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Abstract

:

Deep-seated gravitational slope deformations (DsGSDs) are slope-scale phenomena which are widespread in mountainous regions. Despite interacting with human infrastructures and settlements, only a few cases are monitored with ground-based systems. Remote sensing technologies have recently become a consolidated instrument for monitoring and studying such widespread and slow processes. This paper proposes a three-step novel methodology to analyze the morpho-structural domain of DsGSDs by exploiting the advanced Differential Synthetic Aperture Radar Interferometry (A-DInSAR) technique through (i) the analysis of A-DInSAR measurement point density and distribution defining a coverage threshold; (ii) the assessment of the actual ground deformation with respect to the orientation of phenomena based on slope, aspect, and C-index; and (iii) ground deformation mapping with previously ranked velocity interpolation. The methodology was tested on two differently oriented phenomena: the mainly north–south-oriented Croix de Fana and the mainly east–west-oriented Valtournenche DsGSD, located in the Aosta Valley Region, northern Italy. The results show a variation in the kinematic behavior between the morpho-structural domains, while also considering any other superimposed surficial deformations. This work provides the lines for the implementation of a rapid and low-cost tool based on the use of A-DInSAR measurements which are suitable for assessing the impact of any type of DsGSD on the anthropic facilities and infrastructures in mountainous areas.
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1. Introduction


Deep-seated gravitational slope deformations (DsGSDs) widely affect mountainous landscapes worldwide [1,2,3]. Among the natural hazards, these large slow-moving phenomena mainly present a not impulsive evolution, but extremely continuous over a long period, posing a certain risk for human facilities [4,5,6].



These huge phenomena extend for several kilometers in length and hundreds of meters in depth, involving entire valley flanks, dislocating large rock volumes through a continuous slow creeping displacement, and potentially evolving in local collapses [7]. Because of the giant extension and the prolonged continuous deformation over thousands of years [7,8], the evolution of DsGSDs implies a combination of different controlling factors with variable interactions [3]. Distinct geomorphological signs, mainly represented by persistent linear morpho-structural elements, are associated with DsGSD evolution. Generally, double or multiple ridges, scarps and counterscarps, open or infilled trenches, downthrown blocks, graben, and ridge top depressions can be recognized in the upper slope portion, suggesting an extensional deformation regime. Conversely, a compressive deformation style characterizes the middle-lower slope sector, highlighted by toe bulging, buckling folds, intensely fractured rock masses and often secondary nested landslides. These characteristics involve a high spatial and temporal heterogeneity, with strain partitioning in distinct morpho-structural domains, with different modes of deformation and rates of displacement [8,9,10].



The heterogeneity in diverse deformation regimes, combined with the huge volumes involved, make the characterization of DsGSD mechanisms and their activity and behavior a challenge, mainly in terms of impact assessment on anthropic elements and of risk reduction policy definition. Recently, in the literature, diverse approaches and methodologies have been proposed for a proper characterization of these complex phenomena. Advanced remote sensing technologies, spanning from Lidar-based geomorphic analysis [11,12] to Differential Synthetic Aperture Radar Interferometry (DInSAR), have been proposed to spatially and temporally characterize the DsGSDs behavior [13], their impact on structures and infrastructures [5,14], and their state of activity [15,16], which has proven to be extremely effective for DsGSD investigation. However, a comprehensive slope-scale characterization of these massive phenomena to assess the variable displacement pattern and their complexity, distinguishing the distinct kinematic domains, remains an open issue. Advanced DInSAR (A-DInSAR) approaches are consolidated tools to investigate the slow-moving phenomena that affect slopes [17,18], providing the possibility to investigate ground deformation over wide areas with sub-centimeter accuracy [19,20]. Nevertheless, their application in mountainous areas remains challenging due to some limitations arising from the spatial characteristics of the sensor datasets, the residing meteorological condition, and the snow and vegetation cover, which may cause a high reduction in measured points coverage and an uneven distribution, which is inadequate for a comprehensive spatial analysis of displacement patterns [21,22]. High-resolution A-DInSAR analysis [23] has been largely exploited for landslide risk assessment, allowing for the monitoring of Persistent Scatterers (PSs), i.e., targets that are characterized by an electromagnetic response, which remains coherent over observation periods that even span years [24]. Moreover, recent advancements within the high-resolution A-DInSAR processing context have highlighted the possibility of increasing the measurement point density, thus improving the monitoring capabilities. PSs and Distributed Scatterers (DSs), i.e., targets undergoing decorrelation phenomena typically located in rural/sparsely vegetated areas, can be also selected in a more general multi-resolution framework. A possibility for doing so is offered by the SqueeSAR [25] or the Component extrAction and sElection SAR CAESAR [26,27,28] methods, which smartly fit the heterogeneous scattering response of the imaged ground scene. CAESAR [23], used in this work, allows for the preservation of PS information in areas where a high density of PSs is expected, at the same time thickening the measurement points where DSs are typically expected to be by exploiting a spatially variable multilook degree. In addition, it is important to note that the Line of Sight (LOS) of the sensor is, generally, almost perpendicular to the north–south direction, and SAR interferometric data stacks are acquired over ascending and/or descending orbit typologies. This leads to the LOS being directed mainly toward the east or west, respectively. Consequently, the system has an intrinsically low sensitivity to north–south deformation components. A procedure that assumes a prevalent translational movement along the steepest slope direction for each PS [29,30,31] should be considered to partially overcome this problem.



In this paper, a multi-step methodology based on Sentinel-1 images, processed by using the CAESAR detector (CAESAR-D) [32], for a slope-scale characterization of the morpho-structural domains of DsGSDs has been implemented. The methodology was applied to two phenomena located in the Aosta Valley Region (north-western Italy) characterized by opposite orientation sensitivity, i.e., Croix de Fana DsGSD, mainly north–south-oriented, and Valtournenche DsGSD, mainly east–west-oriented. In order to assess the slope spatial evolution, a PSs coverage analysis of the distribution of measurement points for an appropriate characterization of DsGSD domains behavior was carried out. Subsequently, to investigate the sensitivity of the LOS displacements in slope deformation measurements from the real slope displacement, a SAR data suitability analysis based on the matrix analysis of the measurement points jointly considering slope and aspect, and satellite geometries, was implemented in order to obtain ranked ground deformation maps derived from fileted PSs interpolation.



The proposed methodology offers a novel approach for analyzing and defining the complex behaviors of deep-seated natural phenomena and pinpointing crucial and vulnerable sectors, contributing to assessing geohazards and managing the associated risk in mountainous regions affected by these huge phenomena.




2. Materials and Methods


To characterize the DsGSD evolution and analyze their morpho-structural domains, a methodology based on the exploitation of measurement points retrieved by the multiresolution CAESAR-D processing [32] of Sentinel-1 datasets acquired on ascending and descending orbits over the Aosta Valley Region (north Italy) was developed. The implemented approach is structured in three main steps: (i) SAR data coverage analysis; (ii) SAR data suitability analysis; and (iii) SAR data interpolation. The entire workflow is schematized in Figure 1. To establish the capability of this procedure, the methodology was tested on two slope instabilities characterized by orthogonal orientation to assess the degree of the variability of the slope and aspect of each domain and evaluate the suitability rate of the SAR datasets in the slope surface deformations analysis.



