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Abstract

:

Rock glaciers represent typical periglacial landscapes and are distributed widely in alpine mountain environments. Rock glacier activity represents a critical indicator of water reserves state, permafrost distribution, and landslide disaster susceptibility. The dynamics of rock glacier activity in alpine periglacial environments are poorly quantified, especially in the central Himalayas. Multi-temporal Interferometric Synthetic Aperture Radar (MT-InSAR) has been shown to be a useful technique for rock glacier deformation detection. In this study, we developed a multi-baseline persistent scatterer (PS) and distributed scatterer (DS) combined MT-InSAR method to monitor the activity of rock glaciers in the central Himalayas. In periglacial landforms, the application of the PS interferometry (PSI) method is restricted by insufficient PS due to large temporal baseline intervals and temporal decorrelation, which hinder comprehensive measurements of rock glaciers. Thus, we first evaluated the rock glacier interferometric coherence of all possible interferometric combinations and determined a multi-baseline network based on rock glacier coherence; then, we constructed a Delaunay triangulation network (DTN) by exploiting both PS and DS points. To improve the robustness of deformation parameters estimation in the DTN, we combined the Nelder–Mead algorithm with the M-estimator method to estimate the deformation rate variation at the arcs of the DTN and introduced a ridge-estimator-based weighted least square (WLR) method for the inversion of the deformation rate from the deformation rate variation. We applied our method to Sentinel-1A ascending and descending geometry data (May 2018 to January 2019) and obtained measurements of rock glacier deformation for 4327 rock glaciers over the central Himalayas, at least more than 15% detecting with single geometry data. The line-of-sight (LOS) deformation of rock glaciers in the central Himalayas ranged from −150 mm to 150 mm. We classified the active deformation area (ADA) of all individual rock glaciers with the threshold determined by the standard deviation of the deformation map. The results show that 49% of the detected rock glaciers (monitoring rate greater than 30%) are highly active, with an ADA ratio greater than 10%. After projecting the LOS deformation to the steep slope direction and classifying the rock glacier activity following the IPA Action Group guideline, 12% of the identified rock glaciers were classified as active and 86% were classified as transitional. This research is the first multi-baseline, PS, and DS network-based MT-InSAR method applied to detecting large-scale rock glaciers activity.
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1. Introduction


Rock glacier is a tongue or lobate-shaped landform consisting of a seasonally frozen active rock debris layer, unconsolidated rock debris, and ice supersaturated debris or pure ice [1,2]. It is a typical gravity and seasonally freeze-thaw driven feature of creeping permafrost found in periglacial environments [3,4]. Due to the thermal insulating effect of unconsolidated rock debris, the melting of pure inner ice is retarded; thus, a rock glacier landform is more climatically resilient than a glacier and may prolong water storage in high mountain systems [5,6]. A rock glacier is of great hydrological importance in periglacial environments; the abundance of rock glaciers greatly influences the amount and properties of runoff from high mountain watersheds [3,7]. The water storage of rock glaciers provides a buffering capacity for surrounding lowlands [5]. Periglacial hydrological resources are susceptible to environmental change; the active layer thickness of rock glaciers and periglacial permafrost thickens as temperature increases [8,9,10]; the displacement variations of rock glaciers are effective indicators of periglacial environmental change [7,8]. Abnormally increasing rock glacier displacements can pose landslide hazards [8], and thus rock glacier surface creeping should be monitored for landslide hazard prevention [4]. In addition, the existence of active rock glaciers is an indicator of permafrost distribution. Detecting rock glacier activity is also crucial for mapping the permafrost zonation index [11,12].



In recent years, the surface displacements of rock glaciers have been monitored with field measurements [13], including by repeated geodetic tachymetric surveys (e.g., triangulation), in situ GNSS (global navigation satellite system) systems, and terrestrial laser scanning (or LiDAR) measurements [7,14,15]. These conventional methods are limited to sparse point densities and are extremely labor-intensive because of the remoteness of the locations and the complex climate and terrain environments [16], and generally they do not meet application requirements at the regional or continental scale [4,16]. Optical remote sensing techniques have been commonly used to generate regional inventories of rock glaciers [17]. Repeated stereo-imagery photogrammetry is an optional method for surface displacement monitoring of rock glaciers, allowing retrospective reconstruction of surface velocities over long periods [18]. Space-borne high-resolution optical images are normally used to identify the distribution of rock glaciers based on their distinct surface characteristics [19,20,21]. The activity of rock glaciers can only be classified qualitatively based on surface characteristics related to downslope deformations [19].



