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Abstract.

In this work, we assess the performance of Persistent Scatterer Interferometry (PSI) based on Sentinel-1 data in the Swiss

Alps, focusing on the analysis of surface displacement in areas located in permafrost. To this end, we exploit a PSI dataset

over Canton Wallis and the recently published permafrost and ground ice map of Switzerland (PGIM). First we evaluate the

sensitivity to radar detection of the terrain, given a particular slope distribution and given satellite orbital geometries. We find5

that 92% of the areas currently labeled as permafrost satisfy the geometric visibility criteria, which is a necessary but not

sufficient condition for detection of ground movement by satellite radar. Second, we analyse the PSI surface velocity and

displacement time series observed in Canton Wallis in the period 2015 to 2022. We find that the displacements rates appear to

be correlated with the occurrence of permafrost and that there is a significant difference in displacement rates between ice-poor

and ice-rich permafrost compared to no-permafrost zones. However, the difference between the surface velocities retrieved in10

ice-poor permafrost and no-permafrost zones are small and additional information would be needed to discriminate ice-poor

permafrost zones.

1 Introduction

In alpine regions climate change is occurring at a faster pace than elsewhere in the world. (IPCC, 2018; Goodfellow and

Boelhouwers, 2013). In the Austrian and Swiss Alps temperature has increased with 2 °C between the end of the nineteenth15

and the beginning of the twenty-first century (Auer et al., 2007) and it is predicted that in the Swiss Alps the annual average

temperature will rise by an additional 2.1 to 3.7 °C by the middle of the 21st century, if global greenhouse gas emissions

continue to rise at the current rate (CH2018, 2018). Besides the rise in temperature, the number of days with fresh snowfall will

likely decrease (Meteoschweiz). These processes affect in particular the mountain cryosphere. Measurements show that since

the year 2000 ground surface temperatures raised (Etzelmüller et al., 2020) and snow cover, glaciers and permafrost declined20

and it is expected that this decline will continue in almost all regions throughout the 21st century (Hock et al., 2019). Currently,

permafrost in the Alps occurs at elevations above 2500 m, but predictions show that the permafrost boundary will rise in the 21st
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century (Magnin et al., 2017). Permafrost consists of an active layer at the surface that freezes and thaws each year, underlain

by perennially frozen ground.The active layer thickness (ALT) in 2022 was between around 2 and 13 m in the boreholes

from the PERMOS Network (PERMOS), with an average of around 5 meters. Thickening of the active layer, warming of25

the permafrost body itself and the disappearance of the permafrost (Ravanel et al., 2017) is called permafrost degradation.

The Intergovernmental Panel on Climate Change (IPCC) refers to permafrost degradation as a naturally or artificially caused

decrease in the thickness and/or areal extent of permafrost. Due to this temperature rise the soil strength decreases because in

general frozen soil has higher strength. This can lead to deformations and reduced bearing capacity of the ground.

Permafrost in Switzerland covers about 3.5% of the national territory (SLF). Fig. 1 shows the permafrost zones in the Swiss30

Alps according to the most recent version of the permafrost map of the Swiss Institute for Snow and Avalanche Research

(PGIM).It shows the permafrost distribution in the Swiss Alps and has a variable uncertainty (Kenner et al., 2019; SLF). The

area of canton Wallis is highlighted because this is the study area of our research.

Figure 1. Permafrost and ground ice map (PGIM), canton Wallis highlighted.

The correlation between surface deformations and alpine permafrost degradation has been difficult to prove in the past.

However, more and more evidence is becoming available that changing alpine permafrost conditions may alter the frequency35

and magnitude of mass movements, may result in an increase in slope instabilities, rockfalls and debris flow activity or even a
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destabilisation of rock glaciers (Baral et al., 2023; Jones et al., 2023; Noetzli and Phillips, 2019; Patton et al., 2019; Krautblatter

et al., 2013; Gruber and Haeberli, 2007; Noetzli et al., 2007). Many mountain (infra)structures such as cable-cars, railways,

avalanche barriers, communication and electricity lines, as well as mountain cabins, that are located in high alpine areas, can be

affected by changing permafrost conditions. As these infrastructures are important for tourism, communication, power supply,40

and other human activities, it is essential to accurately map permafrost in order to assess the vulnerability of these areas and

estimate the potential natural hazards.