2.1. DsGSD Morpho-Structural Domains


The DsGSD phenomena considered in this work are located in the north-western part of the Italian Alps, in the Aosta Valley Region (Figure 2), i.e., the Croix the Fana DsGSD, located in the middle portion of the main valley, and the Valtournenche DsGSD, located in the namesake lateral valley. These case studies are representative of this mountainous territory, highly affected by DsGSDs (about 13% of the regional territory), and are two of the most extensive active deep-seated phenomena with distinctive easily recognizable morpho-structural domains [9,33].



The Croix the Fana DsGSD covers an area of about 13 km2, located on the north side of the east–west-oriented main valley. The phenomenon ranges between 525 m a.s.l. along the Dora Baltea River and 2211 m a.s.l. in correspondence with the Croix-de-Fana peak, involving part of the Quart municipality and affecting a series of strategic infrastructures such as roads, rail networks, and the penstock of the hydroelectric plant of Quart (Figure 2b). From a geological point of view, the bedrock outcropping is mainly represented by lithotypes belonging to the Piedmont Domain, here represented by prasinites and calcschists with the intercalation of mica marbles and metabasites, and to the Austroalpine System represented by orthogneiss, fine-grained gneisses, and subordinate amphibolite lenses. The whole slope has a glacial footprint superimposed with watercourse activities and the gravitative landforms. The DsGSD phenomenon, mainly north–south-oriented, apart from the easternmost sector incised by the Saint Barthélemy torrent, displays a mean slope gradient ranging from 20° up to 30°. An extended scarp of about 3.2 km in the western portion of the DsGSD, variably oriented N40°–N10°, associated with a series of counter scarps forming, forms a graben structure. This setting displays an upper extensional zone (morpho-structural domain A) [35], extended by the Croix-de-Fana peak up to the Avisod and Fonteil hamlets. A series of other typical gravity-induced features, such as trenches, scarps, and elongated depressions, are identifiable along the slope, mainly distributed in the B, D, and E domains, sectors already distinct in the Italian Landslide Inventory IFFI [34,36] based on geomorphological criteria. The lower portion (domain C) is characterized by a compressional kinematic, evidenced by highly fractured rock masses, locally involving and overlapping the glacial deposits, pointing out the complex evolution of this phenomenon [37]. Moreover, evidence of rock dissolution is testified by the presence of local depression and sinkholes [38]. In domain F, mainly west-oriented, it is important to note the complex landslide located in the eastern portion of DsGSDs, i.e., the Vollein landslide, currently monitored in the regional early warning system network [39].



The Valtournenche DsGSD extends for about 4 km2 in the middle portion of the Valtournenche valley, affecting the namesake village up to the Paquier locality. The phenomenon ranges from 300 m a.s.l. along the valley bottom up to about 2800 m a.s.l., with a mean slope gradient from about 15° to 30°. From a geo-lithological point of view, the area affected by the DsGSD presents a series of mafic rocks as gabbroid rocks, and lithotypes in the greenschist facies as serpentinites, micaschscists, calcschists, and prasinites pertaining to the Piedmont Domain. The slope has been reshaped by glacial and gravitative processes that have hidden or revealed the basement rocks. The upstream sector (domain A) corresponds to a steep slope sector superimposed by two east–west-extended landslides. Along the watershed, extended debris coverages are also observable. The middle portion corresponds to a gentle slope sector (domain B), partially affected by landslide deposit accumulation. A noticeable secondary scarp, north–south-oriented, separates this sector from the lower one (domain C), which affects the Paquier hamlet. The downstream sector (domain D) displays a gentle slope corresponding to the most urbanized area, with a local inactive landslide (L3), catalogued in the IFFI, which is recognizable in the northernmost sector.




2.2. Sentinel-1 Datasets and A-DInSAR Processing Methodology


The SAR datasets consist of 336 scenes along the ascending orbit (track 88) and 278 scenes for the descending orbit (track 139), acquired using Sentinel-1 A and B satellite sensors in the C-band, over an area of the Western Italian Alps. The acquired images cover the period from late 2014 (i.e., October for the descending dataset and November for the ascending one) to June 2021. Both datasets were processed with a two-step A-DInSAR processing procedure. The first step, implemented with a Small BAseline Subset (SBAS) approach [40,41], allows for the compensation of the atmospheric phase screen and the estimation of small-scale (low-resolution) displacement. The second step implements a model-based detection of PSs/DSs via the multi-resolution component extraction and selection SAR (CAESAR) detector (CAESAR-D) [32]. This detector is able to increase the density of measurement points via a spatially variable multilook. It allows preserving Permanent Scatter (PS) information in areas where a high density of PSs is expected, at the same time improving the density of measurement points where Distributed Scatters (DSs) are typically expected to be. In this way, for each measurement point in the study areas, the Line of Sight (LOS) mean deformation velocity (VLOS) relative to the period of observation (i.e., 2014–2021) is obtained. Figure 3 shows the distribution of the measurement points with the LOS velocities for the ascending (VLOSa) and descending (VLOSd) geometries.



The ascending and descending data were also exploited to project the LOS velocities along the steepest slope (VSLOPE) based on the C-index [29,31] application using Equation (1):


VSLOPE = VLOS/C



(1)




where C is given by:


C = {N × [COS(s) × SIN (a − 90)]} + {E × [−1 × COS(s) × COS(a − 90)]} + [H × SIN(s)]



(2)




where N, E, and H are the directional cosines of the radar LOS, and a and s are aspect and slope gradients, respectively. For VSLOPE computation, to avoid any exaggeration, all the coherent pixels characterized by a C value between 0.2 and −0.2 were removed, as thoroughly explained in Section 2.3. Additionally, only measurement points with a slope gradient above 5° have been projected, considering that low slope degree may be affected by other processes unrelated to slope movement, such as subsidence or local deformation; consequently, their projection will be biased. For C-index computation, slope and aspect values were derived from the STRM 30 m digital terrain model (DTM) to reduce and smooth out the slope morphology variations.



Moreover, ascending and descending datasets allowed us to compute the E-W and vertical components of LOS velocity using Equations (3) and (4), respectively:


Vew = (VLOSd/hd − VLOSa/ha)/(ed/hd − ea/ha)



(3)






Vv = (VLOSd/ed − VLOSa/ea)/(hd/ed − ha/ea)



(4)




where ha, hd, ea, and ed correspond to the directional cosines of ascending (a) and descending (d) LOS vectors derived from the incident angle and LOS azimuth of the satellite used.




2.3. SAR Data Coverage Analysis


The PS spatial distribution plays a key role in ground deformation analysis, particularly for the spatial characterization of extensive deep-seated phenomena such as DsGSDs. This poses a challenge in DInSAR technique application in mountainous areas, mainly related to complex topography with variable high slope gradients, land use coverage characterized by widespread forested areas, and snow cover for a long period of the year. Hence, in the first phase of the implemented methodology, a spatial analysis of the measurement points has been executed at the morpho-structural domain scale. The SAR data coverage analysis aims to assess the suitable distribution and density of measurement points, excluding areas with an uneven distribution of points, to ensure a proper characterization of ground deformation in a reliable way. Firstly, spatial data coverage was computed by dividing the areas of interest into a 100 × 100 m grid. Afterwards, the density of the measurement points related to all available datasets internally to each cell was calculated. In accordance with [42,43], all the cells with a density value lower than 30 PSs/km2 were discarded. The imposed density threshold allows us to better estimate the slope deformation, computing the PS Coverage (CPS) for each domain with the following equation:


CPS = Vc/Tc



(5)




where Vc are the valid cells with density value ≥30 PS/km2, and Tc is the total number of the cells within each area of interest. An empirical threshold corresponding to a coverage value of 25%, under which the result may be considered unreliable, was fixed. First, we exploited the VSLOPE dataset for the data coverage analysis, being a derivable datum from all cases of slope orientation, as well as being the dataset with the highest measurement point abundance. The same analysis was also carried out for the other datasets available to verify whether each sector reached a CPS > 25% (Supplementary Material, Table S1).




