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Abstract

:

Areas in Western Greece are particularly prone to landslides. Usually triggered by earthquakes or intense rainfalls, they cause damage to infrastructure (roads, bridges, etc.) and human properties. Hence, there is an urgent need for the implementation of monitoring and landslide prevention methodologies. In the last years, Unmanned Aerial Vehicles (UAVs), Global Navigation Satellite Systems (GNSS), and Interferometric SAR (InSAR) techniques have been applied for landslide mapping and monitoring. The current study focuses on the systematic and long-term analysis of a landslide that occurred in Ano Kerassovo village, within the region of Western Greece. To precisely measure the current evolution of the landslide, we performed repetitive UAV campaigns in conjunction with corresponding GNSS surveys, covering a time period between February 2021 and April 2023. The identification of surface modification was based on a change detection approach between the generated point clouds. The results are validated through GNSS measurements and field observations. Added to this, we collected archived Persistent Scatterer Interferometry (PSI) measurements derived from the European Ground Motion Service (EGMS) to extend the observation period and gain a more complete understanding of the phenomenon. It is proven that archived PSI measurements can be used as an indicator of possible landslide initialization points and for small-scale large coverage investigations, while UAVs and GNSS data can precisely identify the microscale deformations (centimeter scale).
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1. Introduction


Landslides are one of the most common hazards worldwide. Triggered by several factors such as earthquakes, weather extremes, volcanic eruptions, etc., they usually manifest instantly. Apart from modifying Earth’s surface, they can cause economic losses and even fatalities [1,2,3,4]. Hence, the development of strategies for landslide prevention and mitigation is an essential issue [5,6]. Over the last few years, several studies have been carried out on the utilization of remote sensing data and Geographic Information Systems (GIS) in the investigation of instability phenomena [7,8]. Some of those are analyzing the triggering factors, while others are focusing on the incessant monitoring of landslide-prone locations [9,10,11,12].



In particular, Synthetic Aperture Radar Interferometry (InSAR) constitutes one of the most widely known approaches for evaluating topographic changes [13]. Thus, the utilization of InSAR methods to detect and monitor landslides has been well-documented in several studies over the last few years [14,15,16,17]. The main advantages of this approach over conventional ones for landslide investigation include the extended spatial coverage, the enhanced spatio-temporal resolution, and the capability of being operated independently of weather conditions. In light of this, advanced InSAR methodologies, based on the multitemporal analysis of SAR data stacks, were applied in order to detect extremely slow movements estimated at a few mm/year. Persistent Scatterer Interferometry (PSI) and the Small Baseline Subset (SBAS) constitute the most widely used approaches for the long-term monitoring of slow-moving landslides [18,19,20,21,22]. It has been proven that PSI appears to be slightly more accurate compared to the SBAS approach [23]. In more detail, some researchers have utilized PSI measurements derived from the Sentinel-1 constellation to evaluate landslide kinematics and subsequently understand the sliding mechanisms [24], while others focused on creating methodologies for the continuous assessment or update of landslide inventories through PSI measurements [25,26]. Moreover, a post-processing PSI procedure has been proposed for the identification of slowly moving regions in the French Alps and the subsequent extraction of areas of active deformation with velocities lower than 1.6 cm/y [27].



Another well-known solution for landslide monitoring is based on the use of Global Navigation Satellite System (GNSS) sensors [28,29]. Although GNSS measurements for topographic monitoring purposes have been used since the 1990s, the advances in technology and computer science prove that it is still an active field of research. Specifically, different GNSS-based algorithms were developed in order to precisely detect displacements [30], while the adaptive sliding window method was proposed to provide reliable and operational landslide information [31]. Furthermore, low-cost GNSS receivers have been manufactured to evaluate surface deformation in real-time [32,33].