Currently, the most common method to assess permafrost stability are temperature measurements in boreholes. For the

Swiss Alps, a permafrost monitoring network (PERMOS) exists since the 1990s, which contains 14 borehole sites (PERMOS).

However drilling boreholes and monitoring temperatures in this high alpine environment can be difficult, labor-intensive and45

expensive (Noetzli et al., 2021). Also, the boreholes are often distributed unevenly from a geographical perspective and biased

toward more accessible locations or pre-existing research sites (Hock et al., 2019).

Since more than 30 years, Interferometric Synthetic Aperture Radar (InSAR) has proven to be a valid alternative to monitor

ground displacements (Hanssen, 2001). This remote sensing technique can measure displacements of the ground based on the

phase difference of two SAR images, acquired over the same area at different times. InSAR has been extensively used for50

monitoring subsidence, landslides, buildings and infrastructure, and also successfully used in permafrost areas (Wang et al.,

2023; Li et al., 2021; Liu et al., 2022; Rouyet et al., 2019; Daout et al., 2017; Abe et al., 2020; Liu et al., 2015). An overview of

the available literature and the limitations and potential of this technique for these applications is given in (Macchiarulo et al.,

2022; Reinders et al., 2022; Barboux et al., 2013). Freely available SAR data from satellite missions such as the ESA Coperni-

cus Sentinel-1 mission have made InSAR technology even more accesible. This data provide new opportunities for wide-area55

ground motion detection and monitoring. At regional and national scale publicly available Persistent Scatterer Interferometry

(PSI) maps are being produced (Crosetto et al., 2020), see, e.g., (NCG; Kanton Wallis, a; WSP and Skygeo; NGU et al.; BGR;

UNIFI). Also the European Ground Motion Service (EGMS) provides ground deformation over most of Europe, based on

Sentinel-1 SAR data (EGMS). While all these maps are ’application-agnostic’, indicating that they are not optimized for a

particular application or location, they provide valuable insights. Successful ground deformation estimation using satellite In-60

SAR minimally requires (i) a location-of-interest that is sensitive to deformation by the radar, (ii) coherent phase-interpretable

scatterers, and (iii) sufficient radar acquisitions to produce displacement time series.

The objective of this study is to assess the possibilities and limitations of Sentinel-1 PSI data to evaluate and validate con-

ventional alpine permafrost maps focusing on the Swiss Alps. Permafrost maps show the geographic zones where permafrost

is observed or expected. First we investigate how much of the permafrost zones are sensitive to radar detection with Sentinel-65

1. Second, we examine whether ground deformation trends estimated from the Sentinel-1 based available regional Persistent

Scatterer Interferometry (PSI) map of Canton Wallis in Switzerland can be correlated with the known permafrost zones, as

mapped in the permafrost and ground ice map (PGIM) of the Swiss Institute for Snow and Avalanche Research (Kenner et al.,

2019; SLF). Finally we investigate if this available PSI map of Canton Wallis can be used as a tool to validate and update the

current PGIM permafrost map of Switzerland.70
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2 Data and Methods

For this study, we use the orbits of Sentinel-1 over entire Switzerland, i.e. descending tracks 136, 66, 168, and ascending

tracks 88 and 15 (The European Space Agency, a)(See Fig. ??) and the Copernicus 30 m resolution Digital Elevation Model

(DEM) (The European Space Agency, b) for producing the sensitivity map. Next, we use the pre-existing Persistent Scatterer

Interferometry (PSI) result which is available over the canton Wallis in Switzerland (Kanton Wallis, a) and the most recent75

version of the permafrost and ground ice map (PGIM) from the Swiss Institute for Snow and Avalanche Research (Kenner

et al., 2019; SLF) to examine ground deformation trends in permafrost. Finally, for one location within Canton Wallis, Alpage

de Mille, displacement data from repeated GNSS and total station surveys (PERMOS) are compared to the PSI map.