2.4. SAR Data Suitability Analysis


The adoption of DInSAR techniques allows us to measure the average velocity along the LOS of the satellite only. Thus, with the LOS mainly belonging to the plane containing the vertical and east–west directions, an intrinsic low sensitivity to north–south deformation components occurs. Hence, the capability to detect ground surface deformation is notoriously affected by some limitations, mainly related to the slope topography setting (i.e., slope and aspect) and the acquisition geometries of the considered satellite (i.e., incident angle θ and azimuth φ) [21,29,44].



To evaluate the LOS displacement sensitivity compared to actual slope displacement, a Dataset Suitability Ranking (DSR) was computed. Firstly, the matrixes of C-index values for both ascending (Ca) (Figure 4a) and descending (Cd) (Figure 4b) geometries were computed, considering every possible combination of aspect and slope. The value represented in each cell of the matrixes Ca and Cd is the C index that was calculated with Equation (2) using the slope gradient (y-axis), the aspect (x-axis), and the LOS cosine for both ascending (Ca, Figure 4a) and descending (Cd, Figure 4b) geometries. We grouped the C index values into 5 classes. In particular, the classes with C-index values over 0.2 (green, cyan, and blue cells) represent the VLOS progressively near to the ground truth velocity, the class with the range −0.2–0.2 (red cells) represents the slopes with the geometry combination settings that cause over-estimated VLOS projection, and finally, the C-index values below −0.2 (grey cells) represent the slopes with reverse values of VLOS (e.g., positive descending VLOS on slope toward east). Then, combining the Ca and Cd matrixes, a third matrix representing the classified DSR values was obtained (Figure 4c) using the parameters defined in Table 1. Through a step-by-step conditional procedure, the DSR matrix is compiled. Each class of DSR is defined with (i) a combination of Ca and Cd thresholded values; (ii) the slope orientation, predefined aspect classes, N, S, E and W; and (iii) a slope gradient threshold (where necessary) that depends on the LOS incidence angle, which is based on the maximum slope values for the class C < −0.2.



The classified DSR suggests the most suitable velocity type to use for the ground deformation analysis. Therefore, once the average orientation of the phenomenon of interest is known, it is possible to check the suitability of the dataset.



According to Figure 4c and Table 1, four main cases based on the combinations of slope and aspect were defined, with their relative quality rankings.



Case 1a–d: In this case, both Ca and Cd have an absolute value > 0.2 and the slope is oriented toward the east (±45°) for sub-case 1a or the west (±45°) for sub-case 1d. The slope gradient is <30° (for the used Sentinel-1 incidence angle). This case has a high-quality ranking because it has the best orientation and allows for the use of all velocity datasets. When both geometries are available, the resolved E-W and vertical velocities (Vew, Vv) are the most suitable dataset, followed by ascending VLOSa for Case 1a and VLOSd for Case 1d. The VSLOPE also can be used as a reliable dataset.



Case 2a–d: In this case, the slope orientation is toward the east (±45°) and Ca > 0.2 (Case 1a), or west (±45°) and Cd > 0.2 (Case 2d). For the used Sentinel-1 incidence angle, the slope gradient is >30°. This case has a medium-high quality ranking and allows for the use of the ascending dataset (VLOSa) for the eastern slope and descending dataset (VLOSd) for the western slope as the most reliable results, followed by the VSLOPE that still has reliable values. The resolved velocities (Vew, Vv) are usually difficult to compute because of the high slope gradient. On such steep slopes, one of the two geometries is affected by well-known topographic effects (e.g., foreshortening, layover) that decrease the density of measurement points.



Case 3: In this case, at least one of the geometries should have C > (|0.2|) and the slope orientation toward the south or north (±45°). The slope gradient is not a constraint. This case has a low-quality ranking, hence the VSLOPE or Vv (when both ascending and descending velocities are available) allow us to obtain a reliable velocity. The east–west component can also be computed, considering that it strongly underestimates displacement.



Case 4: In this case, both datasets have a C < |0.2|. This condition is the worst case because all datasets are affected by low reliability. However, this is limited to a small combination of slope/aspect: it corresponds to slope-oriented N-S with a low slope gradient.



Following the schemas shown in Figure 4 and Table 1, the DSR of each polygon representing a sector of DSGSD or a landside was computed using the field calculator in the GIS environment.



It is important to note that, since the LOS velocity projection along the slope is resolved, assuming that the displacement occurs along the maximum slope direction, it could be affected by some biases. Instead, the Vew and Vv components are resolved without any additional hypothesis on the basis of a vectorial composition of ascending and descending VLOS. Hence, for Case 3, the VSLOPE is an estimated velocity that probably corresponds to ground truth. At the same time, the vertical component, even if it underestimates the total displacement, is not affected by a priori assumptions or bias.




2.5. SAR Data Interpolation


A spatial analysis was performed, interpolating the filtered measurement points by exploiting the results obtained in the previous stages. Following the priority obtained with DSR, each velocity type was interpolated. Using an open-source GIS environment, i.e., QGIS, we interpolated the diverse velocity typologies with the Inverse Distance Weighting (IDW) tool. The IDW technique is particularly well suited for constructing ground deformation maps through the exploitation of SAR data because the tool operates on the premise that neighboring PSs exhibit stronger correlations compared to distant measuring points [45,46]. The interpolation radius was set to 100 m, while the minimum number of points was set to 2. These values were chosen to be coherent with the previous density threshold of 30 PS/km2. To obtain smoother results, we also empirically set the ‘weighting power’ parameter to 2, and the ‘smoothing’ one to 10. Moreover, using the SAGA (System for Automated Geoscientific Analyses) library available on QGIS, we applied the ‘Simple filter’ tool by setting the radius to 10 to further smooth the results obtained via the IDW interpolation process. Smoothing operations serve to obtain a more readable spatial distribution of deformations and the parameters controlling the intensity of smoothing must be set according to the degree of detail desired. It should be noted that over-smoothing means a loss of data. Depending on the cases previously identified (Section 2.4), the interpolation was performed following the priority given by the DSR qualitative ranking and considering only the inherent velocity types.





3. Results


The proposed methodology was applied and tested on the two orthogonal-oriented phenomena, i.e., Croix de Fana, north–south-oriented, and Valtournenche, east–west-oriented, selected as representatives of the best and weakest cases in terms of the orientation of the investigated phenomena.



3.1. PS Density Map


The SAR data coverage analysis allowed us to assess the finest distribution of the measurement points, focusing on each domain of the two considered phenomena. Figure 5 shows the percentage of the coverage (CPS) defined for each domain, considering as valid the cells with PS density equal to or greater than 30 PS/km2, obtained in the first stage of the implemented approach.



