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Abstract

:

From the wide range of methods available to landslide researchers and practitioners for monitoring ground displacements, remote sensing techniques have increased in popularity. Radar interferometry methods with their ability to record movements in the order of millimeters have been more frequently applied in recent years. Multi-temporal interferometry can assist in monitoring landslides on the regional and slope scale and thereby assist in assessing related hazards and risks. Our study focuses on the Corvara landslides in the Italian Alps, a complex earthflow with spatially varying displacement patterns. We used radar imagery provided by the COSMO-SkyMed constellation and carried out a validation of the derived time-series data with differential GPS data. Movement rates were assessed using the Permanent Scatterers based Multi-Temporal Interferometry applied to 16 artificial Corner Reflectors installed on the source, track and accumulation zones of the landslide. The overall movement trends were well covered by Permanent Scatterers based Multi-Temporal Interferometry, however, fast acceleration phases and movements along the satellite track could not be assessed with adequate accuracy due to intrinsic limitations of the technique. Overall, despite the intrinsic limitations, Multi-Temporal Interferometry proved to be a promising method to monitor landslides characterized by a linear and relatively slow movement rates.
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1. Introduction


Landslide processes cause substantial direct and indirect economic damages and are the cause of significant number of fatalities. Petley [1] concluded that, between 2004 and 2010, a total of 32,322 lives were lost all over the world due to non-seismic-triggered landslide events, relating to an annual death toll of more than 4600. The global annual landslide-related economic damage effects are in the order of billions of US$; e.g., for China only, Yin [2] estimated an equivalent of approximately US$ 1.65 billion and 700–900 fatalities each year. Consequently, efforts for landslide forecasting and monitoring have to be increased to be able anticipate potentially threatening events.



A wide range of landslide monitoring methods is available to engineering geologists and landslide practitioners. Traditionally, landslide monitoring focused on field-based measurements of ground displacements, e.g., using inclinometers, extensometers, and triggering factors such as groundwater tables and pore-water pressures, e.g., utilizing rain gauges, piezometers, and tensiometers [3,4,5,6]. Today, ground-based methods such as synthetic aperture radar (GB-SAR), Light Detection and Ranging (LiDAR) and Automated Total Station (ATS) are commonly used to examine landslide morphologies and movement rates [7,8,9,10,11]. Moreover, Unmanned Aerial Vehicles (UAVs) have gained popularity amongst landslide researchers, combined with photogrammetric applications [12,13,14], whilst Global Position System (GPS) surveying, even if intrinsically a point-wise technique requiring a careful selection of the points to be monitored, represents a benchmark technique in slope monitoring [15,16,17]. This also holds true considering the potential of the endless upcoming of low-cost GNSS receivers, which will probably make GNSS monitoring even more popular in the next future, due to the high-quality performances of new devices [18,19,20,21].



In recent years, several techniques have increased the potential of satellite data for the mapping and monitoring of landslides [22,23,24]. The launches of new generations of optical (e.g., Geoeye-1, WorldView-2, Pleiades 1A and 1B, SPOT5, 6 and 7, Formosat-2 and Kompsat-2, Sentinel-2) and radar (e.g., TerraSAR-X, COSMO-SkyMed, Sentinel-1) satellites with short repeat-pass cycles and high spatial resolutions resulted in better capabilities to acquire data over wide areas shortly after major landslide triggering events [25,26,27,28] and to monitor them at regular intervals [29,30]. In particular, radar interferometry is today frequently applied to landslide detection and monitoring of ground-deformations and landslide processes [31,32,33,34,35,36,37,38]. Multi-temporal Interferometry (MTI) techniques use large stacks composed of many Synthetic Aperture Radar (SAR) images (i.e., >20) acquired with the same geometry and exploit the redundant information of phase difference, thus removing much inherent noise (in particular reducing the atmospheric contribution called Atmospheric Phase Screen (APS)) for a better accuracy of the phase difference due to the ground displacement [39]. MTI techniques can be grouped in two main classes: Persistent Scatterers (PS) [39] or Small BAseline Subsets (SBAS) [40] to deliver displacements along the Line Of Sight (LOS) direction with accuracy in the order of a few millimeters per year [41]. Whilst building or infrastructure is taken as PS in urban areas [42], artificial Corner Reflectors (CRs) were installed to investigate areas characterized by low interferometric coherence or when a point wise analysis is foreseen [43,44,45,46,47,48,49]. Notti et al. [50] demonstrated the potential of X-band SAR data using TerraSAR-X for landslide mapping and monitoring but a few natural PS were found in mountainous areas. Barboux et al. [51] used the same band, combining PS-MTI and SBAS techniques for mapping slow movements in the Alps comparing these results to Real Time Kinematic GPS surveys. Barboux et al. [52] was also limited to precisely detect points moving with velocities below 3.5 cm/year in the LOS by PS-MTI technique.