The rise of UAVs has revolutionized landslide investigation due to their survey flexibility, cost efficiency, and high spatial resolution [34,35]. In this framework, numerous studies have been conducted to monitor landslide behavior. [36,37,38,39,40,41]. The more simplified approaches used Digital Elevation Models (DEMs) extracted by UAV surveys to map and quantify surface changes over landslide areas [42,43] or to monitor waste piles in coal mines [44]. Another successful way to identify topographic modification or any potential displacement relies on the comparison of multitemporal UAV point clouds [45]. Some researchers focused on the assessment of the evolution and dynamics of landslides through the post-processing of UAV products (orthophotos, DEMs, point clouds) [46,47], while others tried to create guidelines for the proper performance of UAV flights for landslide investigations [48,49,50]. UAV data along with a non-parametric random forest model have also been utilized in order to create landslide susceptibility maps [51]. At the same time, different approaches have been developed for the extraction of 3D displacements via UAV photogrammetry [52,53]. The more sophisticated methodologies deal with the creation of semi-automated or automated models for the rapid recognition of landslides or landslide cracks [54,55].



More multidiscipline studies suggest the combined use of various remote sensing data to monitor ground deformation. In particular, InSAR time series measurements in conjunction with UAV imagery were utilized to analyze the long-term behavior of landslides and improve the understanding of landslide kinematics [56,57]. Moreover, UAVs and GNSS surveys were performed for the validation of SAR methodologies in other case studies [58,59]. Finally, more complex approaches consisted of topo-geodetic and UAV surveys along with ground-penetrating radar and geotechnical data [60].



The current research focuses on the systematic and long-term analysis of instability phenomena in a mountainous area of Western Greece. To precisely monitor the recent evolution of the landslide, we performed repetitive UAV campaigns in conjunction with corresponding GNSS surveys. The identification of surface deformation was based on a change detection approach between the generated point clouds. The results were validated through GNSS measurements and field observation. Added to this, we collected archived PSI measurements derived from the European Ground Motion Service (EGMS) to extend the observation period and gain a more complete understanding of the phenomenon. With regard to this, the novelty of the current research relies on the exploitation of archived PSI measurements as potential future landslide indicators. In addition to the aforementioned points, the synergistic use of various remote sensing data provides the necessary information to study instability at different scales. Specifically, PSI measurements are ideal for monitoring large areas, while UAV and GNSS surveys are suitable for monitoring smaller areas.




2. Study Area


2.1. Location and Geological Setting


The landslide area is located on the outskirts of Ano Kerassovo village within the region of Western Greece (Figure 1). The area belongs to the Ionian geotectonic unit, which dominates most of the Epirus and Akarnania regions, parts of the Ionian Islands, and continues southwards to the Peloponnese, Crete, and Dodecanese Islands. It consists primarily of Mesozoic carbonates and minor cherts and shales. Oligocene flysch has overlain the Mesozoic carbonates. Flysch is composed of different rhythmic alternations of competent/strong sandstone layers with low-strength siltstone/clayey schist beds. The specific formation is generally associated with intensive folding and fracturing. During the upper Eocene to lower Miocene, the area participated in the Alpine orogenic belt during a Tertiary age collision with westward propagating intracontinental thrusting [61,62,63,64].



Geomorphologically, the area of interest is characterized by successive ridges and gullies oriented across a southeast facing bluff that flanks the Platanias River. Ringes’ prevailing lithology is the Oligocene Arakynthos sandstones [65], while gullies consist of sand and clay alternations. A weathering zone ranging from 0.5 to 7 m thick is being developed in these gullies. This zone is characterized by chaotic material accumulating sandstone fragments within a soil-like matrix. Added to this, meteoric water permeability strongly differentiates within the weathering zone. Along the southeast-facing bluff of the village, dormant landslides are a common feature. The interface between the bedrock and sliding masses is encountered at the bottom of the weathering zone, forming shallow and elongated landslides. The weathering and the reduction in shear strength during heavy rainfall are considered important factors in triggering these landslides.