The Croix de Fana DsGSD domains (Figure 5a,c) show good coverage, with PS percentage coverage values computed for all the datasets above 37% for all the morpho-structural domains. The highest coverage values match the most urbanized areas, variably distributed along the slope with widespread hamlets and locality and extended natural areas with little or no vegetation. Quite good coverage has been observed for the Valtournenche DsGSD (Figure 5b,d). Most of the domains present a CPS greater than 40%, apart from domain B, which has poor coverage on all datasets, and domain A, which shows poor PS coverage in the VLOSa, Vew, and Vv datasets. The lack of data in domain B is mainly due to a large, forested area that limits the number of coherent pixels. Instead, the high density of the lower portion of the DsGSD (domains C and D) was observed, corresponding to a densely urbanized area. At the same time, a cluster with high PS density is localized between sectors A and B, related to unvegetated landslide accumulation (L1) and to vast debris coverage.



The CPS values computed for the other velocity datasets (Vew, Vv, VLOSa, VLOSd) are reported in the supplementary material (Table S1, Figure S1).




3.2. Data Suitability Ranking


Through the joint analysis of slope/aspect and C-index parameters, combined with the matrix analysis of the ascending and descending orbit, the DSR was determined for each domain (Figure 6).



The Croix de Fana phenomenon shows a variable degree in slope values, with an average slope ranging from 20 to 25° in the lower-central portions, i.e., B, C, and F, 25–30° in the upper domain A, up to 30–35° in the minor central domains D and E. Analyzing the aspect variability locally, the entire DsGSD is generally oriented toward the south, apart from the domain F, which is mainly oriented toward the south-east. Based on the sectors’ orientation toward the south (±45°) and the moderate slope gradient, all the domains of the Croix de Fana DsGSD were classified with low DSR (Case 3), corresponding to the VSLOPE and Vv component as the most suitable velocity type to be considered for reliable ground deformation analysis.



For the Valtournenche phenomenon, a slightly variable slope gradient was observed, with a steeper sector corresponding to the upstream portion of the DsGSD, domain A, with slope values of 20–25°, against the slope values of 15–20° of the other domains. The orientation of the DsGSD is generally toward the west, with a slight variation toward the north-west in the middle slope sector. Considering the general orientation toward the west and the low–moderate gradient slope, it was possible to classify all domains in the high DSR class (Case 1d). Therefore, excluding domain B that does not meet the minimum density threshold imposed, for the other domains of this DsGSD, the VLOS and the resolved Vew, Vv, and VSLOPE can be jointly considered and analyzed to assess the actual ground slope deformation and investigate the evolution of the phenomena.




3.3. Ranked Ground Deformation Maps


Following the criteria and the thresholds imposed in the SAR data coverage and SAR data suitability analysis, a series of ranked ground deformation maps were obtained for each considered phenomenon, using the IDW interpolation tool.



Based on the DSR classes, the highest sensitivity of ground deformation measurement for the main north–south-oriented Croix de Fana DsGSD can be interred from Vv and then VSLOPE datasets (Figure 7). The interpolation of the Vv dataset (Figure 7a) displays a prevalent downward component, with a general decrease from the upper to the lower portion of the DsGSD. Specifically, the highest deformation occurs in the upper part (domain A), mainly in correspondence of the extended graben structure, with a downward movement of −4.44 mm/yr. This trend gradually decreases from the medium portion (domains B-D-E) of about −3 mm/yr, to the lower portions (domains C-F) with movements close to the stability range. This pattern was confirmed by the ground deformation map derived from the interpolation of the VSLOPE (Figure 7b), with higher mean velocity in domain A (−11.7 mm/yr), in the range of −7–−9 mm/yr in the B-F-D domains to a lower deformation (about −3 mm/yr) in the C and F domains. The VSLOPE shows a high value compared to Vv, while the E-W component (not reported in the figure) shows values close to 0, which are coherent with the slope geometry. Thus, the high values of VSLOPE are likely related to a high north–south displacement component. The effect of the secondary landslide of Vollein (Lv), currently monitored as early warning in the regional monitoring network [39], displays a velocity range of VSLOPE of −5–−10 mm/yr. Note a relevant component toward the east around 6 mm/yr in correspondence to the Lv.



For the main east–west-oriented Valtournenche DsGSD, the highest sensitivity of ground deformation measurement can be inferred primarily from VLOSd jointly to the Vv, Vew, and VSLOPE datasets (Figure 8). Referring to the SAR data coverage analysis, the results obtained for domain B were unreliable due to poor coverage (lower than 25%). Consequently, these points were discarded in the interpolation procedure.



All the deformation maps obtained for the DsGSD of Valtournenche show a similar deformation pattern. Specifically, the maximum values of the LOS velocity related to the descending orbit are concentrated in domain C, near Paquier village, represented by a mean velocity value of −8.03 mm/yr, and in domain A, where the mean value of deformation is −5.19 mm/yr. Generally, it is possible to appreciate that the lower sectors of deformation (domains C and D) show widespread movement, with a slight gradient, while the upper part (domain A) shows a more irregular pattern. The VSLOPE dataset shows values slightly higher than VLOSd, which agrees with the high values of Cd on this west-oriented slope. It is worth observing, in the map of VSLOPE, a large cluster of high movement along the slope in correspondence with the most northerly landslide body (L1), with a mean of VSLOPE of about −20 mm/yr. The map of resolved velocities (Figure 8c,d) was also created for sectors C and D, excluding A and B domains that do not reach the CPS threshold. In the downstream sectors, moderate values of the downward component of the LOS velocity were detected, with mean velocity values ranging between −2 mm/yr (domain D) and −5 mm/yr (domain C). It is possible to note (Figure 8d) the presence of a predominant Vew component toward the west, compared to the vertical one with mean values ranging from −5 mm/yr (domain C) to −11 mm/yr (domain D). Moreover, the vectorial sum of the Vew and the Vv shows values near the VSLOPE, suggesting that the north–south component for this case is not significant and the datasets agree with slope geometries.





4. Discussion


An in-depth analysis of giant deep-seated slow-moving phenomena able to characterize their complex evolution and heterogeneous displacement pattern points out the need for a slope-scale investigation to analyze, in detail, the morpho-structural domains of each DsGSD and identify the most potential critical sector impacting the functionality of anthropic structures and infrastructures.



Due to the compound behavior related to multiple causal factors and the long-term evolution of these phenomena, the characterization of DsGSD deformation represents a challenging issue. Considering the extremely slow or very slow deformation trend, on-site monitoring is rarely used, apart from specific cases of point-wise ground-based measurements along sensitive infrastructures [47,48]. In such a context, the application of spaceborne DInSAR techniques proves to be a sustainable solution to remotely monitor and characterize these slow-moving phenomena, allowing us to measure ground surface displacements over large areas with millimeter precision [20,44,49]. However, the location of these phenomena in high mountainous areas entails well-known difficulties in effective DInSAR application. Local terrain complexities and high slope gradients, together with the acquisition direction of the considered satellite, could cause the geometric distortions (e.g., foreshortening, layover, shadowing) of SAR images. Moreover, extended forested areas and snow coverage for long periods of the year represent a constraint in SAR measurement point detection and its uniform distribution in the alpine territories. In the literature [5,42,50,51], it is stated that the number, distribution, and density of SAR data impact the correct assessment of the local-scale kinematic behavior. A proper SAR data coverage analysis led to identifying areas or domains with a small number of measurement points and uneven distribution, poorly representative of a proper interpretation of local deformation.