In this study, we focus on PS-MTI technique since SBAS did not provide any reliable deformation map due to the high inherent noise observed through the interferograms and caused by spatial and temporal decorrelation induced by vegetation and snow. We report on the recent and ongoing monitoring activities on the Corvara landslide having velocity rates between dozens of centimeters to meters per year with results based on X-band COSMO-SkyMed (CSK) imagery from 2013 to 2015, as well as the validation of these using Differential solutions retrieved from Global Position System (DGPS) acquisitions. For the SAR monitoring, artificial CRs designed for the application in high-alpine conditions have been installed. Although CSK data were acquired on quite regular basis (with some exceptions during winter periods), the study area was particularly challenging due to its mountainous characteristics including the absence of natural scatterers, due to the presence of vegetation and changing atmospheric conditions (e.g., high precipitation rates and the presence of snow). Moreover, the entity of movements encompasses a wide range of velocities where the interferometric techniques are sometimes at limit conditions. It is beyond the scope of the paper to provide a detailed geomorphological interpretation of the landslide phenomena and an analysis of movement triggering conditions; these will be put forward in a separate paper. Instead, we focus on the methodologies applied as well as their opportunities and limitations for monitoring landslide deformations. Moreover, we give some outlook on future research directions and the expected landslide monitoring capacities related to the new Sentinel-1 satellite constellation [53].




2. Study Area


The Corvara landslide is an active, complex earth slide-earthflow located above the tourist center of Corvara in Badia valley, Dolomites, Autonomous Province of Bolzano, Italy (Figure 1a,b). Elevations in the Corvara area range from 1400 m a.s.l. in the valley bottoms to more than 3000 m a.s.l. in the Sella group. The lithology of the Dolomites comprises primarily dolomite rocks consisting of marls or limestones alternating with clayshales outcropping in the slopes underlying the dolomite peaks [39]. The lower end of the Corvara landslide reaches the town (elevation of 1550 m a.s.l.) and the main scarp reaches maximum elevations of approximately 2070 m a.s.l. The landslide involves clayey silt or silty clay material, with mixed gravels and blocks made up of arenites, marly limestone and dolostone [54].



The landslide has been investigated extensively over the past years, including studies on landslide characterization and field-based monitoring [55], dating [56], and modeling [57]. The aforementioned studies concluded that the Corvara landslide has an estimated total volume of more than 30 million m3, a depth of up to 100 m and has been active for more than 10,000 years. The presently active part of the landslide involves approximately 25 million m3; with major active shear surfaces ranging at depths between 10 and 48 m. Ongoing displacements frequently cause damage to ski infrastructure, a golf course and the national road SS 244. Surface and subsurface measurement since 1997 have shown a spatially varying movement velocity which ranges from a few cm/year in the toe zone, and up to tens of meters per year in the most active track and source zones (Figure 1d). Phases of higher landslide velocities have been attributed to periods of prolonged rainfall and snow-melting, and recently also to the accumulation of large quantities of snow [58]. Monitoring of the Corvara landslide using satellite-based PS-MTI started 2010 [59] when a first set of CRs was installed in the field (Figure 1c). This was necessary as it was found that no prominent rocks or anthropic infrastructures such as houses acting as PS could be found with sufficient spatial density to monitor the entire landslide [60]. After some experience had been collected, a new CR design better adapted for the monitoring of ground deformation in alpine environments was prepared [61] and the current monitoring system (Figure 1b,c) was installed (see description in Section 3).




3. Methods and Data


The main methodological steps of our research include the SAR processing to derive displacement time-series from CSK imagery, and the following validation and interpretation considering ground-based GPS observations (Figure 2).



3.1. PS-MTI Processing


Table 1 presents the 35 CSK SAR images acquired between October 2013 and August 2015. All data have the same acquisition geometry, i.e., descending STRIPMAP HIMAGE H4-17 with a nominal spatial ground resolution of 3 m. Although the temporal resolution of CSK acquisitions using one satellite of the constellation is 16 days, it was not possible to obtain imagery systematically with these time-steps due to the CSK dual use (civil and military) policy, especially for some periods in 2013 and 2014.



PS-MTI processing was performed using the PSI module within SARscape® software [62]. The first step in the PSI module is called “Connection Graph Generation” and defines the combination of image pairs that will be processed choosing the appropriate master and slave images, after calculating their normal and temporal baseline (Figure 2). Then, a working area over the reference master is selected for the stack of Single Look Complex (SLC) images. Two steps of inversion are processed in order to estimate the displacement velocity. A back-and-forward step aims to select the appropriate coherence threshold (e.g., CC = 0.6) to remove topography and atmospheric contributions, and to create the final SAR coherence map. The coherence threshold selected in this step is a compromise between two opposite needs. In fact, the points used for the estimation of APS are only those with coherence over this threshold, that therefore should be small enough to grant a consistent and well distributed number of points, but also high enough to allow the selection of reliable points only.