2.2. Description of Instabilities and Surveying Campaigns


The first known landslide event occurred on 28 January 2021 as a result of heavy rainfall during the previous day (daily total 93.6 mm). A few days later, on 8 February 2021, our team started the systematic mapping and monitoring of the landslide. Fieldwork tasks, such as crack recognition and mapping (Figure 2) and the first UAV flight campaign, were performed over the entire area of interest. The initial landslide extent was measured at a width of 150 m and a length of 250 m (Figure 3). All the flight campaigns were performed with a DJI Phantom 4 Pro UAV and orthophotos were produced using Agisoft Metashape (Figure 3). Cracks were initially recognized, measured, and mapped in the field, and then they were digitized in an ArcMap environment (Figure 3). The extent of the first landslide was measured at 31,906 m2 (Table 1), while 346 cracks were recorded after the first landslide. As can be easily observed in Figure 3, the dimensions of the cracks vary. Their length ranges from some cm to more than 161 m. In addition, their depth also ranges from 1–2 cm to almost one meter (Figure 3).



The second and more severe event happened on 12 December 2021 as a result of intense rainfall during the previous day (daily total 86 mm). The landslide extent is presented in Figure 4. The landslide extended both in width and length and provoked damage to three of the village houses. The main road of the village was destroyed, and the connection from Ano Kerassovo to Messolonghi was interrupted. As can be noted in Figure 4, the main road (black line) was buried under tons of wasted materials. The width of the landslide reached 380 m, while the length exceeded 380 m. The total extent of the landslide increased by more than 300% in comparison with the initial one, which was estimated at 107,221 m2. More than 437 new cracks were detected and digitized from the new orthophoto map (Figure 4). In order to facilitate the reader, the newer cracks are represented in red, and the older ones (from 8 February 2021) are illustrated in blue.



The next field campaign was performed on 25 September 2022 after the summer period and before the beginning of the new hydrological year (1st of October, as specified for Greece). The landslide increased its dimensions in length and width (Table 1 and Figure 5). The width of the landslide reached 480 m, while the length exceeded 520 m. The total extent of the landslide increased by almost 600% in comparison with the initial one, which was estimated at 171,747 m2. A total of 524 new cracks were detected and digitized from the new orthophoto map (Figure 5). Their length varied from 0.3 to 36 m. As previously mentioned, the newer cracks are represented in red, and the older ones (from 14 December 2021 and 8 February 2021) are displayed in blue and cyan respectively. It is very important to mention that the new cracks are detected at the edge of the landslide perimeter on the north and west side of the landslide. It is also very important to mention that some new cracks appeared in the northeast part of the orthophoto, about eighty meters east of the previously damaged houses.



In order to continue the monitoring of the landslide, three permanent pillars for GNSS measurements were installed: two at the center of the landslide and one at the northern edge of the landslide. Those positions are presented with magenta triangles in Figure 2, Figure 4 and Figure 5. The monitoring of the landslide is still ongoing with repeated field campaigns (Table 2).



In Figure 6, an overview of the evolution of the landslide extent in the three dates of fieldwork is presented. It can be easily observed that the landslide is growing mainly to the north and east, affecting more and more of the main settlement of Ano Kerassovo.




2.3. Meteorological Information


Meteorological data were analyzed in order to examine if there was a correlation between the weather conditions, i.e., precipitation and wind, and landslide occurrence. The nearest permeant meteorological station is situated in Agrinion City. Extended and intense rainfall is the most common triggering mechanism of landslides worldwide, and it is often used for the prediction of slope failures. The statistical graphs, illustrated in Figure 7 and Figure 8, display the annual rainfall statistics as recorded at the nearest local meteorological station, providing a better understanding of the landslide events in the broader area of Ano Kerassovo. Figure 7 and Figure 8 depict the max daily rain in 2021 and 2022 at the Agrinio meteorological station.