Moreover, it is known that DInSAR techniques allow us to measure only the component of the actual displacement along the satellite LOS, with a generally low sensitivity along the north–south direction [21]. Additionally, the complex topography, typical of mountainous areas, poses an additional challenge. To partially overcome this limit, previous studies assumed that the main movement occurs along the steepest slope and derived the VSLOPE values based on the C-index [31,43], thus providing a reasonable measure of slope deformation. In recent years, some studies have tried to specifically investigate the relationship between LOS displacement and the real displacement on the slope through a SAR visibility analysis [52,53], highlighting the importance of acquiring and defining the actual slope displacement from DInSAR-derived LOS displacement to guarantee a proper analysis of slope instability interpretation and characterization.



The proposed three-phase methodology tries to partially examine and overcome these issues by combining the analysis of the coverage of the available Sentinel-1 datasets with the evaluation of SAR suitability to measure ground deformation, allowing us to define a ranked investigation of the morpho-structural domain behavior of DsGSDs. Phase one of our methodology ensured the identification of such domains with a suitable PS distribution based on an empirical threshold (CPS) of measurement points density considered suitable to delineate potential variations and heterogeneities in the DsGSDs movement. The empirical CPS threshold can vary depending on the compromise between accurate analysis and the possibility of having information about many phenomena; in our cases, it was set as CPS > 25%. The proposed CPS ensures that the DInSAR data is spatially distributed and is above a specific density for each domain. The DSR led to the classified ranking of the morpho-structural domains based on their orientation suitability for DInSAR analysis. We defined four qualitative ranking classes, assigning the suitable velocities dataset for each one. The application of the implemented methodology on the two case studies shows that, for low-quality ranking Case 3 (i.e., Croix de Fana DsGSD, north–south-oriented), only the vertical velocity and the VSLOPE give fairly reliable displacement; instead, the high-quality ranking case (i.e., Valtournenche DsGSD, east–west-oriented) gives the possibility to use more velocity type with ground truth reliability (vertical and E-W velocities, VSLOPE and LOS velocities). In general, the proposed DSR matrix (Figure 4c; Supplementary Material Figure S2) shows that about half of the possible slope–aspect combinations have high or medium-high ranking, and only a tiny percentage (<5%) is the worst scenario. The C-index matrixes also show that the LOS incidence angle plays a role in defining the slope thresholds of high-quality class; in the case of Sentinel-1, it is relatively high (more than 30°), while for sensors with a low incidence angle (e.g., ERS, 23°), this decreases. In particular, for the Sentinel-1 datasets used in this work, the incidence angle equals 34° for the descending dataset and 39.2° for the ascending one. This characteristic and its global free coverage qualify Sentinel-1 as the best sensor to perform this analysis. Finally, the ground deformation maps are obtained from the interpolated velocity of the selected dataset (from DSR) only on the sectors with adequate CPS. This constraint aims to improve kinematic analysis only where data is sufficient and reliable with ground truth to reasonably reflect the heterogeneity and complexity of the DsGSD, with a strong segmentation of displacement. The obtained interpolated velocity maps revealed that the higher density provided by the CAESAR-D approach and Sentinel-1 sensor allowed us to locally characterize the kinematic of the whole phenomenon and the variability of deformation between morpho-structural domains, jointly considering measured point distribution and slope orientation with respect to the sensor LOS. The ranked maps may represent a valuable tool for identifying areas of high spatial variability in terms of deformation, specifically concerning their interaction with anthropic structures and infrastructures. Both DsGSDs affect partially urbanized areas; therefore, the slow and widespread deformations represent an element of risk for infrastructure and settlements. Specifically, the settlement of Paquier (Figure 9a), located in the lower part of the DsGSD of Valtournenche, revealed significant horizontal (to the west) movements in correspondence with domain C. On the other hand, the facilities of the hydroelectric plant of Quart cross multiple morpho-structural domains characterized by different deformation rates, subjecting the infrastructure to non-negligible deformation stress (Figure 9b) [54].



The ranked ground deformation maps also pointed out some surficial displacements not directly related to DsGSD movements but, for instance, attributable to minor secondary landslides or debris coverage. In contrast to some authors [43] that impose specific thresholds to entirely remove these surficial deformations, we operated through a geomorphological interpretation of each specific outlier observed. In the Valtournenche DsGSD, the local well-recognizable cluster within domain A, with a peak velocity (VSLOPE) of −73 mm/yr, was distinctly recognized. The local kinematic analysis revealed that this sector may be separated from the rest of the domain and geomorphologically referred to a nested landslide (i.e., L1), which the actual movement of the DsGSD can distinguish. Conversely, the landslides L2 and L3 appear revegetated and stabilized, without contributing to surface deformation. Instead, the movement registered over the debris coverage in the upper part of sector A should not be excluded from the velocity averaging because it is not possible to discriminate if it is related to shallow creep or deep-seated displacement due to its homogeneous rate compared to the rest of the domain.




5. Conclusions


This paper presents an innovative methodology for the study of ground deformation related to DsGSD phenomena through the effective exploitation of Sentinel-1 data. The three-step approach we propose allows us to locally characterize the morpho-structural domains of these massive phenomena, which typically exhibit heterogeneous spatial deformation, by assessing a suitable PS density and analyzing the sensitivity of LOS displacement measurement to slope orientation. Assigning quality classes to the datasets from the slope, aspect, and C-index parameters provided a suitable approach for the targeted analysis, specifically considering the main orientation of the investigated phenomena. This approach can help partially overcome some limitations related to DInSAR techniques (i.e., the relationship between satellite geometries and topography). In particular, the DSR provides a suitable procedure for ranking the velocity types to interpolate that better suits the considered geometry of the phenomenon. In general, while LOS and resolved east–west and vertical velocities are suitable for high DSR ranking (e.g., DsGSD domains on the western or eastern slope and low gradient) with a low DSR (e.g., a DsGSD that is north–south-oriented), the velocity projected along the slope or the vertical velocity better describe the ground truth. In addition, the ground deformation maps allowed for the detection and discrimination of the surface movements compared to the movement of the DsGSD, leading to a correct interpretation of the results. Notable results are the strong horizontal components (11 mm/yr to the west) of the lower sectors of Valtournenche DsGSD, or the moderate movement (about 12 mm/yr) of the upper part of the Croix de Fana DsGSD revealed by the VSLOPE. In the case of the Valtournenche DsGSD, the analysis of velocity maps allowed us to ascribe to landslides L1 the high deformation rates (up to 70 mm/yr) observed in domain A. Overall, the methodology has proven to be a powerful and useful tool in the risk assessment and management of deep slope deformation phenomena. In the case of the Croix de Fana site, slow deformations impact several strategic infrastructures, including the penstock. In a risk management scenario, deformation maps can help identify the critical spots where the infrastructures are subject to significant stresses. The proposed methodology has proven to be applicable in any mountainous context and to variably oriented phenomena with good SAR data coverage, providing a functional tool for characterizing ground deformation, and for preparatory element-to-land use planning purposes.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/rs15235440/s1, Figure S1: Graphical representation of PSs density computation step; Figure S2: DSR matrix computation for the DsGSDs cases considered; Table S1: Collection of all outputs and results obtained from each stage of the methodology for each domain of the two DsGSDs considered; Table S2: Comparison of the velocities datasets computed both considering and excluding the landslide superimposed to the Valtournenche DsGSD.





