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To create the landslide activity map, we implemented and tested the procedure to fully utilise the 6-day repeatability of the Sentinel-1 constellation in three pilot areas in Slovenia for the observation period from 2017 to 2021. The interferometric processing of the Sentinel-1 images was carried out with ENVI SARScape, while the interpretation of the persistent scatterers InSAR data was done in three steps. In the first step, a preliminary interpretation of the landslide areas was performed by integrating the PS InSAR data into a GIS environment with information that could be relevant to explain the movement patterns of the PS InSAR points. In the second step, a field validation was performed to check the PS InSAR in the field and record the potential damage to the objects indicating the slope mass movements. In the third step, the deformations were identified, and areas of significant movement were determined, consisting of clusters of at least 3 persistent scatterers (PS) with a maximum spacing of 10 m. The landslide activity map was created based on the landslide areas categorised into four classes based on the geotechnical analyses, yearly velocity data obtained by PS InSAR, and validation of annual velocity data obtained by in-situ and GNSS monitoring and field observation. A total of 21 polygons with different landslide activities were identified in three study areas. The overall methodology will help stakeholders in the early mapping and monitoring of landslides to increase the urban resilience.
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INTRODUCTION
Effective approaches to reducing landslide risk include the development of methods to identify landslide-prone areas and the development of risk reduction concepts to mitigate the effects of landslides in these areas. Among available techniques landslide monitoring present a mandatory step in collecting data on landslide conditions (e.g., areal extent, landslide kinematics, surface topography, hydrogeometeorological parameters, and failure surfaces) from different time periods and at different scales, from site-specific to local, regional, and national, to assess landslide activity (Guzzetti et al., 2012; Jemec Auflič et al., 2023).
For years, EO data have been very useful in detecting ground motion (Colesanti and Wasowski, 2006; Crosetto et al., 2016; Casagli et al., 2017; Solari et al., 2020; Jemec Auflič et al., 2023). The theory of Interferometric Synthetic Aperture Radar (InSAR) has been known for decades: after applying geometric and atmospheric corrections, high-resolution maps of surface displacements can be produced by comparing the phase of successive radar images. With a spatial resolution in the range of 10 m, a temporal resolution of less than a week, and a displacement accuracy of 1 mm, we can quantify the movement rates of the processes by which the Earth deforms and provide relevant information for disaster risk reduction. Spaceborne differential interferometric SAR (DInSAR) dates to 1989 when a technique that exploited L-band SEASAT SAR data was first described Gabriel et al. (1989). Within DInSAR, the most advanced methods that make use of large sets of SAR images date back almost 2 decades. Persistent Scatterer Interferometry (PS InSAR) technique was first described in the article by Ferretti et al. (2000) and has been used by many authors since then (Jauvin et al., 2019). DInSAR and PS InSAR have demonstrated their unmatched deformation measurement and monitoring capabilities in a wide range of application fields. The European Union’s Sentinel-1 constellation is a mission specifically designed to monitor ground deformation (Torres et al., 2012; Wasowski and Bovenga, 2014).
In 2023, severe rainfall events triggered more than 8000 landslides in Slovenia (Jež et al., 2023; Peternel et al., 2023). Most of these landslides are categorized as shallow landslides, soil slips, and landslides that primarily caused damage to buildings, infrastructure and agricultural land. Among the numerous registered landslides, there are also landslides with a volume of more than one million m3, which, in addition to the damage to buildings, also endangered the lives of hundreds of people and even claimed human lives. The damage caused by landslides only in 2023 is estimated at 2 billion euros (Jež et al., 2023; Peternel et al., 2023).
In Slovenia, a national landslide prediction system (acronym MASPREM) has been in operation since 2013, developed by the Geological Survey of Slovenia (GeoZS) and financed by the Administration for Civil Protection and Disaster Relief (ACPDR) (Jemec Auflič et al., 2016). The prediction system provides information on the probability of landslides occurring in the next 24 h based on the forecasted rainfall. The results are various landslide prediction models at national and municipal level. The information is disseminated daily to the general public via the media. Since MASPREM predicts landslides spatially and temporally, the system can be improved in terms of landslide velocity by using EO data. This paper presents the development of a method for the early detection of landslides and the creation of a map of landslide activity in three pilot areas, which could help the relevant authorities in the country to reduce the risk of landslides.