A comparison of the coherence values before and after the APS removal where the CRs are located is a possible way to evaluate the quality of the APS estimation. PS SARscape® algorithm is operating on the phase time-series of each highly stable target separately, without using any contextual spatial information. Results are obtained at maximal spatial resolution with the advantage of avoiding corruption of the signal by incoherent pixels, because only pixels with high coherence are selected for the analysis. According to particular coherence and amplitude dispersion index μ/σ thresholds (see Figure 2), final PS are selected and finally geocoded to estimate the LOS variation at the targets (i.e., artificial CRs). The coherence is a measure of the fitting to the linear model used by PS algorithm. Consequently, we choose a lower coherence threshold compared to the default value proposed by the software (i.e., CC = 0.75) because the landslide displacements display non-steady state accelerations or decelerations in some periods. This result encompasses the CRs considered as artificial PS and characterized by a high value of the amplitude dispersion index (μ/σ threshold). In the processing chain, the selection of a higher value of the μ/σ threshold allows us to avoid to select points with coherence comparable to that of the artificial CRs but not reliable as PS. Indeed, as the Corvara landslide does not feature prominent rocks or larger infrastructure such as houses that could act as PS, it was necessary to install artificial CRs to provide a backscatter signal visible in all SAR images. The CRs used derive from the design presented by Bovenga et al. [45] with some specific changes for ground deformation monitoring in alpine environments [61]. The CRs consist of an aluminum trihedral reflector (with a side length of 56 cm) installed on stainless steel poles (1.5 m high, to avoid that the CRs are completely covered by snow during winter) that are anchored to the ground using concrete piles (1.5 m long, 0.2 m diameter). The aluminum plates are also perforated to minimize water accumulation, wind resistance and weight. This set-up assures minimum influence of thermal effects and stability with respect to wind and snow cover (that, by the way, was removed from the tetrahedral element during GPS surveys and at the times of SAR acquisitions). Due to the overall lightweight construction and the use of screws instead of welded connections, the 16 CRs were easily transported in a backpack and installed in early 2013 according to a specific orientation function of CSK track and swath directions (Figure 1b,c).




3.2. GPS Surveys


For the validation of the PS-MTI results, monthly and bi-weekly GPS surveys with an occupation time of at least 2 h were carried out with Leica GNSS GS10 coupled with an AS10 antenna starting in September 2013. In total, 46 GPS validation measurement campaigns were carried out covering a period from September 2013 to September 2015 (Table 2).



In addition, three permanent GPS stations have been active since March 2014 (see Figure 1c). They were set-up with Leica GM10 receivers coupled with AS10 antennas in March 2014. Each station was equipped with a 140 W solar panel and a storage battery, as well as a GSM communication system to automatically submit the data to an FTP server. The permanent stations acquired observations stored in 1 h and a 24 h files at 0.2 Hz and 1 Hz sampling rates, respectively.



The raw GPS phase data measured in the field were post-processed according to the standard differential mode (DGPS) using Leica GeoOffice with respect to the permanent station at Piz La Ila, located at a distance of 3 km and operated by the South Tyrolean Positioning Service (STPOS), using broadcast products (orbits and clocks). Differential post-processing consisted of two steps: at first, the positions of the three permanent stations were estimated with respect to Piz La Ila; secondly, the positions for the remaining 13 stations were computed with respect to these three permanent stations. Thereby, an average 2D standard deviation of 2 mm and an average standard deviation of 3 mm for the vertical component was reached. Following this workflow, position solution for all survey points and for all survey campaigns (Table 2) has been retrieved.




3.3. Validation of the PS-MTI Results by Comparison to GPS Data


In order to be able to directly compare the PS-MTI derived displacements to the GPS reference ones, the GPS 3D displacement vectors (UG) were projected along the SAR line of sight (LOS) (DG, LOS) through the standard dot product:


    D G  =  U G  ×  n  LOS     



(1)




where     n  LOS      is the unit vector along the LOS direction, positively orientated between the satellite and the ground direction. The     n  LOS      unit vector could then be described in the east, north, up reference system by:


nLOS = (sinαs sinθ; cosαs sinθ; cosθ)



(2)




where αs is the clock-wise angle between the north and the scan line direction (i.e., 96.75°) and θ is the mean incidence angle (i.e., 45.77°). Considering the geometry of these acquisitions, the unit vector was defined with     n  LOS       = (0.712; −0.084; 0.696).