Author Contributions


Conceptualization, D.C., M.C., D.N. and D.G. (Danilo Godone); Methodology, D.C., M.C., D.N. and D.G. (Danilo Godone); Formal analysis, D.C. and D.N.; Data curation, D.C. and D.N.; SAR data processing, F.C., S.V., D.R., E.S. and G.F.; Visualization D.C., M.C. and D.N.; Writing—original draft, D.C., M.C. and D.N.; Writing—review and editing, D.G. (Daniele Giordan), F.C., S.V., D.R., E.S. and G.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by and carried out in the ASI contract n.2021–10-U.0 CUP F65F21000630005 MEFISTO—Metodi di Elaborazione di dati SAR multi-Frequenza per Il monitoraggio del disseSTO idrogeologico—Multi-frequency SAR data processing methods for the hydrogeological instability monitoring.




Data Availability Statement


Data are contained within the article and supplementary materials.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mortara, G.; Sorzana, P.F. Fenomeni di deformazione graviativa profonda nell’arco alpino occidentale italiano; consideracioni lito-strutturali e morfologiche. Ital. J. Geosci. 1987, 106, 303–314. [Google Scholar]

	



Ambrosi, C.; Crosta, G.B. Large sackung along major tectonic features in the Central Italian Alps. Eng. Geol. 2006, 83, 183–200. [Google Scholar] [CrossRef]

	



Crosta, G.B.; Frattini, P.; Agliardi, F. Deep seated gravitational slope deformations in the European Alps. Tectonophysics 2013, 605, 13–33. [Google Scholar] [CrossRef]

	



Frattini, P.; Crosta, G.B.; Allievi, J. Damage to Buildings in Large Slope Rock Instabilities Monitored with the PSInSARTM Technique. Remote Sens. 2013, 5, 4753–4773. [Google Scholar] [CrossRef]

	



Béjar-Pizarro, M.; Notti, D.; Mateos, R.M.; Ezquerro, P.; Centolanza, G.; Herrera, G.; Bru, G.; Sanabria, M.; Solari, L.; Duro, J.; et al. Mapping Vulnerable Urban Areas Affected by Slow-Moving Landslides Using Sentinel-1 InSAR Data. Remote Sens. 2017, 9, 876. [Google Scholar] [CrossRef]

	



Cignetti, M.; Godone, D.; Zucca, F.; Bertolo, D.; Giordan, D. Impact of Deep-seated Gravitational Slope Deformation on urban areas and large infrastructures in the Italian Western Alps. Sci. Total Environ. 2020, 740, 140360. [Google Scholar] [CrossRef]

	



Pánek, T.; Klimeš, J. Temporal behavior of deep-seated gravitational slope deformations: A review. Earth-Sci. Rev. 2016, 156, 14–38. [Google Scholar] [CrossRef]

	



Agliardi, F.; Crosta, G.B.; Frattini, P. Slow rock-slope deformation. In Landslides: Types, Mechanisms and Modeling; Clauge, J.J., Stead, D., Eds.; Cambridge University Press: Cambridge, UK, 2012; pp. 207–221. ISBN 978-1-107-00206-7. [Google Scholar]

	



Giordan, D.; Cignetti, M.; Bertolo, D. The Use of Morpho-Structural Domains for the Characterization of Deep-Seated Gravitational Slope Deformations in Valle d’Aosta. In Advancing Culture of Living with Landslides; Springer International Publishing: Cham, Switzerland, 2017; pp. 59–68. [Google Scholar]

	



Crippa, C.; Franzosi, F.; Zonca, M.; Manconi, A.; Crosta, G.B.; Dei Cas, L.; Agliardi, F. Unraveling Spatial and Temporal Heterogeneities of Very Slow Rock-Slope Deformations with Targeted DInSAR Analyses. Remote Sens. 2020, 12, 1329. [Google Scholar] [CrossRef]

	



Morelli, S.; Pazzi, V.; Frodella, W.; Fanti, R. Kinematic reconstruction of a deep-seated gravitational slope deformation by geomorphic analyses. Geosciences 2018, 8, 26. [Google Scholar] [CrossRef]

	



Demurtas, V.; Emanuele Orru, P.; Deiana, G. Active lateral spreads monitoring system in East-Central Sardinia. Eur. J. Remote Sens. 2022, 1–21. [Google Scholar] [CrossRef]

	



Frattini, P.; Crosta, G.B.; Rossini, M.; Allievi, J. Activity and kinematic behaviour of deep-seated landslides from PS-InSAR displacement rate measurements. Landslides 2018, 15, 1053–1070. [Google Scholar] [CrossRef]

	



Cignetti, M.; Godone, D.; Notti, D.; Zucca, F.; Meisina, C.; Bordoni, M.; Pedretti, L.; Lanteri, L.; Bertolo, D.; Giordan, D. Damage to anthropic elements estimation due to large slope instabilities through multi-temporal A-DInSAR analysis. Nat. Hazards 2023, 115, 2603–2632. [Google Scholar] [CrossRef]

	



Crippa, C.; Valbuzzi, E.; Frattini, P.; Crosta, G.B.; Spreafico, M.C.; Agliardi, F. Semi-automated regional classification of the style of activity of slow rock-slope deformations using PS InSAR and SqueeSAR velocity data. Landslides 2021, 18, 2445–2463. [Google Scholar] [CrossRef]

	



Cignetti, M.; Godone, D.; Notti, D.; Giordan, D.; Bertolo, D.; Calò, F.; Reale, D.; Verde, S.; Fornaro, G. State of activity classification of deep-seated gravitational slope deformation at regional scale based on Sentinel-1 data. Landslides 2023, 20, 2529–2544. [Google Scholar] [CrossRef]

	



Wasowski, J.; Bovenga, F. Investigating landslides and unstable slopes with satellite Multi Temporal Interferometry: Current issues and future perspectives. Eng. Geol. 2014, 174, 103–138. [Google Scholar] [CrossRef]

	



Herrera, G.; Gutiérrez, F.; García-Davalillo, J.C.; Guerrero, J.; Notti, D.; Galve, J.P.; Fernández-Merodo, J.A.; Cooksley, G. Multi-sensor advanced DInSAR monitoring of very slow landslides: The Tena Valley case study (Central Spanish Pyrenees). Remote Sens. Environ. 2013, 128, 31–43. [Google Scholar] [CrossRef]

	



Casu, F.; Manzo, M.; Lanari, R. A quantitative assessment of the SBAS algorithm performance for surface deformation retrieval from DInSAR data. Remote Sens. Environ. 2006, 102, 195–210. [Google Scholar] [CrossRef]

	



Cignetti, M.; Manconi, A.; Manunta, M.; Giordan, D.; De Luca, C.; Allasia, P.; Ardizzone, F. Taking Advantage of the ESA G-POD Service to Study Ground Deformation Processes in High Mountain Areas: A Valle d’Aosta Case Study, Northern Italy. Remote Sens. 2016, 8, 852. [Google Scholar] [CrossRef]