Methodology
The methodology for creating the landslide activity map consists of six main tasks, shown in Figure 1, where tasks one to five are required for PS InSAR processing and task six for generation of the landslide activity map.
[image: Figure 1]FIGURE 1 | Methodology flowchart for the generation of landslide activity map.
Sentinel-1 PS InSAR processing
For PS InSAR analysis, we use raw Sentinel-1 SLC (Single Look Complex) radar images to calculate the interferometric phase and coherence. Coherence describes the ratio between two (usually simultaneous) images of the same area. It is calculated in interferometric processing as a measure of the correlation between the two images. It indicates whether the reflected signals of the first and second images are in phase (i.e., coherent) or not, and, therefore, whether the measurement of displacements is possible at all (Pehani et al., 2021). We use images of the same relative orbit from two consecutive passes (6 days difference between the two acquisitions). This means one Sentinel-1A image and one overlapping Sentinel-1B image. In the processing, we used both ascending (No. 44 and 146) and descending orbit (No. 22). For this study’s purposes, 1807 images were used (Table 1). The number of images is different for the period when only one Sentinel-1 satellite is operational and for the period when both satellites are operational, so the processing was performed only for the period when both satellites were fully operational, i.e. 2017-2021.
TABLE 1 | Number of Sentinel-1 images used in the analysis per year, orbit and platform.
[image: Table 1]The interferometric processing is performed in ENVI SARScape. This approach is based on the state-of-the-art described in Fárová et al. (2019), Fiaschi et al. (2019), Solari et al. (2019), Liu et al. (2020) and Zhu et al. (2021) and includes the geological characteristics of the terrain such as geological settings, distance to faults and thrusts, slope angle, strike and dip. We used a local workstation with 13th generation Intel Core i9-13900 with 24 cores at 2.00 GHz, 64 GB memory and NVIDIA RTX 4090 connected to a NAS data storage containing all SLC data for Slovenia. We processed the data for all orbits on a single computer. The most demanding processes are subsetting (AOI selection) and coregistration, which take about 80% of the time. The total processing for one orbit and the entire period is about 100 h. After the first processing, we repeat the processing for 1 year, which means that the processing takes about 20 h. If a larger area needs to be processed, we can use the ENVI SARScape processing cluster.
The processing results are given as vector and raster data for each combination of tracks and observation period with the following attributes shown in Table 2. The processing was carried out for the three landslide areas in Slovenia (Figure 2). The total number of persistent scatterers in the areas and on the landslides is shown in Table 3.
TABLE 2 | PS InSAR attributes.
[image: Table 2][image: Figure 2]FIGURE 2 | Location of the monitored landslide areas.
TABLE 3 | Number of persistent scatterers per monitored area and landslide.
[image: Table 3]During InSAR processing, we checked and minimized various influences on the InSAR signal, in particular temporal and spatial decorrelation and atmospheric effects. We compared the results with GNSS measurements to ensure that we only obtained relative motions for stable points. Furthermore, by using data from ascending and descending orbits, the effects of LOS observations and slope orientation were minimized. Nevertheless, the displacements obtained with InSAR and their relation to landslides were carefully checked in the interpretation phase to avoid errors.
Generation of landslide activity map
A general methodology for PS InSAR interpretation and landslide activity mapping is presented here following the steps demonstrated on Figure 1, while landslide characteristics and interpretation of PS InSAR data are discussed in the next chapter (Results and Discussion).
Firstly, a preliminary interpretation of the landslide areas was done through the integration in a GIS environment of the PS InSAR data with information which might have relevance in explaining the patterns of motions of PS InSAR points: topographic maps, aerial orthophotos, geology, Lidar (1 m resolution), landslide inventory and geotechnical database. SARScape tool produced PS InSAR data in three directions: LOS, vertical and downslope. In addition, the sign of the measured displacements has to be interpreted considering the terrain slope. The evaluation of the state of activity, where geological surveys and instrumental data were not available, was done through a morphological approach based on aerial photo interpretation of different periods; this fact complicates the comparison between the activity of landslides and the PS InSAR data. Secondly, a field validation was performed to check PS InSAR on the field and to record the potential damage on the objects indicating the slope mass movements. Thirdly, we identified deformation and identified areas of significant movement consisting of clusters of at least 3 PS with a maximum