Compared with field-based or optical sensors methods, the use of synthetic aperture radar (SAR) and SAR interferometry (InSAR) is a more efficient alternative for investigating active landslides deformation, glacier movement [22,23], and the displacements of rock glaciers [24,25,26,27,28] due to the large coverage, high resolution, and frequent acquisitions. Differential InSAR (DInSAR) has been successfully applied to retrieve the surface motions of rock glaciers with a short temporal baseline [29,30,31,32,33,34]. However, the use of DInSAR for rock glacier deformation detection is limited by spatio-temporal decorrelation, geometric decorrelation, and atmospheric delay due to the complexity of periglacial environments [27]. To mitigate the limitations of DInSAR, multi-temporal InSAR (MT-InSAR), such as persistent scatter interferometry (PSI) [35], and the small baselines subset (SBAS) method [36] have been developed to monitor deformation rates and reconstruct the long-term cumulative ground movements of rock glaciers with millimeter-level accuracy [32,37,38,39,40,41,42]. Barboux et al. compared the applicability of PSI and SBAS for monitoring the deformation of high elevation periglacial environments [32]. Results showed that the PSI method had a higher deformation rate estimation accuracy in small areas but that the monitoring points were insufficient due to temporal decorrelation. Previous studies of rock glacier displacements measurements focused on relatively small spatial scales [43]. Systematic studies of the characteristics of regional rock glacier activity are still rare [44].



In the Himalayas, some studies monitored the deformation of rock glaciers using the SBAS method [43,45]. The deformation destabilization in some typical rock glacier regions was successfully detected; however, a quantitative deformation inventory of rock glaciers is still limited to few areas [43,44,45]. Reinosch et al. carried out a rock glacier activity inventory over the western Nyainqêntanglha range via InSAR time-series analysis with Sentinel-1 data from 2016 to 2019 [44], demonstrating the feasibility of large-scale InSAR SBAS time-series measurements of rock glaciers (a total of 1433 rock glaciers were explored). However, robust large-scale MT-InSAR rock glacier measurements in high elevation regions are challenging. First, there is a correlation loss caused by complex temporal changes in snow cover and snowmelt conditions [46,47]; in the monitoring points network-based MT-InSAR method (PSI), the inversion accuracy of deformation parameters is affected by temporal decorrelation and layover or shadowing induced by the side-looking acquisition mode of SAR and surface slope and aspect [48,49]. Recently, distributed scatterers (DSs) have been explored for retrieving ground deformation in low-coherence areas [50]. In periglacial permafrost regions, DSs are widely used; incorporating DS into persistent scatterer (PS)-based MT-InSAR analysis can improve the density of the measurement points in rock glaciers [51]. The estimation error of the atmospheric phase screen (tropospheric delay) due to the high elevation relief variation is a critical factor influencing the application of MT-InSAR [52,53]. In some SBAS processing chains, interferometric atmospheric phase delay corrections were implemented by global meteorological reanalysis data or simulated by linear or power-law models [54,55]. It is challenging to accurately estimate the vertically stratified component due to the enormous relief elevation variation [54,55].



This study aimed to overcome the restrictions of MT-InSAR in periglacial zones and to robustly retrieve the ground deformation of rock glaciers around the central Himalayas. To derive more stable measurement points, we adopted a multi-baseline combination strategy to standard PSI, which mitigated the problem associated with having too few PS points caused by the single master image interferograms used in the PSI method. In addition, DSs were also selected to monitor the ground surface deformation of rock glaciers. To retrieve the deformation of rock glaciers more robustly, we improved the inversion algorithm of the multi-baseline PS–DS combined MT-InSAR network. This is the first monitoring point differential network-based MT-InSAR study for detecting large-scale rock glacier activity over the Himalayas.




2. Study Area and Datasets


2.1. Study Area


The study area is in the central Himalayas (longitude: 80.74–88.44, latitude: 27.34–30.57) (Figure 1), extending from Mapam Yumco Lake (northwest of the study area) to Kangchenjunga Conservation Area (southeast of the study area). The total area covers 106,403 km2. Most of the study area is characterized by continuous permafrost-related periglacial landforms with highly rugged terrain [56]. Altitude ranges from 538 m to 8619 m.