	



Colesanti, C.; Wasowski, J. Investigating landslides with space-borne Synthetic Aperture Radar (SAR) interferometry. Eng. Geol. 2006, 88, 173–199. [Google Scholar] [CrossRef]

	



Mondini, A.C.; Guzzetti, F.; Chang, K.T.; Monserrat, O.; Martha, T.R.; Manconi, A. Landslide failures detection and mapping using Synthetic Aperture Radar: Past, present and future. Earth-Sci. Rev. 2021, 216, 103574. [Google Scholar] [CrossRef]

	



Noviello, C.; Verde, S.; Zamparelli, V.; Fornaro, G.; Pauciullo, A.; Reale, D.; Nicodemo, G.; Ferlisi, S.; Gulla, G.; Peduto, D. Monitoring Buildings at Landslide Risk With SAR: A Methodology Based on the Use of Multipass Interferometric Data. IEEE Geosci. Remote Sens. Mag. 2020, 8, 91–119. [Google Scholar] [CrossRef]

	



Fornaro, G.; Lombardini, F.; Pauciullo, A.; Reale, D.; Viviani, F. Tomographic processing of interferometric SAR data: Developments, applications, and future research perspectives. IEEE Signal Process. Mag. 2014, 31, 41–50. [Google Scholar] [CrossRef]

	



Ferretti, A.; Fumagalli, A.; Novali, F.; Prati, C.; Rocca, F.; Rucci, A. A new algorithm for processing interferometric data-stacks: SqueeSAR. IEEE Trans. Geosci. Remote Sens. 2011, 49, 3460–3470. [Google Scholar] [CrossRef]

	



Fornaro, G.; Verde, S.; Reale, D.; Pauciullo, A. CAESAR: An approach based on covariance matrix decomposition to improve multibaseline--multitemporal interferometric SAR processing. IEEE Trans. Geosci. Remote Sens. 2014, 53, 2050–2065. [Google Scholar] [CrossRef]

	



Fornaro, G.; Pauciullo, A.; Reale, D.; Verde, S. Multilook SAR tomography for 3-D reconstruction and monitoring of single structures applied to COSMO-SKYMED data. IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens. 2014, 7, 2776–2785. [Google Scholar] [CrossRef]

	



Fornaro, G.; Pauciullo, A.; Reale, D.; Verde, S. SAR coherence tomography: A new approach for coherent analysis of urban areas. In Proceedings of the 2013 IEEE International Geoscience and Remote Sensing Symposium-IGARSS, Melbourne, Australia, 21–26 July 2013; pp. 73–76. [Google Scholar]

	



Cascini, L.; Fornaro, G.; Peduto, D. Advanced low- and full-resolution DInSAR map generation for slow-moving landslide analysis at different scales. Eng. Geol. 2010, 112, 29–42. [Google Scholar] [CrossRef]

	



Plank, S.; Singer, J.; Minet, C.; Thuro, K. Pre-survey suitability evaluation of the differential synthetic aperture radar interferometry method for landslide monitoring. Int. J. Remote Sens. 2012, 33, 6623–6637. [Google Scholar] [CrossRef]

	



Notti, D.; Herrera, G.; Bianchini, S.; Meisina, C.; García-Davalillo, J.C.; Zucca, F. A methodology for improving landslide PSI data analysis. Int. J. Remote Sens. 2014, 35, 2186–2214. [Google Scholar] [CrossRef]

	



Verde, S.; Pauciullo, A.; Reale, D.; Fornaro, G. Multiresolution detection of persistent scatterers: A performance comparison between multilook GLRT and CAESAR. IEEE Trans. Geosci. Remote Sens. 2020, 59, 3088–3103. [Google Scholar] [CrossRef]

	



Broccolato, M.; Paganone, M. Grandi Frane Permanenti Complesse—Schede Monografiche di Frane in Valle d’Aosta Analizzate con Tecnica PS—Attività B2C2 Rischi Idrogeologici e da Fenomeni Gravitativi—Progetto RiskNat; 2012. Available online: https://www.yumpu.com/it/document/view/30851951/schede-monografiche-di-frane-in-valle-daosta-analizzate-risknat (accessed on 10 October 2023).

	



Trigila, A.; Iadanza, C.; Spizzichino, D. IFFI Project (Italian landslide inventory) and risk assessment. In Proceedings of the First World Landslide Forum; Springer: Berlin/Heidelberg, Germany, 2008; pp. 18–21. [Google Scholar]

	



Martinotti, G.; Giordan, D.; Giardino, M.; Ratto, S. Controlling factors for deep-seated gravitational slope deformation (DSGSD) in the Aosta Valley (NW Alps, Italy). Geol. Soc. Lond. Spec. Publ. 2011, 351, 113–131. [Google Scholar] [CrossRef]

	



Centro Funzionale Regione Autonoma Valle d’Aosta Catasto Dissesti. Available online: http://catastodissesti.partout.it/informazioni (accessed on 16 March 2020).

	



Giardino, M. Analisi di Deformazioni Superficiali: Metodologie di Ricerca ed Esempi di Studio Nella Media Valle d’Aosta; University of Turin: Turin, Italy, 1995. [Google Scholar]

	



Alberto, W.; Giardino, M.; Martinotti, G.; Tiranti, D. Geomorphological hazards related to deep dissolution phenomena in the Western Italian Alps: Distribution, assessment and interaction with human activities. Eng. Geol. 2008, 99, 147–159. [Google Scholar] [CrossRef]

	



Giordan, D.; Cignetti, M.; Wrzesniak, A.; Allasia, P.; Bertolo, D. Operative Monographies: Development of a new tool for the effective management of landslide risks. Geosciences 2018, 8, 485. [Google Scholar] [CrossRef]

	



Fornaro, G.; Pauciullo, A.; Serafino, F. Deformation monitoring over large areas with multipass differential SAR interferometry: A new approach based on the use of spatial differences. Int. J. Remote Sens. 2009, 30, 1455–1478. [Google Scholar] [CrossRef]

	



Berardino, P.; Fornaro, G.; Lanari, R.; Sansosti, E. A new algorithm for surface deformation monitoring based on small baseline differential SAR interferograms. IEEE Trans. Geosci. Remote Sens. 2002, 40, 2375–2383. [Google Scholar] [CrossRef]

	



Cigna, F.; Bianchini, S.; Casagli, N. How to assess landslide activity and intensity with Persistent Scatterer Interferometry (PSI): The PSI-based matrix approach. Landslides 2013, 10, 267–283. [Google Scholar] [CrossRef]

	



Bonì, R.; Bordoni, M.; Colombo, A.; Lanteri, L.; Meisina, C. Landslide state of activity maps by combining multi-temporal A-DInSAR (LAMBDA). Remote Sens. Environ. 2018, 217, 172–190. [Google Scholar] [CrossRef]

	



García-Davalillo, J.C.; Herrera, G.; Notti, D.; Strozzi, T.; Álvarez-Fernández, I. DInSAR analysis of ALOS PALSAR images for the assessment of very slow landslides: The Tena Valley case study. Landslides 2014, 11, 225–246. [Google Scholar] [CrossRef]

	



Godone, D.; Garnero, G. The role of morphometric parameters in Digital Terrain Models interpolation accuracy: A case study. Eur. J. Remote Sens. 2017, 46, 198–214. [Google Scholar] [CrossRef]