2.1 Nationwide Sentinel-1 sensitivity map

The InSAR displacement detection potential and the sensitivity to radar detection of the areas of interest can be evaluated before80

actual satellite data processing. Combining slopes and aspects from the DEM with the incidence angles and the orientation

of the zero-Doppler plane towards the satellite, foreshortening, layover, and shadow regions can be determined. Moreover,

assuming downslope motion, the sensitivity of detection can be computed from the projection of the displacement vector onto

the line-of-sight vector. (Notti et al., 2014; Chang et al., 2018; van Natijne et al., 2022a; Brouwer and Hanssen, 2023a). The

R-index, with R ∈ [−1,1], (Notti et al., 2014) is a metric that allows combining the visibility of the satellite—i.e., −1 < R≤85

0 indicates no visibility—with the sensitivity for detecting down-slope motion, where greater values for R refer to higher

sensitivity. Table 1 gives an indication of the sensitivity to downslope motion.

Table 1. R-index interpretation modified from Notti et al. (2014).

R-index sensitivity

−1 ≤R-index ≤ 0 No visibility towards satellite due to layover, shadow, or foreshortening

0 < R-index ≤ 0.3 very little sensitivity to downslope motion

0.3 < R-index ≤ 0.5 moderate sensitivity to downslope motion

0.5 < R-index ≤ 1 sufficient sensitivity to downslope motion

Note that the condition of a positive R value is necessary but not sufficient, as the occurrence of coherent objects is also

highly dependent on surface conditions.

To compute the R-index, we pre-process the Sentinel-1 data downloaded from the Copernicus Open Access Hub (The90

European Space Agency, a) per orbital geometry using the ESA SNAP Sentinel-1 toolbox and the Copernicus DEM (The

European Space Agency, b). We use data for descending tracks 136, 66, 168, and ascending tracks 88 and 15, see Fig. 2 for

a top-view of the tracks. Table. 2 lists the used Sentinel tracks and the relevant geometry parameters for our Area of Interest

(AoI), i.e. Switzerland. The azimuth of the zero-Doppler plane, αd, is defined at a geographic location, in the direction towards
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Table 2. Sentinel-1 data covering Switzerland, see Fig. ??. ZDP is the zero-Doppler plane.

Track Incidence Angle, θ within the AoI [deg] Azimuth ZDP, αd [deg]

88 ascending 32.4 to 45.9 255.71

15 ascending 37.0 to 44.6 255.87

139 descending 37.0 to 40.8 104.50

66 descending 37.0 to 45.9 104.69

168 descending 39.5 to 45.9 104.49

the satellite. It is based on the heading of the satellite, correcting for the range-dependent meridian convergence (Brouwer and95

Hanssen, 2023a)

Figure 2. Topview of the ascending (red) and descending (green) Sentinel-1 images over Switzerland.

We import the results into a geographical information system, and create geotiff files containing the shadow and layover

mask, the local slope β and aspect α angles, and the incidence angle θ, following Del Soldato et al. (2021).

The R-index for geographic location (ϕ,λ) can be expressed as:

R(ϕ,λ) =





sin
(
θ−β cos(αd−α)

)
if Sh = 1∧L = 1

0 otherwise,
(1)100
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where Sh ∈ {0,1} and L ∈ {0,1} are binary indicators for the absence (0) or occurrence (1) of shadow and the layover,

respectively.

We create one map with the R-index of the Swiss Alps for ascending tracks and one map for descending tracks. In the

overlap area, we select the track in the far range, i.e., greater incidence angle because the extent of layover areas is much

greater than shadow areas in our analysis.105

Finally we repeat the computation with the global sensitivity index for landslide deformation Google Earth Engine tool of

van Natijne et al. (2022b, a) and obtain similar results.

