Limitations on the use of space borne differential SAR interferometry for systematic monitoring and failure forecast of alpine landslides 
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Abstract

Recent advances on satellite geodesy have boosted our capabilities to map and monitor landslides globally with unprecedented resolutions. In this scenario, differential interferometry of space borne synthetic aperture radar imagery (DInSAR) plays a major role in identifying surface displacements associated to slope instabilities and in monitoring their spatial and temporal evolution. However, this technique involves a number of constraints to consider when approaching systematic and/or operational monitoring of landslides. The main focus of this technical note is on the effects of DInSAR temporal phase aliasing when analyzing accelerating slope deformation in alpine scenarios. First, a general framework considering the currently available satellites for DInSAR investigations is postulated. Secondly, a specific example of a recently accelerating slope deformation is discussed. The goal of this work is to provide insights to scientists and practitioners on the application of multitemporal space borne DInSAR in systematic and/or automatic monitoring frameworks, potentially involving early warning applications both at local slopes and/or regional scales. 

1. Introduction
Space borne Differential Synthetic Aperture Radar Interferometry (DInSAR) is nowadays a well-established remote sensing technique used to detect, map, and monitor displacements of the Earth’s surface (Bürgmann et al. 2000; Rosen et al. 2000). Numerous authors have shown how the combination of multitemporal SAR acquisitions with advanced algorithms allows generating ground velocity maps and displacement time series with relatively high spatial and temporal resolutions, as well as sub-centimetric accuracies (Ferretti et al. 2001, 2011; Berardino et al. 2002; Casu et al. 2006; Lanari et al. 2007; Hooper 2008). These methods have been extensively applied in different geohazard scenarios, including landslides (e.g., Wasowski and Bovenga, 2014 and reference therein). The use of space based DInSAR to study landslide displacements is becoming a common practice due to the increase of the available data and of its quality (Manconi et al. 2014; Schlögel et al. 2015; Novellino et al. 2017; Frattini et al. 2018). The reasons of this success stem from the main advantages provided by DInSAR compared to other monitoring approaches, as for example the possibility to retrieve quantitative information on surface displacements at regional scales (Meisina et al. 2008), and also in areas of difficult access (Dini et al. 2019). Currently, a variety of space borne SAR sensors is available, offering a wide range of monitoring opportunities that are related to their spatial and temporal resolution, as well as to their nominal frequency bands (Wasowski and Bovenga, 2014). 

The launch of the Sentinel-1 twin satellites in 2014 and 2016, in the framework of the European Space Agency (ESA) Copernicus program (Torres et al. 2012), has enhanced the use of DInSAR in the framework of landslide research. This is mainly related to the open data policy applied from ESA, to the increased temporal sampling (6-days revisit time in Europe and other key areas, generally 12-days elsewhere), and to the advances attained in SAR capabilities both in terms of hardware and software implementations. As in the near future the family of space borne SAR sensors will further increase, the offer in terms of monitoring options will also rise (Filippazzo and Dinand 2017). Recently, an increasing number of authors have shown the potential for regional and country scale monitoring by exploiting different approaches exploiting Sentinel-1 dataset (Barra et al. 2017; Haghighi and Motagh 2017; Zinno et al. 2018; Delgado Blasco et al. 2019). These advances shifted the traditional application of DInSAR for back analyses to systematic monitoring of ground displacements. 

The application of DInSAR has evolved considerably, and is now aimed at the possibility to detect criticalities (anomalies) as for example the initiation of displacement in areas previously considered stable, as well as accelerations of active areas identified and mapped in the past (Raspini et al. 2018). Despite the mentioned advances, however, its use in landslide investigations retains a number of problems that should be carefully considered, especially while aiming at operational activities.  Limitations associated with multitemporal DInSAR in monitoring have been extensively discussed (Bovenga et al. 2018),  thus this work is specifically focused on the potential effects of temporal phase aliasing (named also velocity of ambiguity) on the analysis and interpretation of alpine slope deformation. Phase aliasing is an intrinsic limitation affecting DInSAR measurements when the displacement of the target under investigation (i.e., a slope instability in this specific case) exceeds the threshold of /4 between two subsequent satellite acquisitions and/or two adjacent pixels, where  is the nominal wavelength of the SAR sensor. Moretto et al. 2017, have recently performed a back analysis on specific slope failure events to evaluate the performance of failure forecast approaches based on Sentinel-1 data analysis. Here a more general scenario of surface displacement evolution of large alpine slopes is discussed, and a recent exemplary case of a landslide located in the Swiss Alps is shown. 