The climate type of the central Himalayas ranges from subtropical in the south to arctic in the north [56]. According to the monthly precipitation and soil temperature data at two meteorological stations (Pulan and Neral) within the study area (Figure 1), the monthly averaged soil temperature ranges from −13 °C to 26 °C through a year (Figure 2a). There is relative low precipitation in October–May; rainfall is mainly concentrated during the summer months (June–September) (Figure 2b). Comparison of Pulan and Neral meteorological characteristics, the soil temperature, and precipitation shows a considerable spatial variation (Figure 2b). The accumulated amount of water that has melted from the snow in the snow-covered area from the ERA-Interim reanalysis data [57] (Figure 2b) indicates that snowmelt oscillates from May to August. Snowmelt is one of the most important factors that influences the penetration and scattering mechanism of the SAR signal [47]. The interferometry coherence between dry or no snow and wet snow is low during the snowmelt oscillations period.



Rock glaciers are widely distributed in the central Himalayas [58]. Following the baseline concepts and practical guidelines of the IPA Action Group rock glacier inventories and kinematics (version 4.1), we visually identified rock glaciers by referring to high-resolution satellite images and manually delineated the outline of each rock glacier. In our study, mandatory criteria of a rock glacier were discernible frontal and lateral margins overriding the surrounding terrain [59]. Multiple sources of satellite images, i.e., Bing Maps, Google Earth, and ESRI satellite maps, were adopted to avoid imagery quality issues that are commonly seen in the region due to the complex terrain and atmospheric conditions. A total of 4962 rock glaciers were identified in the central Himalayas (Figure 1). Based on this dataset, the temporal–spatial coherence of the rock glaciers was calculated to assist the selection of interferogram pairs. The deformation of each rock glacier in the study area was detected using the proposed MT-InSAR method. Most rock glaciers tend to have an aspect of 270~360° and 30~90° (Figure 3a). Due to poor InSAR displacement sensitivity in the south or north component, aspect data can help evaluate deformations. From the point of view of slopes, rock glaciers are widely developed at slopes from 8° to 35° (Figure 3b,c). In some rock glaciers, the local slope exceeds 40° (Figure 3d). Rock glaciers are mainly distributed at altitudes between 3800~6000 m (Figure 3e). The maximum area of an individual rock glacier is less than 2.5 km2; about 4860 rock glaciers have areas of less than 0.5 km2 (Figure 3f).




2.2. Datasets


To investigate in detail the large-scale deformations of rock glaciers in the central Himalayas, the MT-InSAR method was applied to interferometric wide swath mode (IW) Sentinel-1A data from both ascending and descending orbits. A total of 12 tracks of ascending and descending data overlapping the rock glacier distribution were processed for this paper (Figure 1, Table 1).





3. Methodology


A multi-baseline PS and DS network-based MT-InSAR method was designed to detect the line-of-sight (LOS) deformation of rock glaciers on a large scale over the central Himalayas using ascending and descending Sentinel-1A SAR data. Rock glacier activity was classified based on multi-geometric LOS deformation estimates. Large-scale deformations and activity characteristics were finally analyzed. The overall processing chain is shown in Figure 4.



3.1. InSAR Processing


Sentinel-1 SAR data coregistration preprocessing, including data extraction, terrain observation with progressive scans (TOPS) splits and de-ramp, geometric coregistration, enhanced spectral diversity (ESD) fine coregistration, re-ramp, burst, and sub-swath merging [53,60], were applied according to the requirements [61].



In the central Himalayas, the rock glacier surface experiences dynamic snowmelt changes, which result in dramatic temporal decorrelation, especially from April to May. Thus, a multi-baseline strategy was adopted to generate the interferograms [62]. A semi-automatic selection of optimum image pairs based on interferometric coherence was adopted [63]. The coherences of all possible interferogram combinations in rock glacier surfaces were generated. The interferograms with rock glacier mean coherence > 0.7 were selected for further processing. After the interferograms generation and selection, the 30 m resolution (1-arcsecond grid) Shuttle Radar Topography Mission (SRTM) digital elevation model (DEM) was used to remove the flat-earth and topographic phase from the original interferograms [61,64]. To improve the signal-to-noise ratio of the interferogram phase and amplitude, all the interferograms were multi-looked by factors of 8 in the range and 2 in the azimuth direction.