2.2 Regional PSI map of Canton Wallis

Canton Wallis is an administrative subdivisions in the southern part of Switzerland. In Wallis the highest mountains of Switzer-

land are located and the elevation from the lowest valley to the highest top is between 370 m and 4630 m above sea level. The110

five villages with the the largest amount of inhabitants are located between 400 and 700 m above sea level and are situated in

the Rhone valley. In the side valleys, the elevation of the villages reaches 1900 m. Wallis is one of the cantons with the most

permafrost area in Switzerland. Due to its geographical location and climatic conditions, it is particularly exposed to natural

hazards, such as floods, inundations, avalanches, debris flows, rock falls, landslides and also forest fires and droughts. Interac-

tive hazard maps are available for the different hazards and over 200 unstable areas are actively monitored (Kanton Wallis, b).115

Since 2003, the canton has been equipped with a remote monitoring network of automated measurement stations, measuring

deformation and hydrometeorological data. All monitoring data is integrated in Guardaval, a system for the automatic and

continuous retrieval of these measurements, their storage, and their publication via a webviewer.

This Guardaval platform contains information about past and known landslides and rockfall areas, precipitation, and tem-

perature. It also contains a Persistent Scatterer Interferometry (PSI) map of Canton Wallis. This PSI result is applied to detect120

deformation, but it is not computed specific for the purpose of permafrost zonation evaluation. This data is available through

an online webviewer and accessible to selected stakeholders and scientists (Kanton Wallis, a). The map contains more than 4.5

million Persistent Scatterers (PS) from Sentinel-1 descending track 66, and more than 3.8 million PS from ascending track 88,

including time series with line-of-sight displacements covering the period 2015 to 2022. Due to snow cover, and associated

loss of coherence, winter images were removed. The time period with the presence of snow varies per location and altitude.125

In our area of interest, only data between early June and early November are available on the webviewer, with a 6 to 12 day

interval. Fig. 3a shows the number of acquisitions within this seasonal window for both orbits per year for our area of interest,

indicating that the number of acquisitions is significant. Fig. 3b shows the number of PS per elevation interval, indicating that

the majority of coherent PS are situated at elevations well above the urban areas. The geolocation precision of these points is

20 m (Kanton Wallis, a). In our analyses, we use the linear line-of-sight displacement rates of all PS of Sentinel-1.130

2.3 PGIM Permafrost maps

Several alpine permafrost maps were published the last decades. In 2005, the Federal Office for the Environment published an

map, showing the potential permafrost distribution in Switzerland (Bundesamt für Umwelt, 2005). Later, the permafrost and
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(a) Number of acquisitions within the seasonal window in our area of

interest. (b) Number of coherent point scatterers per elevation interval.

Figure 3. Number of Sentinel acquisitions per year and number of coherent point scatterers per elevation for the PSI map of Canton Wallis.

ground ice map, called PGIM, was developed by the Swiss Institute for Snow and Avalanche Research (Kenner et al., 2019;

SLF), see Fig. 1. In this map the total permafrost area is around 1400 km2 (Kenner et al., 2019).135

This PGIM is an indication map for the occurrence of permafrost (SLF). It is based on models that include elevation, potential

incoming solar radiation, and the deposition zones of alpine mass wasting processes (Kenner et al., 2019). Also data from the

current permafrost network (PERMOS) is included, which observes permafrost conditions at 27 sites located between 2200

and 3500 m in the Swiss Alps. It distinguishes ice-poor zones (zone-1) and ice-rich zones (zone-2). Zone-1 consist of all areas

with modelled negative ground temperatures and a buffer area with ground temperatures ranging between 0 and 1 ◦C. In Fig. 1140

these are the permafrost zones from <−3 ◦C to +1 ◦C. Zone-2 is generally located at lower altitudes and consists of rock

glaciers or ice-rich talus slopes. A rock glacier is a lobate or tongue-shaped landform consisting of rock debris and either an

ice core or an ice-cemented matrix, creeping down mountain slopes (Giardino et al., 2011) with a velocity of centimeters to

meters per year (Noetzli and Pellet, 2023). This movement is not necessarily constant and can show a seasonal pattern with

faster or slower displacement (Delaloye et al., 2010) or even phases without movement (Brencher et al., 2020). There is a large145

uncertainty in the mapping of the ice-rich permafros (Kenner et al., 2019).