For a better 3D visual comparison of UG in relation to this unit vector, we decided to compare it to a fixed     n ′     LOS      vector negatively oriented along the x-axis (i.e., western direction) such as:


n′LOS = sqrt(x2 + y2 + z2) = 100 mm



(3)







A first assessment to quantitatively define the differences between GPS-LOS and PS-MTI results is based on the percentage of mean velocity retrieved by PS-MTI in comparison to GPS-LOS and GPS-3D, by using the following formulations:


% VELLOS = (PS-MTImean velocity/GPS-LOSmean velocity) × 100%



(4)






% VEL3D = (PS-MTImean velocity/GPS-3Dmean velocity) × 100%



(5)







Moreover, the cumulative and differential displacement time-series have been analyzed in terms of absolute offset and relative offset by using the following formulations:


     OFFSET   abs   =   PS-MTI   displacement   −   GPS-LOS   displacement     



(6)






     OFFSET   rel   =     PS-MTI   displacement   −   GPS-LOS   displacement       GPS-LOS   displacement     100 %   



(7)









4. Results


The study site is characterized by a relatively gentle morphology. Consequently, only a few areas, mostly located outside the landslide area, are affected by topographic distortions such as layover and shadow in relation to presence of steep scarps and the acquisition geometry of the CSK descending mode (see Figure 3A). The topographic distortion map has been obtained using SARscape software; the red and blue areas represent layover and shadowing regions derived after the computation of the local incidence angle (LIA) within the study area. The LIA is the angle between the normal to the backscattering element and the incoming radar beam, which depends on SAR satellite orbits, off-nadir angle and the DEM of the area of interest. This angle is negative on “active layover” areas, while it is higher than 90° in “active shadow” areas. It must be noted that the entire layover zone masked—as well as the entire shadow zone—extends beyond the respective “active” areas because it also considers the so-called near and far passive Layover and Shadowing [63].



Despite the small extension of areas characterized by Shadowing and Layover, due to the widespread presence of bare lands, meadows and woodlands, in and outside the landslide area, the estimated interferometric coherence (CC) across the landslide area and the surrounding slopes is in most cases well below 0.5. Specifically, points characterized by coherence higher than 0.5 are about 30 points/km2 (i.e., only 380 over an area of 13 km2) (see Figure 3B). Generally, they correspond to building in the nearby village of Corvara, ski-lift facilities, a few isolated bare ground points and most of the CRs installed inside the landslide. Thus, such density is even lower in the landslide zone, where less than 15 points/km2 can be assessed at CC > 0.5. It should be pinpointed that even the CRs that during the MTI survey period moved at higher rates (namely CRs, n 51, 54, 55, 56), failed to be identified as points of CC > 0.5, thus no assessment of displacement rate was possible for these CRs.



In general, the displacement rates retrieved by MTI over points showing CC > 0.5 (and μ/σ threshold > 4.2) reach up to more than −800 mm/year inside the landslide, including points corresponding to CRs (see Figure 3B), while they remain confined to less than ±10 mm/year in areas outside the landslide.



The comparison between PSI-MTI and GPS displacements in correspondence to the CRs, is presented for the period between April 2014 and July 2015. In fact, although SAR scenes were available from October 2013, it was only possible to derive displacement time-series from April 2014 onwards. The reason for this is the presence of snow that resulted in a very low coherence, as well as a very low number of acquired images preceding the snow-covered period. Moreover, no PS results could be obtained for the CRs that experienced the largest displacements, i.e., CR54, CR55, CR51 and CR56; according to the GPS monitoring results these had annual displacements of 2.56 m, 24.12 m, 18.75 m and 2.43 m, respectively (see Figure 1). Furthermore, no time-series of displacement could be obtained for CR56 that recorded large GPS displacement (annually 2.43 m; see Figure 1) in the southwards direction, i.e., perpendicular to the LOS of the satellite.



According to Equation (3), UG vectors are visualized in 3D [64] in order to understand their orientation according to the LOS (Figure 4). The projection along the LOS results in GPS-LOS (UG) values that can be substantially lower in magnitude than real depending on the offset angle between the 3D GPS displacement vector and the specific LOS vector unit. In our case, such reduction determines a reduction of computed velocities in the range between 8.7% and 61.6% (see Table 3). Specifically, Figure 4 shows how much the real deformation along the landslide is variable for a fixed negatively oriented LOS vector     n ′     LOS       (see Equation (3)). With a (X, Y, Z) reference increasing positively toward west, north and up directions, it illustrates the differences in orientation (e.g., for CR58) and magnitude (e.g., for CR53) of UG oriented negatively in the x-plan due to its azimuth. This representation visually highlights the extent to which the GPS-LOS displacements, represented by a n’LOS vector, differs from the upstream (e.g., accumulation) or downstream (e.g., transit regime or subsidence) displacement representing the real landslide kinematics.



Regarding mean velocities recorded over the period April 2014 to July 2015, the differences between PS-MTI and GPS-LOS and GPS-3D are presented in Table 3. In general, similar movement rates were assessed by both GPS-LOS and PS-MTI. In detail, it results that PS-MTI techniques has been able to correctly retrieve up to the 93% of the mean velocities recorded by GPS-LOS which, however, corresponds to only the 46% of the real GPS-3D mean velocity module. For CR58, the GPS-LOS and PS-MTI mean velocity are extremely low with respect to the real GPS-3D mean velocity module. In this case, only 8.7% of the real GPS-3D mean velocity module can be retrieved by PS-MTI measurements as CR58 displacement direction is almost perpendicular to the LOS projection on the ground (see Figure 4). Better performances have been obtained for CR49 (61% of the GPS-3D mean velocity module) since it is moving almost parallel the LOS projection on the ground.