As can be noticed from the graphs (Figure 7 and Figure 8), the area experienced heavy rainfall in January 2021, with 93.6 mm of rain, leading to the occurrence of the first landslide event at Ano Kerassovo on 28 January 2021. A data analysis revealed that the index (month/max daily rain 2021) showed a significant decrease from January to July, falling from 93.6 mm to zero. The index then fluctuated over the last five months of the year, with October recording a high point of 88.8 mm and September a low point of 2.4 mm. In detail, four maximum points were noted in January, August, October, and December with 93.6 mm, 87.2 mm, 88.8 mm, and 86.8 mm of rain respectively. This is in accordance with the second and more severe event that manifested on 12 December 2021, proving that apart from rainfall intensity, rainfall duration and a generally wet environment have also a great influence on landslide hazard assessment. As can be observed in the following diagram of rainfall in December 2021, there was 256.8 mm of rain from 3 December to 11 December, and the total rainfall for the whole month was calculated at 299.4 mm (Figure 9).





3. Datasets and Methods


The precise mapping and monitoring of the landslide at Ano Kerassovo started a few days after the occurrence of the first slide on 28 January 2021 and continued until today. The last fieldwork took place on 11 April 2023. The surveys were executed at the beginning and the end of the rainy period, as well as on specific dates based on information about the evolution of the area from local residents. Our fieldwork includes the collection of UAV data, as well as high-precision GNSS measurements with 1–2 mm precision (Table 2) in permanent pillars. UAV flights are operated within 1 h using a DJI Phantom 4 Pro. This tetracopter is easily transferred into the landslide body and can be deployed in a limited space. It is equipped with a 20 MP camera and operates with a mechanical shutter, capturing images of 5472 × 3078 pixels. The flight campaigns were executed at an altitude of 120 m (above ground level), always following the same flight grid. The specific photogrammetric grid retains a 90% along-track and 75% across-track overlap between the acquired photos. Ten square 4.5″ black and white targets were allocated sparsely in the field during the UAV surveys. These targets were measured with a real-time kinematic GNSS receiver and used in order to geoereference UAV images and enhance the registration quality between the multi-dated orthophotos. All the collected images were processed using the same parameters in Agisoft Metashape software (v. 2.0.1., Agisoft LLC, St. Petersburg, Russia). In order to achieve the best 3D reconstruction, we used the highest-quality option for the alignment of the UAV photos. As described in previous studies [49,50] using the specific option, the camera positions are calculated more accurately. The ultra-high-quality option was also used for dense point cloud generation in order to achieve more detailed and precise depth maps. Regarding other processing steps, such as camera calibration and optimization, the suggested default options were chosen [49,50]. Using the ground control points collected in the field, all the derived products, i.e., orthophotos, and 3D point clouds, were projected to the Hellenic Geodetic Reference System of 1987. The total processing time for the UAV data is estimated at twelve hours.



During the flight campaigns, repetitive static GNSS measurements were performed at three permanent pillars inside the landslide body (Figure 3 and Figure 4). The guideline for the installation of the permanent GNSS pillar positions and the sequent observations were published in [47]. In more detail, these pillars were constructed by excavating a hole and placing a vertical steel rod, which was 1.5 cm thick and 120 cm long. At the top of each pillar, there is a 5/8″ pole for the performance of GNSS measurements. Performing static observations on permanent pillars located at key points within the landslide body guarantees the accuracy of the measurements. GNSS measurements were processed using simple mathematical equations in order to calculate the possible deformation from the initial three-axis measurements.



To examine if the archived PSI measurements can be used as future landslide indicators, we obtained data from the European Ground Motion Service (EGMS) [66]. The service provides systematic and accurate (millimeter-scale) ground deformation measurements over the Copernicus-participating countries. Applications such as infrastructure monitoring or geohazard analysis are viable through the service. EGMS measurements are based on the processing of Sentinel-1 imagery using PSI. Buildings, man-made structures, and areas without vegetation are used as permanent scatterers among the multi-temporal Sentinel-1 datasets. The calibration of PSI measurements is performed through data acquired by GNSS. The service distributes three types of products, namely Basic, Calibrated, and Ortho. The Basic level includes ascending and descending line-of-sight velocity maps with annotated geolocalization and quality measures for each point. Calibrated data consist of ascending and descending line-of-sight velocity maps, which are referenced to a model created by GNSS data. Finally, Ortho products provide motion components (horizontal and vertical), which are anchored to a reference geodetic model. In the current research, we utilized Ortho products in the village of Ano Kerassovo.