distance of 10 m. The precision of the method has been estimated to ±2 mm/yr so the measurements ranging between −2 mm/yr and +2 mm/yr have been considered to indicate areas with no significant movements. Overlaying the landslide areas with all other data layers, field observations, and PS InSAR allows us to create a map of landslide activity classified into three classes: low, medium, and high. In addition, we also created polygons indicating areas with no significant movements with velocities between −2 and +2 mm/yr. For identifying the landslide activity map, the following decision criteria have been used: 1) landslides areas defined based on the geotechnical analyses; 2) yearly velocity data in downslope direction obtained by PS InSAR ranked in four classes; 3) validating yearly velocity data obtained by in-situ and GNSS monitoring; and 4) field observation. In this study we focus on the interpretation of velocities indicating downslope moving, which is the common manifestation of slope mass movements.
RESULTS AND DISCUSSION
Čemšenik landslide
In our analysis, we have focused on the area of the Čemšenik settlement, which is located on the southern slopes of Čemšeniška planina mountain (Čemšenik plateau, Figure 3). It covers an area of about 2.3 km2 and lies at an altitude of about 630 m a.s.l. It is characterised by medium to steep slopes sloping to the south. Currently it has 205 inhabitants. Part of the settlement was built in the area of a dormant deep-seated landslide. A landslide was reactivated due to heavy rainfall in 2010. Due to reactivation of landslide new cracks appeared on the church, roads, and residential buildings, posing a direct threat to the infrastructure, residents and their property. The area is composed of the Triassic carbonate rocks thrust over Upper Carboniferous and Permian clastic rocks. Part of the settlement where the landslide was formed is covered with a thick layer of carbonate gravel deposited by the past mass flows. The landslide covers an area of around 71,000 m2 and is 400 m long and 230 m wide. According to earlier geological and geotechnical investigations, the sliding surface was formed at a depth of 18–25 m below the surface (Popović, 2022).
[image: Figure 3]FIGURE 3 | PS InSAR data for pilot site Čemšenik (orbits 22, 44 and 146) with the location of the landslide area.
About 141 persistent scatterers were captured within the known landslide area. In this area, most persistent scatterers (86%) indicate ground subsidence. Considering the downslope orientation of the displacement, the maximal velocity of the subsidence in the area is −7.2 mm/yr and the maximal velocity of the uplift is 1.1 mm/yr (Figure 4).
[image: Figure 4]FIGURE 4 | PS InSAR data (all orbits) for downslope direction on the Čemšenik landslide. A-time series of PS InSAR point located on the landslide body.
Persistent scatterers on the object were field-validated and the damage on the object was estimated based on visible cracks, deformation on the pavement and reports from the residents. Figure 5 shows the match between activity obtained by the PS InSAR data and field damage on objects. Some field examples of the damage are presented in Figure 6.
[image: Figure 5]FIGURE 5 | Activity obtained by PS InSAR data (downslope direction) and field evidence of the displacements (damage on the objects) in the Čemšenik village.
[image: Figure 6]FIGURE 6 | Damage on the objects evidenced by the field check.
PS InSAR point data were generalized and extrapolated to form polygons with low, medium or high activity. Velocities in the high activity area range from −6 to −2.8 mm/yr, medium active area range from −2.8 to −2.4 mm/yr and low active area from −2.4 to −2 mm/yr. Its extent only partially correlates with the known landslide extent. In its southeastern part, the landslide area should be extended. On the other side, there is a large area of low activity within the known landslide area. In the existing reports, it is already stated that the eastern edge of the landslide was hard to define. It is possible that the main landslide body actually has a different shape and is related to the ridge in the central part of the village (corresponding to the high activity area). It seems like the landslide is widening in the downslope direction. We could conclude that we acquired some valuable additional information about the extent and activity of the landslide in Čemšenik village and checked the success of the protection measures. Based on the decision criteria, we identified the following four polygons with different landslide activity high, medium, low, and no significant movements (Figure 7).
[image: Figure 7]FIGURE 7 | Landslide activity map of Čemšenik village.
Rebrnice
Rebrnice stands for a landslide-prone area faced SW in the Vipava valley in southwestern Slovenia (Figure 2). The landslide-prone area is crossed by a national motorway Razdrto-Vipava which is an important link between Slovenia and Italy (Figure 8). The total length of the line is almost 11,000 km, of which 3,900 km run on viaducts and in tunnels. The most active part Rebrnice is 6,200 km long. The motorway was built up on the carbonate debris deposited on flysch. Carbonate debris deposit is prone to sliding due to slope inclination, groundwater and clay zones. Superficial deposits range from large-scale, deep-seated rotational and translational slides to shallow landslides, slumps, and sedimentary gravity flows in the form of debris or mudflows reworking the carbonate scree and flysch material (Placer et al., 2008; Jemec Auflič et al., 2017; Popit et al., 2017). The route was chosen to minimize landslide areas and to retain water sources for the villages in the Vipava river valley. During the construction works some landslides were activated.