In terms of cumulative displacements, the time series obtained by PS-MTI and GPS-LOS are presented in Figure 5. It can be observed that in the accumulation zone (CR4, CR6, CR8 and CR11) the cumulative PS-MTI displacement ranges from 71 mm to 250 mm while the GPS-LOS displacement ranges from 66 mm to almost 280 mm. In the track zone, where PS-MTI time series are available only for CR13 and CR53, cumulative displacements range between 400 mm and 1300 mm for both the PS-MTI and the GPS-LOS. In the source zone (CR23, CR25, CR28, CR49, CR57, and CR58), the PS-MTI results in movements of 28 mm to 380 mm, which are similar to the GPS-LOS displacement of 32 mm to 430 mm (Figure 5).



The comparison between cumulative displacements obtained by PS-MTI and GPS-LOS using Equations (6) and (7) resulted in the boxplots of Figure 6. In terms of relative offsets, the cumulative displacements obtained by PS-MTI are evidently underestimated with respect to the GPS-LOS validation dataset. The median values of the relative offset ranges from −36% to −1%. Higher values of offset are obtained for CR23, CR57, CR58. While for CR23 and CR57 there is a clear difference in both time-series, for CR58 the high relative offset value can be ascribed to the oscillations between PS evaluations and GPS measurements (as for CR4 and CR6) as well as to the magnitude of displacements, which is very small compared to all other CRs. In terms of absolute offsets, the distribution is close to the GPS positioning mean error (shaded area of Figure 6b) for all the points with low cumulative displacements (CR4, CR6, CR8, CR13 and CR58). On the other hand, points characterized by high cumulative displacements show absolute offset values that are well above the GPS positioning error (CR11, CR23, CR25, CR28, CR49, CR53 and CR57). The highest absolute values are obtained for CR53, CR28, and CR11. Indeed, these points show strong non-linear trends, with acceleration periods that are not detected by the PS-MTI time series. The large absolute offset of some points is not necessarily reflected in a large relative offset, since the latter, being calculated as a ratio, depends only on the magnitude of the movements. This is clearly the case of CR53, which has the largest cumulative displacement of all the CRs and is characterized by a large absolute offset and a relatively low relative offset value.



In terms of differential displacements, the differences between PS-MTI and GPS-LOS results are presented in Figure 7, which shows that PS-MTI cannot adequately record the acceleration events occurred during spring 2014 and autumn 2014. An example for this is given by the differential displacement boxplots for CR11, CR13, CR23, CR28 and CR53. The comparison between differential displacements obtained by PS-MTI and GPS-LOS using Equations (6) and (7) resulted in the boxplots of Figure 8. It shows that the median of the offset values between differential displacements range between +9% and −211%. Globally, it appears that the PSI-MT underestimates differential displacements by a magnitude of approximately 16% (which is the median of the median values). Specifically, CR58 shows a very different behavior since its relative offset median value corresponds to −211%. The absolute offsets distribution shows that all records have median values very close to 0 mm and always below the GPS error (red shaded area). This means that, in the large majority of the time intervals, the PS-MTI provides results that are in very close agreement with GPS-LOS. However, outlier values are obtained in correspondence to sudden acceleration events during which the PS-MTI differential displacement is substantially lower than the GPS-LOS displacement. This is also the reason why a few erroneous PS-MTI measurements (probably due to phase cycle slips during acceleration events) can severely affect the cumulative displacement assessment.




5. Discussion


The Corvara landslide is characterized by land cover conditions dominated by the presence of bare land, meadows and woodlands that limit the number of points with coherence >0.5 to less than 15/km2. Thus, displacement monitoring largely benefitted by the installation of artificial CRs that provided for reliable backscatter in all SAR acquisitions and were not affected by any layover or shadowing effect due to the descending CSK geometry. The CR design proved to be well adapted to the alpine conditions in the study area, since it allowed precise orientation to the descending mode LoS of the CSK satellite. Due to the installation of the CRs on poles, it was also possible to assess displacement over the winter periods, by removing snow from the tetrahedral element at times of DGPS and SAR acquisitions. Although the CRs were subjected to extreme weather conditions, they did not show any relevant signs of corrosions or material fatigue that might affect their backscattering. Moreover, being made of aluminum, the CRs have minimal thermal deformation and the foundation piles also assure stability of the CRs with respect to loads generated by snow cover creep. Still future modifications of the monitoring network, in particular with respect to the Sentinel-1 satellite constellation, aim to place at least one CR clearly outside of the presently active landslide area in order to have a further validation element of the results. A drawback of the limited number of CRs on the Corvara landslide is the impossibility to carry out SBAS-MTI which would be able to generate spatially distributed displacement vectors instead of only time-series for single points.