4. Results


4.1. UAV Results


To precisely monitor the area of interest, we performed repeated UAV campaigns. The collected data were processed appropriately, and three-dimensional models of the area of interest were generated. Afterward, the generated 3D models were aligned using the iterative closest points (ICPs) algorithm. Figure 10a illustrates the point cloud that emerged from the UAV flight executed on 25 September 2022. The specific point cloud was used as a reference to identify topographic alterations over time. A cloud-to-cloud change detection (C2C) methodology was applied between the reference and the multi-dated point clouds into CloudCompare software. C2C estimates the distance to the closest in the compared cloud for every point. The results of the aforementioned approach are displayed in Figure 10b–d. Specifically, Figure 10b presents the topographic changes between the point clouds, obtained on 25 September 2022 and 20 December 2022. These variations are highlighted in green, and they are related mainly to vegetation changes. Surface deformation occurred between the point clouds, acquired on 25 September 2022 and 25 January 2023, and is depicted with greenish to yellowish shades in Figure 10c. Deformation of the specific period is particularly obvious and intense, with surface changes ranging from 0.7 to 1.8 m. It is evident that rainfall events strongly affected the entire region. The most recent UAV campaign, performed on 11 April 2023, revealed that the landslide is still active, but the prevailing force is the at-depth erosion, which shapes the study area relief. This is clearly noticeable in Figure 10d, in which more areas have been altered.




4.2. GNSS Results


The installed permanent GNSS pillars were also surveyed during the repeated field campaigns (Table 2). The northern observation position was covered by landslide material a few months after installation. Therefore, GNSS analysis was performed only on the remaining two positions. The analysis of the GNSS time series is depicted in Figure 11a,b. The charts display the variations of the three-axis coordinates in time. As can be observed, permanent pillar 1 presents the greatest topographic changes, reaching 7 cm of deformation on the x-axis and almost 25 cm on the y-axis within the last four months. The vertical deformation was measured at 7 cm for the same period. Concerning permanent pillar 2, surface variations are measured at 10 cm for the x-axis and 20 cm for the y-axis. Overall, the larger deformation is detected in the y-axis, which is aligned to the landslide azimuth direction.




4.3. PSI Analysis


To extend the observation period and fully understand landslide evolution and dynamics, we acquired PSI measurements from the EGMS. PSI locations are displayed in red dots in Figure 12. As can be noticed, there is a PSI location within the current extent of the landslide. The specific point presents a surface deformation between 2016 and 2021, estimated at 4.10 mm/year. The more detailed analysis of the time series demonstrated that archived PSI captured the initial landslide deformation phenomena. In particular, a sudden 2 cm subsidence was observed in the time series after the occurrence of the first landslide episode on 28 January 2021. This subsidence is marked with a dashed black rectangular in Figure 13. In light of this, we examined PSI deformation rates over the entire village. We noticed that there were other two gradually deforming points inside the settlement, displaying almost identical subsidence rates (Figure 12).





5. Discussion


In the current study, UAV-derived products, GNSS measurements, and field observations were combined with archived PSI data in order to monitor and predict the possible evolution of an active landslide in Ano Kerassovo village. The results from the UAV point clouds comparison, the measurements of the permanent GNSS pillars, and the field observations lead to the conclusion that the landslide is always active and right now is in the vertical erosion phase. As can easily be noticed in Figure 14, there are many deep cracks on the main road and in the whole landslide body. Those cracks are the beginning of new deformations and mass wasting that explain the volume differences that are measured in the point clouds comparison.