According to RGIK (2021) functional rock glaciers are geomorphological indicators of permafrost occurrence and can be

used to approximate the regional lower limit of the mountain permafrost belt. In Fig. 1 this is the ice-rich permafrost zone. In

the PGIM all areas steeper than 30◦ were removed in zone-2 because they barely contain ice-rich permafrost (Kenner et al.,

2019). Also all glaciers were excluded in the PGIM and therefore they are also excluded in our analyses.150
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3 Results

In the following sections, we first present a map showing the sensitivity to radar detection of permafrost zones in the Swiss

alps. Next we combine the PSI map of Canton Wallis with the PGIM to identify differences in deformations in permafrost and

no permafrost zones and finally we compare the PSI data with geodetic displacement data from the Permos network for one

location in the Swiss Alps.155

3.1 Sensitivity to radar detection of permafrost zones

To assess which permafrost zones in the Swiss Alps are sensitive to detection with Sentinel-1, we combine the PGIM with

the R-index map of Switzerland. This results in a map presenting the sensitivity to radar detection of the permafrost zones.

Fig. 4 indicates areas with an R-index between 0.5 and 1, which refers to sufficient sensitivity to displacements, for both the

ascending and descending orbits for the permafrost zones in Switzerland, see Table ??. We find that 68% of the permafrost

Figure 4. Permafrost zones according to the PGIM including the sensitivity. Permafrost areas with R-index values between 0.5 and 1 in

green, permafrost areas with smaller R-index in blue. Ascending and descending orbits are combined.

160

zones have sufficient sensitivity to radar detection (i.e., R-index > 0.5) from the descending track and 63% from the ascending

track, see Table 3. 92% of the currently mapped permafrost zones in the PGIM have sufficient sensitivity to radar detection

for at least one orbital geometry and ∼39% of the PGIM permafrost area have sufficient sensitivity to radar detection for both

ascending and descending orbits.
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Table 3. R-index of the permafrost zones in Switzerland with Sentinel-1

R-index value Areal coverage of labeled per-

mafrost zones from descending

orbit [%]

Areal coverage of labeled per-

mafrost zones from ascending

orbit [%]

Combined areal coverage (de-

scending and ascending) [%]

shadow/layover (R-index=0) 15 16

0 < R-index ≦ 0.3 4 5

0.3 < R-index ≦ 0.5 14 16

0.5 < R-index ≦ 1 68 63 92

Table 4. Data characteristics of PS map of Wallis

#PS #PS per

100× 100 m

mean velocity

[mm/y]

st.dev velocity

[mm/y]

median velocity

[mm/y]

Descending track

No-Permafrost 3 250 000 7 −0.89 3.69 −0.14

Ice-poor permafrost (zone-1) 840 000 13 −1.16 4.29 −0.12

Ice-rich permafrost (zone-2) 500 000 30 −2.42 8.10 −0.45

Ascending track

No-Permafrost 2 650 000 6 −0.49 2.96 0.03

Ice-poor permafrost (zone-1) 700 000 11 −0.60 3.49 0.14

Ice-rich permafrost (zone-2) 475 000 28 −1.52 4.78 −0.16

3.2 Comparison permafrost zones with deformation data from regional PSI map of Canton Wallis165

We combine the reference permafrost map, i.e. PGIM, with the the Persistent Scatterer Interferometry (PSI) map of canton

Wallis (Kanton Wallis, a). The PGIM distinguishes three zones: no-permafrost, ice-poor permafrost (i.e., zone-1), and ice-rich

permafrost (i.e., zone-2). We identify all PS of the descending and ascending orbits in these three zones and extract the average

linear velocities of each PS. Then we calculate the mean, median, and standard deviation of these velocities for all PS in each

of the three zones. Table 4 shows the results.170

In order to identify differences among the mean velocity of the three zones, the analysis of variance (ANOVA) along

with Tukey’s range test are used (Tukey, 1949). For the analyses a 95% family-wise confidence level was selected. As null-

hypothesis we assume equal means between the three zones, i.e., no difference in displacement rates between no-permafrost,

ice-rich permafrost, and ice-poor permafrost.