Over the observation period, the Corvara landslide remained active and showed substantial movements. In our study, we validated PS-MTI-derived displacements with DGPS records taken in close temporal proximity as the SAR images acquisitions used for MTI. Although DGPS is also affected by errors, these are comparably small and well quantifiable (to be on the safe side, these errors are in the order of few mm to less than 1 cm in the two horizontal components, and approximately twice as much—in the elevation component). Therefore, DGPS represents an ideal reference dataset, on the basis of which PS-MTI results can be validated. One relevant issue that needs to be considered is that PS-MTI provides displacements along the LOS only (1D), so that displacement components out of LOS are not detected; whereas from DGPS we derive 3D displacements. Therefore, the re-projection of GPS data along the LOS constitutes the most straightforward approach to compare the two geometrically different results. This analysis was done both in terms of cumulative and differential displacements. Another aspect worth noting is that if the frequency of GPS solutions (or any other monitoring technique) is increased, the related errors of the measuring instrument must be considered carefully to not overestimate the real field displacement. In our study, PS-MTI was able to produce time-series of landslide displacements that show similar trends as the DGPS data sets used for validation. The magnitude of displacements and the overall trends of displacements are similarly covered by both methodologies. On the whole, the differences between GPS-LOS and PS-based LOS mean year velocities varies between 1.4% and 12.8%. On average, the PS-MTI underestimation of annual mean velocities equal 7.4%. In all cases, PS-MTI underestimates the magnitude of cumulative displacements. However, despite the theoretical limitations regarding the ability to monitor displacements higher than a quarter of wavelength between two acquisitions (which for CSK corresponds to an ambiguous velocity of 0.015 m/month if SAR scenes are acquired at 16 days intervals) PS-MTI processing enable us to measure displacements up to 0.08 cm/month. Nevertheless, displacements occurring parallel to the satellite track were largely underestimated. In this latter case, the PS-MTI technique might also have problems in the precise detection of points moving with velocities below 3.5 cm/year in the LOS, as found by Barboux et al. [51].



The limitations of PS-MTI regarding the ability to monitor high velocities of ground displacements strongly affected this study. For the most active part of the Corvara landslide, no PS-MTI results could be obtained. Additional problems arose for points that experienced large and sudden displacements (i.e., in relation to the used wavelength and the revisit time of the satellite) in short periods. Some improvements with respect to these issues can be expected in the near future as the monitoring system is currently being overhauled to be able to be used with the Sentine-1 constellation characterized by longer C-band wavelength and a short revisiting time of six days [65]. A possible complementary strategy to correctly detect these displacements could certainly be the so-called Imaging Geodesy (IG), exploiting the amplitude instead of (or jointly with) phase of the SAR data, as more powerful and accurate as higher resolution imagery is used [66,67,68,69,70,71].



The limitation regarding the orientation of movements excludes some areas from PS-MTI monitoring in Corvara, and information on geomorphological process activity could only be derived by using other monitoring techniques, e.g., UAV-based photogrammetric study [14] may be complemented by the already mentioned low-cost GNSS receivers on the ground. The limitation regarding the direction of movement could at least partly be overcome by using both ascending and descending SAR imagery. However, this would also require the presence of scatterers (i.e., additional CRs in the case of the Corvara landslide) that reflect into opposite directions. Another method is Offset Tracking (OT) based on SAR amplitude data. This represents a good complementary approach to MTI for a more complete utilization of SAR data as OT is not only able to measure displacements in north–south direction but can also be applied to faster ground displacement; however, only with a comparably low spatial accuracy and only in X and Y direction. This technique was already effectively applied for glaciers surface velocity field monitoring, and it could be useful at least to monitor the fastest zone of the landslide [72,73,74,75,76]. A preliminary application of OT to the Corvara landslide presenting its spatial accuracy limits is given in Mulas et al. [77].



Overall, the present study was able to give landslide practitioners and stakeholders involved in landslide risk management a better insight into the opportunities and limitations of PS-MTI. PS-MTI processing of SAR data is a time-consuming and complex procedure and requires substantial expertise and experience. For most public administration offices, carrying out the analyses in-house will not be an option but they need service-providers for processing and providing the results. To be able to adequately assess the hazard conditions, end-users of landslide monitoring, e.g., planning departments, geological offices or civil protection agencies, have specific demands towards landslide monitoring data. These are in particular related to the quality and reliability of the data, as well as the frequency and timeliness of their delivery. Our research results show that PS-MTI is able to monitor ground-displacements with a high reliability if movements are predominantly linear and no major accelerations occur. Moreover, if some preliminary information on the landslide morphology is available, some basic interpretations of the landslide behavior are possible even if only 1D LOS displacements are known; in this respect, note that this prior or complementary information could be also supplied by a certain number of properly placed low-cost GNSS receivers. Although we have recorded on average a difference of approximately 7.4% between the annual LOS velocities assessed by GPS and PS-MTI, the general movement trends were relatively well represented by the PS-MTI results. In terms of frequency of data delivery and timeliness of result availability, some limitations exist. The delivery of SAR data depends on the satellite constellation used, which in our research was CSK operated by the Italian Space Agency. With this dual-use satellite system (i.e., civil and military use), delivery of SAR data is not guaranteed and images may not be obtainable in some military crisis situation. However, this is different for other satellite constellations, e.g., ESA’s Sentinel-1, which follows an open-data policy. The timeliness of result availability strongly depends on the processing and validations carried out. At present, no automatic processing solutions are available that could potentially allow for a quicker availability of deformation data. In conclusion, PS-MTI can be a promising method for stakeholders from the administrative sector. Doubtless, the largest benefits of PS-MTI are on the regional scale and are related to the ability to monitor slow ground deformation over large areas with velocities up to 1.5 cm/month. Still, also slope-scale monitoring using PS-MTI can be beneficial for areas with limited accessibility.