2. Slope displacement accelerations towards failure in alpine scenarios 
Landslides in alpine scenarios are associated to slope processes acting at different spatial and temporal scales. The geological and geomorphological histories have an important role as predisposing factors of instability, i.e. determining favorable conditions to ground movements and sporadically leading to slope failures (Stead and Wolter 2015). In this long-term process, ground shaking due to earthquakes and pore pressure changes due to groundwater table variations can accelerate the evolution towards catastrophic failure events (Stead and Eberhardt 2013). Particular attention is given to large rock slides and deep seated gravitational slope deformations (DSGSD), which are abundant in high mountain ranges (Hermanns et al. 2006; Crosta et al. 2013; Coe et al. 2017; Ambrosi et al. 2018). The main reason is that, despite the majority of large slope instabilities are usually affected by minor surface displacements (in the order of few cm/year or less), their sudden acceleration towards failure may involve large volumes and pose relevant hazards (Agliardi et al. 2009; Crosta et al. 2014; Fey et al. 2017). 

A conventional hypothesis for the investigation and interpretation of the evolution of slope displacements towards ultimate failure is based on the creep theory (i.e., Fukuzono-Voigth relationship, Voight 1988; Federico et al. 2012). This assumption has been extensively explored to perform back analyses on slope failure events (Rose and Hungr 2007; Sättele et al. 2016), to determine best-practice procedures to manage monitoring systems and early warning system (Crosta and Agliardi 2002; Crosta et al. 2017; Carlà et al. 2017), as well as in operational scenarios to determine the time of slope failure for civil protection purposes (Manconi and Giordan 2015; Loew et al. 2017b; Carlà et al. 2019). The Fukuzono-Voigth relationship is based on the observation that linear dependency between inverse velocity of surface displacements and time occurs during the ultimate stages before failure, i.e. the accelerating or tertiary creep stage (Petley et al. 2002; Rose and Hungr 2007). Depending on the landslide type (Hungr et al. 2013) and on the scale of observation, the total duration of the accelerating creep phase may vary considerably and can be fully described only after failure occurrence. For example, large, deep seated landslide processes affecting entire slopes may displace for decades before reaching critical stages and occasionally fail (Agliardi et al. 2009; Stead and Eberhardt 2013). During these periods, accelerated displacement are often reported without reaching ultimate failure. These phases are related to transient processes such as groundwater recharge due to snow melt in spring and/or strong rainfalls in late summer and fall (Hansmann et al. 2012; Loew et al. 2017b), and are extremely important to consider to understand the complexities of progressive failure in slope processes. 

3. Measuring accelerated slope displacement with satellite DInSAR
By assuming accelerating creep, it is possible to write the dependency between inverse velocity and time as:
          (1)

where V is the surface velocity, t is time, A and  are two constants, and tf is the time-of-failure. As common practice (derived from empirical observations) , and the inverse velocity function assumes a linear trend while approaching tf  (Rose and Hungr 2007). Equation (1) is used here to simulate the evolution of surface velocities by assuming specific temporal ranges prior to failure (see Figure 1). Moreover, a sinusoidal signal with period of one year and maximum amplitudes up to 1 mm/day was added, to simulate seasonal effects of ground water recharge due to snow melt. This cyclic signal is assumed here to have the same maximum amplitudes in the middle of the year and is completely reversible, although  timing and amplitudes might vary depending on the start of snow melt periods and on the amount of snow fall during winter (Loew et al. 2015). Moreover, during these periods additional irreversible deformation might also occur.

Temporal phase aliasing thresholds associated to the currently available SAR satellites were computed according to their nominal wavelengths and revisit times (Wasowski and Bovenga 2014; Moretto et al. 2017). In Figure 1, when the surface velocities exceed the threshold defined for a given satellite (or a combination of satellites), the surface displacements retrieved with DInSAR are intrinsically biased (i.,e, underestimated) due to aliasing affecting the phase unwrapping step (Rabus and Pichierri 2018). When acceleration towards failure occurs relatively rapidly (e.g., the 2 years case scenario in Figure 1), only few satellites may provide the theoretical capability to follow the surface displacement evolution, and they would deliver in any case biased values when landslide velocities are larger than 3 mm/day. On the other hand, if the tertiary creep stage is lasting for many years, the range of possible satellites available for long term operational monitoring increases; however, due to superimposed displacement accelerations occurring every year, a progressive underestimation of the evolution of surface velocities might occur. This means that models based on the estimation of the inverse velocity measured from systematic DInSAR and aiming to predict the landslide time-of-failure would be also affected.  
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Figure 1: Simulation of two scenarios (black lines) considering accelerating creep towards ultimate failure of an alpine slope according to equation (1). Seasonal velocities with maximum amplitude of 1 mm/day are superimposed. Horizontal lines (colors refer to the SAR signal bands) show the temporal phase aliasing thresholds for available SAR satellites which are commonly used for surface deformation monitoring. We refer the reader to (Wasowski and Bovenga 2014) for more details on satellite parameters. 