3.2. PS, DS Identification, and DS Filter


After the generation of differential interferograms, the deformation parameters were retrieved based on stable scatterers. The scatterers with mean coherence amplitude of all the selected interferograms greater than 0.7 were selected as PS. As observed, the PSs were insufficient over the rock glacier surface. To improve the quality of the interferometric phase and the density of the rock glaciers’ coherent pixels, the DSs were also selected for deformation estimation. The DS objects are statistically homogeneous pixels (SHP) with the same scatter behavior over bare soil, sparse vegetation, or snow-covered surfaces [50,65]. For the SHP identification, the amplitudes of the SAR images were first determined by simple relative amplitude equalization [66,67]. Then, the Anderson–Darling (AD) test was performed to define the SHPs [68,69]. The pixels with SHP count greater than a certain threshold (A 15 × 15 moving window centered around each DS candidate [70] and the number of SHPs greater than 40 [71]) were defined as DS candidates. After the DS candidates selection, the interferometric phase and coherence amplitude of the DS candidates were filtered adaptively using the SHP information [65,70,72]. To reduce the error caused by SHPs with low coherence in simple mean filtering, the coherence between central pixel (DS candidates) and SHPs was used as the weight to filter the interferometric phase [71]. The coherence weight filter is defined as follows:


   σ  D S   =    ∑  i = 1  N  C o  h i  ·  σ i   N   



(1)




in which    σ  D S     is the filtered interferometric phase of DS candidates,     σ i    is the interferometric phase of SHPs,  N  is the counts of SHPs,   C o  h i    is the mean coherence of the time-series SAR images between the central pixel and the SHP.



The layover or shadowing effects induced by the SAR geometry may affect the DS selection and the precision of the deformation parameters estimates, which should be simulated and eliminated before the DS selection.




3.3. Deformation Network Construction and Estimation


After the PSs and DSs were identified, a Delaunay triangular network (DTN) was constructed to connect the selected high-coherence scatterers (PSs and DSs). The phase differences of the selected interferograms between two selected highly coherent scatterers at the edge of the DTN was constructed using the phase model described in [35,61,73].



Before parameter estimation, the long arcs with a spatial distance longer than 400 m were rejected due to the significant difference in the atmospheric phase screen (APS) [66]. With the assumption that two adjacent connected scatterers in the DTN have the same APS, the APS was removed by subtracting the phase from the end to the start of the scatterer. The relative deformation rate and DEM error parameters at the arcs of the DTN were estimated by maximizing the absolute value of the temporal coherence [61,62,72]. The optimal relative deformation rate and the elevation error parameters were estimated using the local search Nelder–Mead algorithm [74,75,76].



To evaluate the APS calibration effect and the quality of the relative estimates for all arcs in the DTN, a residue-to-signal ratio (RSR) estimator initially used to detect PS in SAR tomography was modified to evaluate the matching degree between the measurements and the estimated phase [74]. The modified RSR is calculated by the following equation:


  R S R =    ∑  n = 1  N  (    (   A 1 n  ·  A 2 n   )   2   (  1 − cos  (   |  Δ  ϕ  m e a  n  − Δ  ϕ  e s t  n   |   )   )  )    ∑  n = 1  N     (   A 1 n  ·  A 2 n   )   2     



(2)




where  N  is the number of interferograms,    A 1 n    and    A 2 n    are the coherence coefficients of the starting and ending points of the nth interferograms,   Δ  ϕ  m e a  n    is the nth-measured interferometric phase difference,   Δ  ϕ  e s t  n    is the kth-measured interferometric phase difference acquired from. The lower RSR value implies a better removal of APS and fine estimation of relative deformation parameters. In this paper, the RSRs with a threshold greater than 0.3 indicate ineffectively calibrated APS or an inaccurate estimation of the relative deformation parameters. For those arcs, an M-estimator method was adopted to improve the accuracy of the parameter estimation [66,69].



In the M-estimator process, the temporal phase unwrapping was first conducted based on preliminary estimates results and measured phase:


  Δ  ϕ  u n w r a p e d   =  (  ξ · s + η · v  )  +  (  Δ  ϕ  m e a   − w r a p  (  ξ · s + η · v  )   )   



(3)




where   ξ  = 2     b ⊥    λ R    ,   η  = 2    Δ t  λ   ,   Δ t   is the time span of the interferogram,  s  and  v  are the relative deformation rates and the elevation error parameters,    w r a p ( )   is the wrapping operation. Once all the phases were unwrapped, the relation between the unwrapped phase and relative parameters was reformulated as follows:


  Δ  ϕ  u n w r a p e d    = D J =   [      2 π  ξ 1      2 π  η 1       ⋮   ⋮      2 π  ξ N      2 π  η N       ]   [     s     v     ]   



(4)




where parameters J can be re-estimated using the least square method. To lower the influence of possible unwrapping phase outliers, parameters J are iteratively solved by assigning smaller weights to significant residual phases.