The outcome of the analyses show that the P-values for both the descending and ascending orbit are less than 2e−16,175

indicating that the differences in displacement rates between the three zones are statistically significant for both the ascending
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Table 5. Results of the multiple pairwise-comparison of the displacements/year (mm/year) in the three zones for the ascending orbit

Difference in mean lower bound of

95% confidence

interval

upper bound of

95% confidence

interval

P-value

Ice-poor (zone-1) versus no-permafrost −0.11 −0.12 −0.10 2e−16

Ice-rich (zone-2) versus no-permafrost −1.04 −1.05 −1.03 2e−16

Ice-rich (zone-2) versus Ice-poor Permafrost (zone-1) −0.93 −0.94 −0.91 2e−16

Table 6. Example of ANOVA with random sampling of PS for the ascending orbit

Amount of PS mean velocity [mm/y] stand.dev. velocity [mm/y]

Ascending track

Random Sample 1 500 000 −0.63 3.34

Random Sample 2 500 000 −0.63 3.35

Random Sample 3 500 000 −0.63 3.34

P-value : 0.807

and the descending track. Ice-rich permafrost zones show a mean velocity of two to three times as high as the mean velocity in

no-permafrost zones. The mean velocity in ice-rich permafrost appears to be 2 to 2.5 times as high as in ice-poor permafrost.

The mean velocity in ice-poor permafrost is 1.2 to 1.3 times as high as in no-permafrost zones. Fig. 5 shows the results of

this test. Outliers were removed to improve the visibility and clarity of the figure. Also, our analyses of multiple pairwise-180

comparison, i.e. (i) no-permafrost versus ice-poor permafrost (zone-1), (ii) no-permafrost versus ice-rich permafrost (zone-2),

and (iii) ice-poor permafrost versus ice-rich permafrost, shows that there is a difference between the means with a confidence

level of 95%. Table 5 shows the difference in the means and the lower and the upper end point of the 95% confidence interval.

Therefore we reject the null hypothesis and we prove that there is a significant difference between the 3 groups. Ice-rich

permafrost zones (zone-2) have a greater velocity than ice-poor permafrost (zone-1) and no-permafrost zones. The results185

suggest that in Wallis no-permafrost zones have smaller average displacement rates than permafrost zones. This is in line with

Penna et al. (2022), who showed that, in general, large unstable rock-slopes with no-permafrost show lower displacement rates

than those with permafrost.

To check if the difference in means between the three zones is indeed statistically significant we randomly sample three sets

of 100.000 points, with unique samples in each set, and repeat the analysis of variance. This analysis is performed ten times.190

Then we conduct the same analysis with three sets of 500.000 points. The result show that the P-value for the sets of 100.000

points and the sets of 500.000 points is greater than 0.05, which implies that the difference in means is statistically insignificant.

Thus, by random sampling the means of each set are almost the equal. Table 6 shows the results of one calculation with three

samples of 500.000 points.
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Figure 5. Boxplot with displacements without the outliers (left), histogram of displacements (right). Descending track (top), Ascending track

(bottom).
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Table 7. ANOVA with PS in no-permafrost zones >2500 m for the ascending orbit

Amount of PS mean velocity [mm/y] stand.dev. velocity [mm/y]

Descending track

No-permafrost >2500 m 2 662 375 −0.48 2.96

Ice-poor permafrost (zone-1) 700 000 −0.59 3.49

Ice-rich permafrost (zone-2) 475 000 −1.52 4.78

P-value : <2e−16

Table 8. Effect size according to Cohen’s d

DSC ASC

Ice-poor permafrost (zone-1) – No-permafrost 0.071 0.035

Ice-rich permafrost (zone-2) – No-permafrost 0.374 0.315

Ice-rich permafrost (zone-2) – Ice-poor permafrost (zone-1) 0.259 0.239

Next, to prove that the significant difference between no-permafrost, ice-poor, and ice-rich permafrost is not merely due to195