6. Conclusions


Our study on Corvara landslide highlighted some opportunities and limitations for PS-MTI-based landslide monitoring on the slope scale. The spatial and temporal variations, as well as the magnitude of displacements make the Corvara landslide an ideal but challenging laboratory for testing technologies, equipment and methods. Our PS-MTI-based analyses have been able to detect the overall trends of displacements. The best results were achieved for points that exhibited linear and relatively slow movements (i.e., in relation to the temporal resolution of the image acquisitions and the wavelength of the sensor used). Problems of loss of coherence arose with the monitoring of fast and sudden accelerations, as well as movements mainly directed along the satellite track (north–south). Assessed errors were found to be in an acceptable range for many end-user applications. Thereby, PS-MTI represents a useful method for monitoring ground deformations of low criticality, e.g., slow and deep-seated landslides and rockslides.



Still, additional periodic monitoring techniques are mandatory for validation and to reach the high level of reliability requested by public administrations. Anyway, given the usefulness of PS-MTI for landslide monitoring, on the regional but also on the slope scale, it can be expected that the number of such applications will increase in the future. In particular, the recently launched Sentinel-1 satellite constellation offers interesting prospects for such endeavors. The C-band sensors used for Sentinel-1 as well as the high temporal resolution of image acquisitions facilitate measurement of faster and larger ground displacements than CSK. Moreover, due to the fact that the Sentinels are operated with an open data policy, the delivery of images can be expected to be reliable and timely, therefore the attractiveness of MTI can be expected to increase. Near real-time applications or even early warning systems, however, cannot be expected in the near future; in fact, although MTI software is steadily becoming more convenient to use, the processing remains time-consuming and expertise-demanding.



For monitoring the Corvara landslide, a change to Sentinel-1-based monitoring requires a modification of the CRs installed on the landslide. Currently, the monitoring system is being upgraded to meet the requirements, and the new CRs will have an increased side length. Additional research on the Corvara landslides is being carried out within the Lemonade project (see http://lemonade.mountainresearch.at), in which a wider range of ground-based (e.g., DGPS), close range (e.g., terrestrial laser scanning, ground-based photogrammetry) and remote sensing techniques (e.g., MTI, OT, multiple aperture interferometry and possibly IG) are applied and integrated.
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Figure 1. Corvara landslide: (a) Landslide location; (b) geometric features of the X-Band Corner Reflectors (CR) and detail of the trihedral faces; (c) permanent Global Position System (GPS) monitoring site with X-band CR; (d) outlines of the landslide-affected area, monitoring system and mean annual displacements (September 2013–September 2015) measured by DGPS (background: 2.5 m DTM and 2011 orthophoto); and (e) field impressions from a highly active section north of point 51. 
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Figure 2. Flowchart of the methodology, divided into: (i) SAR image processing; and (ii) results interpretation and validation using ground-based GPS observations. 
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Figure 3. Maps showing: the topographic distortions over the study site (A); the estimated interferometric coherence across the landslide area (B); and the annual velocities observed both within and outside the landslide boundaries (C). 
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Figure 4. Plot of GPS-3D displacements    (  U G  )    during the period of acquisition according to a negative LOS unit vector     (   n ′     LOS    )     on the x-axis to represent realistically its orientation in the (X, Y, Z) reference frame. According to Equation (3),     (   n ′     LOS    )     = 100 mm for visualization purposes (UCSMP, 2016). 
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Figure 5. Cumulative displacements retrieved by PS-MTI (red) compared with GPS validation surveys (blue): CR4; CR6 CR8 and CR11 are part of the track zone; CR13 and CR53 are part of the transit zone; and CR23, CR25, CR28, CR49, CR57 and CR58 characterize the depletion zone. Note that, due to the large displacements recorded, the diagram of CR53 is out of scale respect to the others. 
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Figure 6. Evaluation of PS-MTI and GPS-LOS cumulative displacement time-series: (a) relative offset; and (b) absolute offset. The red shaded area represents the median GPS error computed for each monitoring point. Boxplots represent the 1st and 3rd quartiles (limiting the bottom and top of the boxes) and the median (2nd quartile) is depicted by the black horizontal line. Whiskers represent the difference between the 1st quartile and 1.5 times the Inter Quartile Range (IQR), bottom whisker, and the 3rd quartile minus 1.5 times the IQR, top whisker. 
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Figure 7. Differential displacements retrieved by PS-MTI (red) compared with GPS validation surveys (blue). The blue shaded areas represent the positioning standard deviation calculated for every GPS acquisition. Note that, due to the large displacements recorded, the diagram of CR53 is out of scale respect to the others. 
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Figure 8. Evaluation of PS-MTI and GPS-LOS differential displacement time-series: (a) relative offset; and (b) absolute offset. The red shaded area represents the median GPS error computed for each monitoring point. Boxplots represent the 1st and 3rd quartiles (limiting the top and bottom of the boxes) and the median (2nd quartile) is depicted by the black horizontal line. Whiskers represent the difference between the 1st quartile and 1.5 times the IQR, bottom whisker, and the 3rd quartile minus 1.5 times the IQR, top whisker. 
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Table 1. List of available COSMO-SkyMed (CSK) data.