	



Fiorentini, N.; Maboudi, M.; Losa, M.; Gerke, M. Assessing resilience of infrastructures towards exogenous events by using ps-insar-based surface motion estimates and machine learning regression techniques. ISPRS Ann. Photogramm. Remote Sens. Spat. Inf. Sci. 2020, 4, 19–26. [Google Scholar] [CrossRef]

	



Barla, G.; Antolini, F.; Barla, M.; Mensi, E.; Piovano, G. Monitoring of the Beauregard landslide (Aosta Valley, Italy) using advanced and conventional techniques. Eng. Geol. 2010, 116, 218–235. [Google Scholar] [CrossRef]

	



Spreafico, M.C.; Agliardi, F.; Andreozzi, M.; Cossa, A.; Crosta, G.B. Large slow rock-slope deformations affecting hydropower facilities. In Proceedings of the EGU General Assembly Conference Abstracts, EGU2020-8288, Online, 4–8 May 2020; p. 8288. [Google Scholar]

	



Bonì, R.; Bordoni, M.; Vivaldi, V.; Troisi, C.; Tararbra, M.; Lanteri, L.; Zucca, F.; Meisina, C. Assessment of the Sentinel-1 based ground motion data feasibility for large scale landslide monitoring. Landslides 2020, 17, 2287–2299. [Google Scholar] [CrossRef]

	



Notti, D.; Meisina, C.; Zucca, F.; Colombo, A. Models to predict Persistent Scatterers data distribution and their capacity to register movement along the slope. In Proceedings of the Fringe Workshop, Frascati, Italy, 19–23 September 2011; pp. 19–23. [Google Scholar]

	



Barra, A.; Reyes-Carmona, C.; Herrera, G.; Galve, J.P.; Solari, L.; Mateos, R.M.; Azañón, J.M.; Béjar-Pizarro, M.; López-Vinielles, J.; Palamà, R.; et al. From satellite interferometry displacements to potential damage maps: A tool for risk reduction and urban planning. Remote Sens. Environ. 2022, 282, 113294. [Google Scholar] [CrossRef]

	



Dai, K.; Deng, J.; Xu, Q.; Li, Z.; Shi, X.; Hancock, C.; Wen, N.; Zhang, L.; Zhuo, G. Interpretation and sensitivity analysis of the InSAR line of sight displacements in landslide measurements. GIScience Remote Sens. 2022, 59, 1226–1242. [Google Scholar] [CrossRef]

	



Ren, T.; Gong, W.; Gao, L.; Zhao, F.; Cheng, Z. An Interpretation Approach of Ascending—Descending SAR Data for Landslide Identification. Remote Sens. 2022, 14, 1299. [Google Scholar] [CrossRef]

	



Chiesa, S.; Fornero, I.; Frassoni, A.; Zanchi, A.; Mazza, G.; Zaninetti, A. Gravitational instability phenomena concerning a hydroelectric plant in Italy. In Proceedings of the 7th ISRM Congress, Aachen, Germany, 16–20 September 1991. [Google Scholar]








[image: Remotesensing 15 05440 g001] 





Figure 1. Flow diagram of the developed methodology. 
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Figure 2. (a) Map of the DsGSDs and landslides catalogued in the IFFI project [34] for the regional territory of the Aosta Valley. (b) Map of the morpho-structural domains recognizable within the Croix the Fana DsGSD. (c) Map of the morpho-structural domains recognizable within the Valtournenche DsGSD. Surficial displaces (e.g., debris coverage, minor nested landslides) and main anthropic elements that interfered with DsGSD evolution are also reported in the maps. 
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Figure 3. PS distribution maps for ascending and descending orbit. (a) Map of PSs along the ascending orbit for Croix de Fana. (b) Map of PSs along the descending orbit for Croix de Fana. (c) Map of PSs along the ascending orbit for Valtournenche. (d) Map of PSs along the descending orbit for Valtournenche. 
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Figure 4. Conceptual scheme of the SAR data suitability analysis. (a) C-index distribution matrix based on aspect/slope combination for ascending orbit; (b) C-index distribution matrix based on aspect/slope combination for descending orbit; (c) DSR matrix classified in the four main classes on the basis of Table 1. 
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Figure 5. Analysis of PS density and distribution performed on the VSLOPE dataset. (a) Map of PS density that shows the valid cells (PS density ≥ 30 PSs/km2) and discarded cells (PS density < 30 PSs/km2) for the DsGSD of Croix de Fana. (b) Map of CPS values expressed as a percentage for each domain of the DsGSD of Croix de Fana. (c) Map of PS density for the DsGSD of Valtournenche. (d) Maps of CPS values expressed as a percentage for each domain of the DsGSD of Valtournenche. 
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Figure 6. These maps show the mean of the aspect, the mean of the slope, and the DSR calculated for each domain of both the DsGSDs for the VSLOPE dataset. (a) Map of the slope computed for each domain of Croix de Fana. (b) Map of the aspect computed for each domain of Croix de Fana. (c) DSR computed for each domain of Croix de Fana. (d) Map of the slope computed for each domain of Valtournenche. (e) Map of the aspect computed for each domain of Valtournenche. (f) DSR computed for each domain of the Valtournenche. 
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Figure 7. Ranked ground deformation maps of the Croix de Fana DsGSD: (a) map obtained via the Vv value interpolation; (b) map obtained via the VSLOPE value interpolation. 
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Figure 8. Ground deformation maps of the Valtournenche DsGSD: (a) map obtained via the VLOSa value interpolation, (b) via the VSLOPE value interpolation, (c) via the Vv value interpolation, and (d) via the Vew value interpolation. It should be noted that the coverage of the Vv and Vew datasets in domain A is below the 25% threshold (Table S1). 
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Figure 9. Overall intersection between the DsGSD phenomena and the anthropic elements. (a) Map of the Vew velocities related to the DsGSD of Valtournenche, affecting the Paquier village mainly in correspondence of the domain C. (b) Map of the VSLOPE interpolated velocities related to the DsGSD of Croix de Fana merged with the facilities of the hydroelectric plant of Quart and settlements variably distributed along the slope. 
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Table 1. Combination of the possible cases identifying the relative qualitative velocity ranking associated with the most suitable type of velocity component.
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	Aspect Class
	Slope Threshold
	C-Index Combination
	Case
	Qualitative Ranking
	Velocity Type Priority





	45–135°
	<30°
	Ca > 0.2 and Cd < −0.2
	Case 1a
	High
	Vew–Vv; VLOSa; VSLOPE, VLOSd



	225–315°
	<30°
	Ca < −0.2 and Cd > 0.2
	Case 1d
	High
	Vew–Vv; VLOSd; VSLOPE, VLOSa



	45–135°
	>30°
	Ca > 0.2
	Case 2a
	Medium–High
	VLOSa; VSLOPE



	225–315°
	>30°
	Cd > 0.2
	Case 2d
	Medium–High
	VLOSd; VSLOPE



	(135–225°) or (0–45°) or (315–360°)
	-
	Ca > 0.2 or Cd > 0.2
	Case 3
	Low
	VSLOPE; Vv; Vew



	-
	-
	−0.2 ≤ Ca ≥ 0.2 and

−0.2 ≤ Cd ≥ 0.2
	Case 4
	Worst case
	None
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