elevation, we create a data set with only PS above 2500 m altitude in the no-permafrost zones and include the PS of permafrost

zones 1 and 2, which are already located at high elevation, see the elevation distribution in Fig. 3. With this data set we also

perform an analysis of variance. The result shows that the P-value is less than 2e−16, which implies that the difference in

means is statistically significant at the 95% confidence level. This proves that we are not correlating height with permafrost,

see Table 7.200

We therefore conclude that the difference in means between the three zones is indeed significant. However, as the data

set is very large, the Tukey’s range test has large power, which means that the results will be statistically significant in most

cases. Therefore we looked at the practical significance as well by taking into account the effect size. Effect sizes helps decide

whether the difference found is meaningful or not. One method to evaluate the effect size is with Cohen’s d. This value is based

on the difference between two means and divided by the data’s standard deviation. It reveals how many standard deviations205

lie between the two means. According to Cohen (Cohen, 1988), an effect size of 0.2 is considered small, an effect size of 0.5

medium, and an effect size of 0.8 is large. However, these effect size labels are subjective and need to be interpreted in the

context of the research (Cohen, 1988). There is no unambiguous method to determine whether a value for the effect size is of

practical importance. Observed effect sizes must be judged in context and even small effects might be of practical importance.

An effect size of 0.01 can be considered as very small, 0.2 as small, 0.5 as medium, 0.8 as large and beyond 1.2 very large to210

huge (Sawilowsky, 2009). Table 8 shows Cohen’s d for the three zones for ascending and descending orbits.

Our results show that according to Cohen (1988) and Sawilowsky (2009) there is a small to moderate effect between per-

mafrost zone-2 and the no-permafrost zone and between permafrost zone-1 and permafrost zone-2. The results also shows that

there is an extremely small effect between permafrost zone-1 and no-permafrost.
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3.3 Comparison PSI map with Permos Network measurements215

Finally we use geodetic displacement data from the Permos network (PERMOS), acquired by repeated GNSS and total station

surveys between 2016 and 2022, and compare it to the PSI map. Fig. 6 shows the Alpage de Mille site, mapped in purple

as permafrost zone-2. The right side of the figure shows the velocity from the terrestrial geodetic data, projected onto the

line-of-sight to the ascending Sentinel orbit. The left figure show the deformation estimated from the PSI maps, in ascending

viewing geometry. The PSI maps corroborate the terrestrial results in terms of the location and extent of displacements. Yet,

Figure 6. Local comparison between velocity derived from terrestrial observations and projected onto the line-of-sight to the ascending orbit

and displacement of ascending orbit from the PSI Map.

220

the PSI map has a wider coverage in comparison to the existing geodetic benchmarks. This includes estimates for the purple

patch to the east of the main Zone-2. The absence of significant displacements at this patch could be a reason to reconsider the

attribution of zone-2 permafrost to this region, i.e., this location may not contain ice-rich permafrost.

This example demonstrates the value of the wider coverage of the existing PSI results, e.g. for hazard evaluation in vulnerable

areas. The information can be used to prioritize site visits and target on-site measurements.225

4 Discussion

The available PSI dataset over Canton Wallis (Kanton Wallis, a) provides information covering an area wider than the Permos

network and this deformation information could help in delimiting the ice-rich permafrost more efficiently. We discuss two

specific examples where the PGIM could benefit from the PSI map.

The first case consists of area with PS showing significant displacements, i.e., greater than 10 mm/y, just outside the current230

mapped ice-rich permafrost (zone-2), see Fig. 7. These displacements could be a indication that permafrost zone-2 needs to be
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Figure 7. Permafrost zone-1 and zone-2 according to PGIM and PS with displacement rates greater than 10 mm/y, location near Stalden.

extended to that area. With this additional information, targeted field measurements campaigns can be set-up, in particular in

areas that are critical in terms of risk for humans and infrastructure.