It was proven that the main triggering factor for the landslide occurrence was heavy rainfall. The first landslide event was manifested after a daily rainfall height of 93.6 mm, while a total rainfall of 256.8 mm within a week triggered the second reactivation. Since then, the landslide is still active, presenting slower deformation rates, as rainfall height was lower during 2022 than in previous years.



There are many studies published in the last years pointing out the usefulness of InSAR techniques, UAV photogrammetry, and GNSS technology for landslide monitoring. However, there are very few combining all the previously mentioned techniques.



Our methodology and results are in accordance with some previously published studies. Eker and Aydin 2021 also used archived PSI data, aerial photos, and UAV images in order to monitor an active landslide long-term [57]. They also used a 3D point cloud comparison in order to measure the volume deformation. In another similar study by Razi [59], PSI analysis was performed on ALOS PALSAR data, and the results were compared to UAV data and GNSS measurements. Other researchers combined GNSS measurements, UAV data, ground-penetrating radar data, and geotechnical techniques in order to monitor a landslide in Romania. Using interdisciplinary monitoring, it was proven that the slope was undergoing surface erosion, and soil displacements were detected [60]. A combination of PSI data and UAV photogrammetry was also presented by [56]. In particular, they used PSI data derived from 25 ENVISAT SAR images and UAV photogrammetry to monitor displacements in a resort in Granada, Spain. Themistocleous et al. presented an integrated ground deformation monitoring study by combining INSAR data, UAV imagery, and GNSS measurements [58]. The study area was a UNESCO World Heritage Site in Cyprus named Choirokoitia.



A noticeable novelty in the current study is the effort to predict the future evolution of the specific landslide based on archived PSI data and the UAV and GNSS measurements. Figure 15 presents an overview of the broader area. The landslide extents at different dates and the position of the PSI are displayed together.



Inside the landslide body, there was a PSI measurement that is allocated almost in the center of the sliding area. It is included in the first landslide perimeter. The specific PSI measurement demonstrated a pure subsidence of −4.1 mm/y for the five-year period from 2016 to 2021. This subsidence could be a warning signal for the landslide occurrence. Inside Ano Kerassovo village, there are two PSI measurements depicting subsidence estimated at 2 mm/y. These points should be regularly monitored for future landslide events. In addition to GNSS measurements and crack mapping from the UAV orthophotos, we assume that the landslide will progress to the northeast in the near future. The time of the expansion depends on the rainfall, which remains the main triggering factor.




6. Conclusions


A large landslide affecting Ano Kerassovo village in Western Greece is monitored using UAV images, GNSS measurements, and archived PSI data obtained from the European Ground Motion Service. The key points of the current study are summarized below:




	
The occurrence of the landslide in January 2021 and its reactivation in December 2021 were both triggered by heavy rainfall.



	
The landslide is still active and, in the current period, is in the vertical erosion phase.



	
PSI measurements from 2015 to 2021 demonstrated high subsidence rates at many points inside and outside the landslide body.



	
It is proven that archived PSI measurements can be used as an indicator of possible landslide initialization points.



	
PSI measurements can be used for small-scale large area investigations, while UAV and GNSS data can precisely identify microscale deformations.








Considering all aspects, we assume that the landslide will be expanded in a northeastern direction.



Summarizing the current study, it is proven that multidisciplinary remote sensing methodologies can provide the necessary information to study landslide evolution in different scales and extents. The same approach can be applied in other monitoring applications such as volcanic monitoring, mine monitoring, and monitoring of subsidence related to human activities. However, some limitations of the technique should be taken into account, such as (a) the proper execution of UAV and GNSS campaigns and (b) the correct interpretation of the results.
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Figure 1. Location of the area of interest. 
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Figure 2. Fieldwork on 8 February 2021 in Ano Kerassovo village. (Upper): A characteristic UAV photo. Cracks are easily detected. The red arrow illustrates one large crack upward from the main road with a depth of almost one meter. (Bottom): The same crack as captured from a ground-based perspective. 
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Figure 3. Map of the first landslide event as recorded by the UAV campaign on 8 February 2021. The red (dashed) line represents the landslide extent, and the continuous red lines depict the cracks. 
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Figure 4. Map of the second landslide event as captured on 14 December 2021. The red (dashed) line represents the landslide extent, and the continuous red lines correspond to the cracks. In blue are the cracks that were recorded after the first event on 8 February 2021. 