4. The Moosfluh rock slope instability, Swiss Alps
The Moosfluh rock slope is one of the largest active deep-seated instabilities of the European Alps (see Figure 2). It is located in the vicinity of the Great Aletsch  glacier, an area that has undergone to several cycles of glacial advancement and retreat deeply affecting the evolution of the surrounding landscape (Grämiger et al. 2017; Glueer et al. 2019). The moving mass associated to Moosfluh affects an area of about 2 km2 and a total volume of 75-100 Mm3 (Glueer et al. 2019). Slope displacement was initially identified by exploiting the information provided by satellite DInSAR, optical imagery, GNSS, as well as terrestrial radar and laser scanning (Strozzi et al., 2010; Kos et al., 2016). In the late summer 2016, a further acceleration of the Moosfluh rockslide was observed, with surface velocities reaching locally values larger than 1 m/day early in October. Such a critical evolution resulted in substantial internal deformation composed of toppling, formation of new tensile scarps, basal sliding, as well as of an increased number of rock failures in the form of single block falls and/or rock mass collapses of moderate size (Manconi et al. 2018a).
Since 2014, the Moosfluh slope is monitored through a network of different in-situ sensors, including a robotized total station (RTS) measuring displacements at specific point targets (monitoring network details can be found in (Loew et al. 2017a; Glueer et al. 2019)). 
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Figure 2: Overview of the Great Aletsch glacier terminus (from Google Earth imagery) and of the unstable area affecting the Moosfluh slope (pink shading). Relevant RTS monitoring targets located on the slope (white circles) are shown. More information on the historical evolution and on the complete RTS monitoring network can be found in (Glueer et al. 2019).
Figure 3a shows the evolution of the surface displacements measured at the point 35 (see location in Figure 2) between October 1st, 2014 and October 5th, 2016. Displacements are converted towards the line-of-sight (LOS) of Sentinel-1 (descending track, relative orbit 66). This monitoring point was selected here because is the longest continuous RTS measurement record, and also because is representative of the evolution of the whole deep-seated slope instability during the last five years and not only of very localized processes. The time series evidences a power-law evolution (as described for accelerating creep phases, (Crosta et al. 2017)) reaching asymptotic trend towards the end of September, 2016. Seasonal velocity changes are clearly visible in the displacement time series (see also zoom in Figure 3b), and well correlated with snow melt periods (see Figure 3e-f). 

Figure 3c-d shows only DInSAR pairs that would respect the phase aliasing threshold of Sentinel-1 (i.e. displacement <1.4 cm between pairs) among all possible combinations. The shortest revisit time considered here was 12 days, as the 6 days revisit time started to be available only towards the end of 2016. The results show that during winter periods, when the velocity of Moosfluh is relatively small, Sentinel-1 pairs up to 36 days can be theoretically exploited to retrieve unbiased information on surface displacements. However, during alpine winters snow cover deeply affects the quality of DInSAR measurements (Wasowski and Bovenga 2014). As soon as the landslide velocity increases in spring due to the effect of snow melt (see detail on Figure 3b and 3d for spring 2015), all the Sentinel-1 pairs would be affected by phase aliasing. This means that, despite the resulting time series obtained from multitemporal DInSAR processing might look reasonable, the sensor has intrinsically lost its capability to measure the full amount of displacement occurred between two acquisitions. This effect would be only partially mitigated by the use of the current temporal resolution of the Sentinel-1 constellation over Europe (i.e., 6 days, see Figure S1, Supplementary Information). In addition, for the specific case of Moosfluh we observe that starting from spring 2016, i.e. the critical phase when the landslide is severely accelerating towards a potentially catastrophic evolution, all the Sentinel-1 pairs would underestimate the displacement, and thus affect any attempt of time-of-failure forecast. On the other hand, we remind that despite the dramatic evolution experienced by the Moosfluh slope in 2016, a catastrophic slope failure has not occurred (Manconi et al. 2018b).