The second case consists of areas that are mapped as ice-rich permafrost in the PGIM but show displacements between

−2 and +2 mm/year according to the PSI map, which indicates no significant (or very limited) movement. Fig. 8 presents an235

example of such a location.

The patches with these small displacements are mapped as ice-rich permafrost but may in reality contain no ice-rich per-

mafrost. Not all mapped ice-rich permafrost zones necessarily contain PSI with large deformations. PS showing little motion

can be related to the fact that (1) this area is not actually ice-rich, (2) the motion is dominantly orthogonal to the LoS, (3) the

ice is not melting as rapidly as in other ice-rich areas and therefore movements are very small, or (4) the extent of frozen body240

is no longer sufficient to trigger internal deformations in the ice and thus creep movements (Krainer, 2015; Jones et al., 2019),

and the rock glacier has come to a standstill. Also not all areas showing larger deformations in the PSI map are necessarily

ice-rich permafrost zones. A thorough knowledge of geomorphology is required to distinguish between permafrost related

deformations and other processes (RGIK, 2023).
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Figure 8. Permafrost zone-2 according to PGIM and PS with displacement rates, location Fluhalp Berghaus Zermatt.

Thus, although the available PSI map of Canton Wallis cannot be generically used to update the PGIM it can be used at245

specific locations for delimiting the ice-rich permafrost (zone-2 in the PGIM) more accurately and add important information

on the state of activity. This supports the findings of RGIK (2023), Strozzi et al. (2020) and Brencher et al. (2020), who

demonstrated how targeted InSAR analyses can be used as an additional source of information to delimit and map rock glaciers

more accurately.

Finally we emphasise the limitations InSAR. All displacements are projected onto the Line of Sight (LoS) of the satellite.250

To convert these LoS displacement into a downslope and a normal component, PS of an ascending and descending orbit at the

same location are necessary (Brouwer and Hanssen, 2023a, b). The precision with which these components can be estimated

is location dependent. Moreover, the presence of snow results in the loss of coherence. In this study snow images where

removed resulting in a smaller number of useful images per year. Furthermore the phase aliasing limits and resolving the

correct ambiguity level when converting the radar data to displacements can be a constraint (Manconi, 2021; Reinders et al.,255

2021; Barboux et al., 2015).
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5 Conclusion and future outlook

In this study, the performance of PSI interferometry based on Sentinel-1 data in the Swiss Alps was assessed. First we evaluated

the sensitivity to radar detection of entire Switzerland. A necessary but not sufficient condition for this objective is the geometric

visibility of the terrain, given a particular slope distribution and given satellite orbital geometries. We found that 92% of the260

areas currently labeled as permafrost in the Swiss Alps according to the recently published permafrost map (PGIM) satisfy

the geometric visibility criteria. Second, we used a publicly available PSI dataset over Canton Wallis (Kanton Wallis, a) and

found that non-zero PSI-derived surface displacement rates appear to be correlated with zones currently labeled as permafrost.

The mean ground movement estimated over ice-rich permafrost zones is two to three times greater compared to mean ground

deformations of the no-permafrost zones. In contrast, the mean ground movement of the ice-poor permafrost zones is only265

1.2–1.3 times greater than the no-permafrost zones. While these differences in the means are statistically significant, the width

of the distribution does not allow for using observed local displacements for directly discriminating permafrost zones. Yet, as

ice-rich permafrost zones are typically situated between ice-poor en no-permafrost zones, the detection of—or absence of—

significant displacements in the boundary between ice-rich and ice-poor permafrost can help in updating the geometry of the

boundary between them in alpine permafrost maps.270

As the quality of conventional alpine permafrost maps is limited by the scarcity of representative observational data, regional

Persistent Scatterer Interferometry (PSI) can be used to evaluate, validate, and potentially improve alpine permafrost maps.

While advanced application-aligned PSI results will always be more optimal, we find that application-agnostic PSI results that

are publicly available can be used for this purpose. The information can be used for identifying and prioritising site visits and

in-situ monitoring activities. The advent of new SAR satellite missions with different viewing geometries and revisit times,275

combined with contextual InSAR analysis, will further increase this potential.
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