Figure 4. Map of the second landslide event as captured on 14 December 2021. The red (dashed) line represents the landslide extent, and the continuous red lines correspond to the cracks. In blue are the cracks that were recorded after the first event on 8 February 2021.



[image: Remotesensing 15 02870 g004]







[image: Remotesensing 15 02870 g005 550] 





Figure 5. Map of the landslide event on 25 September 2022. The red (dashed) line represents the landslide extent, and the continuous red lines display the cracks. In blue and cyan are the cracks that were recorded after the first two events of 2021. 
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Figure 6. An overview of the evolution of the landslide extent. The stripe pattern depicts the landslide extent on 8 February 2021, with yellow representing the landslide area on 14 December 2021 and red representing the extent of the landslide on 25 September 2022. 
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Figure 7. Max daily rainfall per month for 2021 (data obtained from the National Observatory of Athens). 
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Figure 8. Max daily rainfall per month for 2022 (data obtained from the National Observatory of Athens). 
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Figure 9. Daily rainfall for December 2021 (data obtained from the National Observatory of Athens). 
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Figure 10. Cloud-to-cloud comparison. (a) Initial UAV point cloud acquired on 25 September 2022. (b) C2C distances calculated between the point cloud of 25 September 2022 and the respective point cloud of 20 December 2022. (c) C2C distances calculated between the point cloud of 25 September 2022 and the respective point cloud of 28 January 2023. (d) C2C distances calculated between the point cloud of 25 September 2022 and the respective point cloud of 11 April 2023. 
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Figure 11. (a) GNSS variations of the coordinates of permanent pillar 1 over time. The x-axis corresponds to the multitemporal GNSS surveys, while the y-axis illustrates the calculated displacements. (b) GNSS variations of the coordinates of permanent pillar 2 over time. The x-axis corresponds to the multitemporal GNSS surveys, while the y-axis illustrates the calculated displacements. 
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Figure 12. Analysis of the archived PSI measurements. 
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Figure 13. PSI measurements in the landslide area. After the occurrence of the first landslide episode on 28 January 2021, subsidence is marked with a dashed black rectangular box. 






Figure 13. PSI measurements in the landslide area. After the occurrence of the first landslide episode on 28 January 2021, subsidence is marked with a dashed black rectangular box.



[image: Remotesensing 15 02870 g013]







[image: Remotesensing 15 02870 g014 550] 





Figure 14. Field observations. (a) Spatial distribution of the crack across the road (b). In-depth erosion along the crack. 
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Figure 15. Overall view of the multitemporal landslide extents along with PSI locations. The different colors display the evolution of the landslide over time, while the red dots correspond to PSI locations. 






Figure 15. Overall view of the multitemporal landslide extents along with PSI locations. The different colors display the evolution of the landslide over time, while the red dots correspond to PSI locations.



[image: Remotesensing 15 02870 g015]







[image: Table] 





Table 1. Evaluation of the extent of the landslide during the multitemporal surveys.
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	Date of Field Campaign
	Landslide Extent in Square Meters





	8 February 2021
	31,906



	14 December 2021
	107,221



	25 September 2022
	171,747
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Table 2. Multitemporal monitoring surveys.






Table 2. Multitemporal monitoring surveys.











	Date
	Field Measurements
	UAV Campaign
	GNSS Surveys





	8 February 2021
	X
	X
	



	14 December 2021
	X
	X
	



	25 September 2022
	X
	X
	X



	20 December 2022
	X
	X
	X



	28 January 2023
	X
	X
	X



	11 April 2023
	X
	X
	X
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