[image: Figure 8]FIGURE 8 | Rebrnice area and the motorway in the Upper Vipava Valley.
About 10,129 PS InSAR persistent scatterers were defined in the entire area (Figure 9), of which 3% PS InSAR coincided with landslides (Figure 10). Considering downslope direction of the displacement, the maximal velocity of the subsidence on the landslide is 34.0 mm/yr and the maximal velocity of the uplift is 70 mm/yr; the time series show changes in trend of the ground motion. Field investigations in the vicinity of the highway suggest that PS InSAR displacements match well with field observations, especially in the areas with the highest ground motions, indicating high and medium landslide activity. Based on previous studies and PS InSAR data we have identified at least 7 areas with different landslide activity (Figure 11).
[image: Figure 9]FIGURE 9 | PS InSAR data for pilot site Rebrnice (orbits 22, 44 and 146) with the location of landslide area.
[image: Figure 10]FIGURE 10 | PS InSAR data in downslope direction for Motorvay HC-Razdrto-Vipava with marked known landslides. No. 1 marks time series of PS InSAR data.
[image: Figure 11]FIGURE 11 | Landslide activity map of Rebrnice area.
Potoška planina
Potoška planina stands for a landslide-prone area located in the hinterland of Koroška Bela settlement in northwestern Slovenia. Village is densely populated urban settlement located on the accumulation fan of the past debris flows. It has about 2,100 inhabitants, a well-developed steel industry and important infrastructure (railway and road) connections between Slovenia and Austria. The slopes in the area above Koroška Bela are characterized by complex morphology and unfavourable geological and tectonic conditions. In general, the area consists mainly consists of Upper Carboniferous and Permian clastic rocks–Permian carbonates and Triassic to Lower Jurassic carbonate rocks (Jež et al., 2008). The main slope instabilities are related to the tectonic contacts between the Upper Carboniferous to Permian clastic rocks (claystone, siltstone, sandstone and conglomerate) and various Permian and Triassic carbonate and clastic rocks. Tectonically, the area belongs to the Southern Alps. It is part of the Košuta fault zone and is dissected by numerous NW-SE faults that connect two major fault zones (the Sava and Periadriatic fault zones) (Jež et al., 2008). The rocks are heavily deformed and, therefore, very prone to rapid and deep weathering. The carbonate rocks in the uppermost parts of the Belščica slope are also subject to intense physical and chemical weathering, resulting in large amounts of debris and scree material.
These factors contribute to the fact that the region is highly susceptible to landslides and debris flows, which could pose a significant threat to the densely populated settlement below (Peternel et al., 2017; Peternel et al., 2018; Šegina et al., 2020; Šegina et al., 2022). It attracts additional attention due to historical evidence of the past debris flows in recent geological history (Lavtižar, 1897; Zupan, 1937). The most recent event occurred in April 2017, when part of the Čikla landslide collapsed and turned into a debris flow (Peternel et al., 2022).
The study area is covered by vegetation, thus the density of persistent scatterers is low, while their density PS InSAR in the village is very high (Figure 12). We present the displacement velocities and time series obtained with PS InSAR in the downslope direction for individual parts of Potoška planina landslide area. 349 (40%) persistent scatterers were captured within the known landslide areas and areas with different activities (Figure 13). In the hinterland area, 18% of persistent scatterers indicate ground subsidence, 19% of PS InSAR are categorized in class with no significant movements with yearly velocities ±2 mm/yr and 63% indicate surface uplift. Considering a downslope orientation of the displacement, the maximal velocity of the subsidence in the area is 30.5 mm/yr and the maximal velocity of the uplift is 478.6 mm/yr.
[image: Figure 12]FIGURE 12 | PS InSAR data for the wider area of a pilot site Potoška planina.
[image: Figure 13]FIGURE 13 | PS InSAR yearly velocity in downslope direction in the Potoška planina landslide area with marked PS InSAR, indicating time series (A, B).
Irregular and hummocky terrain, which consists of protrusions and depressions of varying sizes, curved trees, tension cracks, erosional slides, and wetlands all indicate an activity of landslides in this area (Figure 14). Local roads also show signs of subsidence, another indication of the area’s instability. Although many persistent scatterers PS InSAR are located on the vegetation, we also obtained PS InSAR some of them on roads, rock outcrops, and boulders that are more reliable candidates for ground motion detection (Figure 13). However, based on the geological, geotechnical, and geodetic surveys and several years of monitoring, we have identified at least 5 areas with varying landslide activity (Figure 15).