   J   ( l )    =    (   D T   W   ( l )    D  )    − 1    D T   W   ( l )    Δ ϕ  



(5)




where  l  is the iteration index and  W  is the dialog weight matrix; the initial weight matrix (   W   (  l    =   0   )     ) was set as the identity matrix and the weight with iteration index l  ;    W   ( l )      was calculated using the residual phase:


   r   ( l )    =    [   r 1   ( l )    , …  r N   ( l )     ]   T  = Δ ϕ − D  J   ( l )     



(6)






   w i   (  l + 1  )    =  {      1 ,                              for     |   r i   ( l )     |  ≤  C  M − e s t i m a t o r            C  M − e s t i m a t o r      |   r i   ( l )     |    ,    for     |   r i   ( l )     |  >  C  M − e s t i m a t o r          



(7)






   W   (  l + 1  )    =  d i a g   {   w i   (  l + 1  )     }   



(8)




where C is set to be 1.345 [66], the iteration was terminated on convergence and parameters  J  were finally determined [66]. After re-estimating the relative parameters by the M-estimator at the arcs with high RSR, the RSR of those arcs was re-calculated. Then, the DTN was adjusted by rejecting unreliable arcs with high RSR.



Once the relative parameters of the reliable arcs were acquired, the absolute deformation and DEM error were retrieved by integrating the relative estimates from the connected network [66]. Due to the rejection of high RSR arcs, isolated small networks may exist in the modified DTN which cannot be adjusted together. The largest connected network was identified by using a deep-first search algorithm. The network adjustment (integration) of the largest connected network can be formulated as follows:


  Δ H   =   G · S  



(9)







Assuming that the largest connected network contains  P  arcs and  Q  selected stable scatterers,   Δ H   is the estimated relative parameters of all the  P  arcs, and  G  is the transformation matrix consisting of −1, 0, and 1, and  S  is the absolute deformation or DEM error parameters of all the  Q  selected stable scatterers.



In practice, the transformation matrix may be ill-conditioned, which means that the inversion using least square is not stable. Generally, the ridge-estimator-based weighted least square (WLS) method is commonly used in the inversion [66,74]:


  S =   (  G T  W G + σ I )   − 1    G T  W H  



(10)




where  σ  is the regulation parameter and can be determined by the L-curve method [66,76].



In general, the determination of the L-curve corner in the traditional method requires the eigenvalue decomposition of  G  and the resolution of the regularization parameter by using the truncated singular value decomposition (TSVD) [75]; this process is time-consuming when the connected network in Equation (10) is large. To overcome this drawback, a faster, alternative method was adopted in our work [76]. This method is based on an iteration optimal estimation of the corner in dispersed L-curve sampling points using the Menger curvature of a circumcircle and golden section search method [76].



We verified the effectiveness of the optimal estimation of the dispersed L-curve corner in a sample region of the descending track (Path 48, Frame 499). As depicted in Figure 5, we located the corners of the L-curve (red point in Figure 5); the optimal regulation parameters for elevation (DEM error) and deformation velocity were found efficiently. The successful selection of the L-Curve corner indirectly demonstrated the validity of the proposed method.



Once the optimal absolute deformation rate and the DEM error parameters were acquired, the deformation time series of the DSs in the line-of-sight (LOS) direction were retrieved through conventional PSI processes [35].




3.4. State of Activity of Rock Glacier Detection


3.4.1. Active Deformation Areas Detection


Active deformation area (ADA) is an effective indicator of displacement measured by MT-InSAR processing [77,78]. Based on the deformation acquired from Section 3.3, ADA was identified using the standard deviation of the deformation map (   σ  m a p    ). As the rock glacier outline was identified, a stability threshold of   2  σ  m a p     was set to discriminate the active points of the rock glacier [78]. Rock glacier activity can be classified into three classes:


  R  G  a c t i v i t y   =  {      U n r e c o g n i z e d           i f   v = n a n                   I n a c t i v a t e                           i f    | v |  < 2  σ  m a p         A c t i v a t e                             i f    | v |  > 2  σ  m a p          



(11)




where    | v |    is the absolute deformation velocity of the rock glacier monitoring point.   R  G  a c t i v i t y     is the activity of the rock glacier monitoring point.