Table 1. List of available COSMO-SkyMed (CSK) data.










	Year
	Month and Day of Acquisition
	Total





	2013
	7 October; 23 October; 8 November; 24 November; 10 December
	5



	2014
	27 January; 20 February; 8 March; 5 April; 21 April; 3 May; 4 June; 20 June; 22 July; 7 August; 23 August; 8 September; 24 September; 10 October; 26 October; 11 November; 13 December
	17



	2015
	14 January; 15 February; 3 March; 19 March; 4 April; 20 April; 6 May; 22 May; 7 June; 23 June; 10 July; 25 July; 10 August
	13



	
	Total =
	35
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Table 2. List of periodic GPS data.






Table 2. List of periodic GPS data.










	Year
	Month and Day of Acquisition
	Total





	2013
	12 September; 30 September; 14 October; 26 October; 13 November; 27 November; 10 December; 29 December
	8



	2014
	9 January; 22 January; 18 February; 3 March; 18 March; 1 April; 23 April; 14 May; 27 May; 26 June; 11 July; 16 July; 8 August; 26 August; 11 September; 23 September; 10 October; 21 October; 6 November; 25 November; 12 December; 28 December
	22



	2015
	12 January; 27 January; 11 February; 3 March; 18 March; 1 April; 16 April; 29 April; 12 May; 27 May; 12 June; 25 June; 6 July; 22 July; 4 August.; 15 September
	16



	
	
	46
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Table 3. Comparison of coherence (CC), μ/σ ratio (μ/σ and mean velocities obtained by PS-MTI and GPS-LOS (and their comparison) for the period between April 2014 and July 2015.






Table 3. Comparison of coherence (CC), μ/σ ratio (μ/σ and mean velocities obtained by PS-MTI and GPS-LOS (and their comparison) for the period between April 2014 and July 2015.





	
Zone

	
CR#

	
CC

	
μ/σ

	
Mean Velocity

	
Velocity Comparison




	
PS-MTI (cm/yr)

	
GPS-LOS (cm/yr)

	
GPS-3D (cm/yr)

	
% VELLOS (%)

	
% VEL3D (%)






	
Accumulation zone

	
CR4

	
0.639

	
13.78

	
8.5

	
9.1

	
19.8

	
92.5

	
42.8




	
CR6

	
0.619

	
8.78

	
5.6

	
6.1

	
24.6

	
91.7

	
22.8




	
CR8

	
0.621

	
8.65

	
18.2

	
22.9

	
35.4

	
79.7

	
51.5




	
CR11

	
0.623

	
13.68

	
19.1

	
20.6

	
37.2

	
92.6

	
51.4




	
Track zone

	
CR13

	
0.663

	
10.54

	
29.1

	
29.6

	
59.1

	
98.2

	
49.2




	
CR53

	
0.623

	
6.61

	
87.8

	
96.8

	
181.8

	
90.7

	
48.3




	
Source zone

	
CR23

	
0.617

	
12.02

	
15.8

	
16.9

	
29.0

	
93.9

	
54.7




	
CR25

	
0.607

	
12.33

	
15.6

	
17.2

	
28.3

	
91.0

	
55.2




	
CR28

	
0.626

	
10.75

	
28.7

	
31.8

	
53.2

	
90.1

	
53.9




	
CR49

	
0.613

	
15.03

	
12.8

	
13.3

	
20.7

	
96.2

	
61.6




	
CR57

	
0.619

	
14.20

	
13.3

	
13.2

	
24.5

	
~100

	
54.2




	
CR58

	
0.665

	
12.50

	
2.4

	
2.6

	
28.0

	
94.2

	
8.7
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