[image: Figure 14]FIGURE 14 |  Field evidence of surface activity in the Potoška planina landslide area. (A) scree area; (B) road deformation; (C) active lower part of the landslide; (D) source area of Čikla landslide.
[image: Figure 15]FIGURE 15 | Landslide activity map of Potoška planina landslide area with locations of GNNS units.
The most active area is the lower part of the Urbas landslide which has the potential to mobilise into a debris flow. Field observation revealed very active erosion processes, curved trees, wetlands, road subsidence, open cracks and scarps. Persistent scatterers show movements in slope direction from −30 to −23 mm/yr, while GNSS monitoring indicates the displacement of around 60 mm/yr in the upper part of the landslide and over 400 mm/yr in the lower part of the landslide, which is considerably more than the values obtained by the PS InSAR (both values are obtained for the period between the years 2019 and 2021). Another very active area is Čikla. Field observation shows the active area consists of debris deposits of various sizes constantly moving downslope. Persistent scatterers were detected in the lower part of the Čikla landslide and outside polygons, but in this case PS InSAR can be considered as an indicator of ground movement. Moderately active is upper part of the hinterland covered with scree material and characterized as rockfall area. Persistent scatterers show movements in downslope direction from −23–31 mm/year. Low active areas marked with green polygons are in the central and lower parts of the hinterland. Field observations showed these are deforestation areas with PS InSAR displacements from −20–25 mm/yr, while GNSS monitoring shows small displacements in range of 4.2 mm/yr (GNSS 1) and 1.2 mm/yr (GNSS 2).
CONCLUSION
We present a methodology for the development of a landslide activity map based on Sentinel-1 data PS InSAR processing for three landslide areas in Slovenia. Based on the yearly velocities of downslope data, the following conclusions can be drawn.
(1) The highest velocities were measured in Potoška planina (−30 to −7 mm/yr), followed by Rebrnice (−15 to −10 mm/yr) and Čemšenik (−6 to −2.8 mm/yr). From the geological point of view, all three study areas are characterized by permeable scree talus material and clastic impermeable layers of different depths. Slip surfaces occur at the contact between these two lithological layers (Potoška planina 10–15 m, Rebrnice 15–50 m, Čemšenik 15–25 m). The Čemšenik and Rebrnice areas were recently remediated, while no remediation work has been carried out in the Potoška planina so far. Despite the remediation work, PS InSAR detected a higher deformation of the landslide where the sliding surface is closer to the surface. Geodetic data in Potoška planina showed significantly higher movements than PS InSAR for the Urbas and Čikla landslides, while in Rebrnice GNSS data match PS InSAR measurements. For the Čemšenik area, GNSS data are not available for the observation period (2017-2021). Due to the dense vegetation in Potoška planina, we considered PS InSAR data with a coherence of 0.50, while at the other two sites we considered a coherence of 0.75. This shows that some site-specific adjustments are necessary to extract the best possible information from the PS InSAR data. Although remediation work were carried out we can it can be seen we can assume that the highest velocities have been observed in the landslide where the sliding surface is closest to the surface.
(2) The study demonstrates that the applied technique is well suited to complement and integrate information from conventional landslide detection methods. Furthermore, it extends our understanding of slope mass movements beyond the boundaries of closely monitored sites.
(3) The success of the PS InSAR method also depends on landslide typology, associated kinematics, landslide and slope orientation, vegetation, and existing permanent objects on the surface. In practice, the PS InSAR method is particularly valuable for monitoring the gradual evolution of slow and extremely slow landslides characterized by uniform rates of deformation. Its ability to track subtle ground movements over long periods of time makes it an indispensable tool for landslide research.
(4) The PS InSAR results provide valuable insights into landslide velocities and the temporal evolution of ground movements. This information is applicable not only applicable to the three known landslides, but also to previously unstudied areas.
(5) An important milestone is the use of Sentinel-1 data to monitor complex, deep-seated landslides in Slovenia. This novel approach has the potential to improve the early mapping and monitoring of landslides and thus contribute to the resilience of cities. The integration of the landslide activity map into the MASPREM service provides both spatial and temporal information on landslide occurrence, filling a current gap in the available data.
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Attribute = Description

