long-term trends in the signal of PS located on a
relict rock glacier to the east of the GNSS station AL03. In this case, it can
be attributed to the long-term creep of the rock glacier (Marcer et al., 2021;
Harris et al., 2009).
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Figure 7: Displacement obtained by combining the ascending and descending orbits with
the local average slope direction for the first IC (left) and with the average dip direction
of the foliation for the second IC (right) of the vbICA method. The arrows show the
horizontal orientation of displacement and magnitude (long-term trend for IC1, during
recharge for IC2), and the colors display the plunge angle of the displacement.
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In slopes not influenced by significant gravitational movements, the sig-
nal decomposition reveals an uplift close to the current glacier margins (Fig-
ure 3). This uplift is interpreted to be caused by the elastic isostatic rebound
of the bedrock as a response to the contemporary glacier retreat (Hugento-
bler et al., 2022; Erfani Jazi et al., 2022). In the Ze Béchu region, the PS
uplift is on average 2mm/yr and up to 5mm/yr. This uplift rate is con-
firmed by ground-truth measurements of nearby reflectors measured by the
total station. In the Northeastern part of the study area, the left flank of
the glacier exhibits high plunge angles and uplift rates around 0.8 mm/yr
to 1mm/yr. The large horizontal motion recorded at Ze Béchu (average of
5.7mm/yr for PS close to the glacier) and around the cGNSS stations ALO3
and ALTS on the other valley flank is interpreted as caused by hydromechan-
ical fatigue in part (Oestreicher et al., 2021). Newly identified locations with
large gravitational displacements superposed on the glacial elastic rebound,
North-East of the Driest instability, North-East of Chatzulecher, and on the
right flank of the Moosfluh instability highlight zones with a potential to
transition towards unstable slopes.

The second IC shows a reversible cyclic displacement. Such deformation
dynamics have been previously identified with ground-based stations and at-
tributed to pore pressure variations during groundwater recharge-discharge
cycles (Dal Moro and Zadro, 1998; Lesparre et al., 2017; Serpelloni et al.,
2018; Grillo et al., 2018; Braitenberg et al., 2019; Oestreicher et al., 2021).
They are caused by changes in pore pressure in the rock mass linked to
the strong seasonal dynamics of hydrologic cycles in alpine environments
(Gleeson and Manning, 2008; Markovich et al., 2019; Somers and McKenzie,
2020). Indeed, at high elevations, groundwater recharge is mainly controlled
by snowmelt in spring (Barnett et al., 2005; Manning et al., 2012), with
high magnitude of water table rise (de Palézieux and Loew, 2019). After
recharge stops, groundwater is progressively discharged towards the receiv-
ing stream and springs network, associated with a decrease in the pore pres-
sure (de Palézieux and Loew, 2019; Hugentobler et al., 2020). The natural
pore pressure variations induce deformation of the valley slopes (Oestreicher
et al., 2021; Chaussard and Farr, 2019). We constrain the displacement in a
vertical plane perpendicular to the average direction of the main alpine foli-
ation (approximately 136 deg) in Figure 7. Indeed, Oestreicher et al. (2021)
showed that the displacement of cGNSS stations and total station reflectors
in the valley was strongly influenced by the orientation of the alpine foliation.
While the displacement in Spring is generally oriented upwards or horizon-
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tally out of the slope (see Figure 7), downwards-oriented displacements or
displacements toward the mountains are also found. Such signals are often
situated at locations that also experience substantial linear displacements in
IC1. The minor seasonal deformation contained in IC1 impacts the results
of IC2, such that it erroneously identifies a signal in the opposite direction
as compensation for the more significant amplitude signal of IC1. Such an
intricate signal could also explain the discrepancies between the displacement
recorded by the total station’s reflectors and IC2 around the station ALO2
(see Figure 6).

In Figure 5, we compare the borehole water pressure head with satellite-
based displacements of the slopes, and we find a good correlation with a
slight time-lag between the peak in the groundwater table and the peak in
deformation observed from the satellite. The time lag reveals a shorter re-
sponse timescale measured in the shallow subsurface by the borehole location
with respect to the one observed from the satellite-based deformation. The
hydraulic diffusivity of the shallower part of the bedrock is generally higher
than that of the overall rock mass at depth (Welch and Allen, 2014; Roques
et al., 2022). This is due to a denser fracture network with high permeability
close to the surface, with channelized groundwater flow. The delay observed
in the deformation pattern is interpreted to be caused by the overall rock
mass having a lower diffusivity and bulk permeability. This has been inves-
tigated in previous studies hypothesizing that the deformation is caused by
changes in pore pressure up to a depth of at least a few hundred meters,
greater than the borehole B4 depth (Oestreicher et al., 2021, 2023). A nu-
merical experiment with an elastic hydromechanical model showed that the
fracture network characteristics strongly control the deformation pattern ob-
served at the surface (Oestreicher et al., 2023). The pore pressure-induced
displacement is oriented horizontally or slightly downwards, close to the val-
ley center and the glacier. In contrast, it is generally oriented upwards for
PS situated higher on the slopes (see Figure 7), following the projections of
conceptual numerical models (Oestreicher et al., 2023).

We interpret the third independent component with its low-magnitude

displacement signal as a potential residual of the previously discussed groundwater-

related motion or atmospheric noise in the satellite data. If attributed to pore
pressure-induced deformation, this would indicate a non-stationary spatial
pattern for the groundwater distribution. This can be the case, given the
cross-talk between the first two ICs. Given the small amplitude of IC3, we
cannot claim a physical origin for it with certainty. In fact, another difficulty
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and source of noise in the area is the changing elevation around the glacier
due to the ice removal. We processed the dataset with a single digital ele-
vation model (DEM), inducing possible errors for points next to the glacier
and recently uncovered.

The spatial variations of pore pressure-related surface deformation in the
study area provide precious information about the groundwater flow in moun-
tain slopes (e.g., Neely et al., 2021), which is challenging to acquire directly
in such remote environments (Hugentobler et al., 2020). In general, we report
good agreement with the direction and magnitude at cGNSS and total sta-
tions (see Figure 6 and (Oestreicher et al., 2021)), except for locations with
a large amplitude of long-term trends. The more extensive spatial coverage
of DInSAR allows for broadening the analysis to a larger slope area than
traditional measurements like cGNSS or total stations. It indicates that the
hydraulic response zone in the study area integrates a large volume of the
mountain slope at a maximal depth of approximately 500 m in our case.

We demonstrate that we can isolate signals in satellite data in remote
alpine areas around a glacier and large slope instabilities. We show that the
hydromechanically active structures respond at seasonal scales to recharge
and discharge in fractured bedrock aquifers. Our results show that remote
sensing satellite data can be used to study mechanisms of slope surface dis-
placements in remote alpine areas. This study opens the possibility of utiliz-
ing satellites, together with ground-truthing stations and coherent structural
hypotheses, to investigate other remote areas that are less heavily instru-
mented.
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