5. Discussion and conclusions
In this study, the effect of DInSAR temporal phase aliasing on the investigation of accelerating creep of alpine slopes was analyzed. Moreover, a representative case scenario of alpine rock slope instability was presented. The results show that the accelerating creep stage might mislay accurate satellite DInSAR measurement of surface displacements many months before the occurrence of ultimate failure due to the overcome of phase aliasing thresholds. Moreover, the velocity of ambiguity can be reached also during relatively short periods of slope accelerations, e.g. also when displacements are triggered by pore pressure changes associated to groundwater recharge. For example, seasonal ground accelerations in the Alps start during snow melt periods (e.g., as soon as temperatures increase between end of March and beginning of May). During this time, major portions of the slopes are still covered by snow, which is unfavorable to SAR coherence and thus hinders quality of the multitemporal DInSAR results (Ferretti et al. 2011; Bovenga et al. 2018). Additionally, further landslide accelerations might occur in relatively short time due to intense rainfall events in summer and/or fall  (Loew et al. 2017b). Since surface acceleration due to rainfall trigger is a common observation not only in alpine slopes but also in other geological and geomorphological settings (Bayer et al. 2018), phase aliasing thresholds should be taken into account also there for a correct interpretation of DInSAR results. The use of L-Band SAR sensors, such as the ALOS-2, assuming the nominal revisit time of 14 days could provide a better solution to increase the possibility to follow the displacements during critical phases before failure below surface velocities of 3 mm/day. However, the availability of systematic ALOS-2 acquisitions every 14 days for ALOS-2 is very limited. In future, satellite implementations as the NISAR mission (L-Band and revisit time of 12 days at global scale) will further help in these analyses (Rosen et al. 2017). However, a revisit time of 12 days is still too coarse for early warning tasks. 
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Figure 3: Evolution of the Moosfluh rock slope instability during a period of about 2 years, i.e., between October 1st, 2014 (shortly after the installation of the RTS at the location Driest) and October 5th, 2016 (peak of the displacements during the crisis). Left panels show the full time series, while right panels are zooms of the period February 5th, 2015 – August 24th, 2015. (a) Surface displacement time series recorded with RTS at the point 35. The displacements have been converted towards the LOS of the Sentinel-1 descending orbit n. 66. The zoom on the panel (b) shows a typical example of seasonal acceleration affecting alpine slopes during snow melt periods. (c-d) DInSAR pairs that would be not affected by temporal phase aliasing, i.e. displacement between pairs is lower than 1.4 cm. (e-f) Snow height time series as recorded at the weather station Eggishorn (see location in Figure 2). See text for more details.



Because slope accelerations occasionally lead to slope failure, the possibility to forecast landslide evolution from space over wide regions and eventually predict the time-of-failure is an appealing goal. However, systematic misdetection of surface displacements due to DInSAR phase aliasing would result in a progressive underestimation of the landslide temporal evolution, and potentially to misleading evaluation of displacement anomalies. In very specific cases, a-posteriori investigations might show successful failure predictions based on the analysis of DInSAR time series with the Fukuzono-Voigth relationship (Intrieri et al. 2017). These examples cannot be generalized, however, to support the conclusion that DInSAR is currently an efficient monitoring approach for systematic and/or operational management of early warning contexts in alpine settings. Indeed, (Moretto et al. 2017) has shown how the chances of prediction based on multitemporal DInSAR decrease when considering a large number of past failure events of different volumes and in different environments. The use of classical in-situ monitoring and/or ground based radar systems appears currently to be a more (if not the sole) reliable solution for early warning and/or failure forecast attempts based on the Fukuzono-Voight equation (Carlà et al. 2019, 2018; Crosta et al. 2017; Loew et al. 2017b; Manconi et al. 2018b). Nevertheless, while in back analyses forecast model fit can be calibrated efficiently as the failure time is known, experiences of failure predictions in near-real time by exploiting accurate in-situ monitoring systems has shown that slopes might not fail catastrophically despite clear accelerating creep behavior (e.g., Manconi and Giordan 2015). This suggests that the range of validity of the accelerating creep theory might be limited, and cannot be generalized in all landslide monitoring scenarios. 

Additional constraints imposed by the use of space borne SAR in mountain areas have to be also carefully considered, especially when applied for operational monitoring and anomaly detection over regional scales as recently proposed (Raspini et al. 2018; Solari et al. 2019). Atmospheric phase delay may seriously affect the accuracy of DInSAR measurements if not properly corrected (Ding et al. 2008; Crosetto et al. 2018). Moreover, due to satellite acquisition geometries and local topography, the areas affected by layover and shadowing effects cannot be monitored at all (Cigna et al., 2014). For example, the recent Piz Cengalo rock avalanche occurred in August 2017, one of the largest catastrophic failures occurred in the Alps over the last 20 years causing 8 fatalities and consistent damage in the Val Bondasca, Swiss Alps, occurred in an area mostly affected by layover and its evolution could be not mapped nor monitored in advance with space borne DInSAR. Several unknown unstable slopes are potentially located in areas not visible from satellites, or have displacements that already overcome phase aliasing thresholds. Thus, satellite DInSAR applications aimed at systematic and/or automatic early warning at regional scales should always provide a statistical assessment of potential false and missed alarms expected in the specific region of interest, otherwise evaluations could be misleading. In conclusion, satellite DInSAR is surely an invaluable source of information on landslide displacements, however, the intrinsic limitations have to be always carefully presented to avoid extreme generalization and overrating of this monitoring technique. 
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Figure S1: Same as Figure 3 but considering the minimum revisit time of 6-days for Sentinel pairs. Despite increased temporal resolution, periods of rapid acceleration as during snow melt are also affected by phase aliasing and thus underestimation of surface displacements. 
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