velocity average velocity of movement for cach pixel [mm/year]

coherence | multi-temporal coherence is a quality measure for the best fit of
the interferometric phase by date

MuSigma | measure of quality, it is the ratio of the mean to the standard
deviation, where the mean corresponds to the average over time

Hprecision estimate of the average precision of height measurements [m],

calculated concerning the spatial unit of coverage, considering
multi-temporal coherence

Vprecision | estimate of the average velocity measurement accuracy

[mm/year], calculated considering the time base of the

acquisition and the multi-temporal coherence

Range pixel coordinate

Azimuth pixel coordinate

SubareaID  subarea ID

lon/lat geographical coordinates

xpos/zpos | cartographic coordinates based on the DEM reference system

2pos altitude (ellipsoid altitude) based on the DEM reference system
[m]

ALOS angle of incidence of the line of sight in the azimuth direction

1L0s angle of the line of sight in the vertical direction

Hcorrection | correction to the input digital elevation model [m]

D_date dates and displacements in millimetres
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Orbit/Platform 2017 2018 2019 2020 2021 Total
22 118 120 n7 122 135 612
Sentinel 1A 58 58 62 60 62 300
Sentinel-1B 60 62 55 62 73 312
4 15 120 18 122 120 595
Sentinel -1A 62 60 60 60 62 304
Sentinel-1B 53 60 58 62 58 291
146 122 122 120 120 116 600
Sentinel 14 60 ‘ 62 60 60 60 302
Sentinel-1B 62 60 60 60 56 298
Total 355 362 355 364 371 1807
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Asc/Desc  Coherenc: Total PS

PS landslide

Cemienik =~ 22 Desc 0.75 2695 399
Cemenik |~ 44 Asc 075 2930 | 576
Cemenik | 146 Asc 075 28 | 518
Koroska | 22 Desc 0.50 ‘ 30863 | 5136
Bela

Koroska | 44 Asc 0.50 44921 | 5195
Bela

Koroska ‘ 146 Asc 0.50 36907 | 4382
Bela

Rebrnice | 22 Desc 075 9179 | 5261
Rebrnice | 44 Asc 075 10129 | 5775
Rebrnice | 146 Asc 075 3175 | 2638