In this paper, to improve the monitoring rate of the ADA in the rock glacier surface, the activity of rock glaciers acquired from both ascending and descending deformation was merged:


  R  G  m e r g e   =  {      U n r e c o g n i z e d           i f     R G   a s c     a n d     R G   d e s     a r e   U n r e c o g n i z e d       I n a c t i v a t e                           i f     R G   a s c     a n d     R G   d e s     a r e   I n a c t i v a t e       A c t i v a t e                             i f   o n e   o f   t h e     R G   a s c     a n d     R G   d e s     i s   A c t i v a t e        



(12)




where   R  G  a s c     and   R  G  d e s     are the activities of the rock glacier pixel in the ascending and descending orbit data acquired using Equation (11).   R  G  m e r g e     is the merged activity.




3.4.2. Rock Glacier Activity Classification


Recently, the IPA Action Group established a baseline concept of rock glacier inventories and kinematics as well as a standard guideline for inventorying regional rock glacier activity using InSAR data [59,79]. Following the baseline concept and the guideline, we further classified the rock glacier activity using the MT-InSAR detecting results. First, the LOS surface velocity of both geometries (ascending and descending) was projected to the direction of the steepest slope using the method proposed by Notti et al. [49]. Second, the median downslope deformation velocities of all of the valid pixels within the extent of each rock glacier were calculated [44]. Finally, the mean of both downslope velocities derived from the ascending and descending observations was calculated as the final downslope deformation velocity [44]. The kinematic attribute was assigned according to the rules defined in the guideline [59], and all of the identified rock glaciers were classified into four categories of activity, i.e., undefined, active, transitional, and relict [59].






4. Results


We applied the proposed MT-InSAR method to all 12 tracks of Sentinel-1 data covering all identified rock glaciers (Table 1, Figure 1). Balancing the effect of numerous monitoring points (>8 million in some tracks) and arcs in DTN to computational efficiency, the selected monitoring points were segmented into several subsets (a maximum of 3 million points in each segmentation was allowed in this study). The DTN was constructed, and the relative parameters of the reliable arcs in each segmentation were acquired. Selecting stable reference points in each segmentation network is critical for integrating the relative estimates to absolute deformation rate and the DEM error (Equation (10)). We set all reference points manually using mean interferometric coherence and high resolution Bing optical images, and the candidate point with high coherence (>0.9) and distributed in the mountain bedrock region was selected [55,80]. Once the reference points were determined, the ridge-estimator-based WLR was performed to acquire the absolute deformation velocity and DEM error. Finally, we merged the deformation velocities of all segmentations and tracks by calculating the datum offset with the analysis of the distribution of the homonymous point difference of the subset and multitrack overlapping areas [81].



4.1. Deformation Rates over the Central Himalayas


Based on the processing chain mentioned above (Figure 4), the deformation velocities of rock glaciers and their surrounding areas in the LOS direction were obtained from the Sentinel-1A ascending and descending geometries. We observed LOS deformation velocities in the central Himalayas ranging from −150 to approximately 150 mm (Figure 6). The deformation velocity standard deviations of ascending data and descending data were 14.42 and 14.74 mm/y, respectively. The deformation velocities of permafrost showed lower variations compared with rock glacier landforms (Figure 7).



As shown in the randomly selected zoom-ins in Figure 7, the deformation anomalies of active rock glaciers were observed both in ascending and descending geometries. Since the rock glaciers are distributed in high mountain areas, the aspects of rock glaciers show significant spatial heterogeneity (Figure 8b). Generally, a positive deformation rate represents the motion of the ground toward the satellite, and conversely, negative velocities represent the motion away from the satellite [39]. As shown in Figure 8c,d, the deformation rate shows opposite trends in aspects (eastward and westward) and SAR orbits (ascending and descending). Thus, high positive and negative deformation velocities in rock glacier surfaces indicate that the rock glacier is unstable. The discrepancies in the deformation trends in different aspects and SAR orbits demonstrated the effectiveness of our proposed method (Figure 8). Previous studies showed that the aspect facing away from the satellite captured a more significant portion of the actual deformation in the slope direction [40].



Figure 9 shows the detailed deformation of individual rock glaciers in ascending and descending geometries. The active displacements observed from ascending orbit data were notable when the aspect of the rock glacier faced away from the satellite. Thus, the extraction effects of active rock glaciers can be improved by combining the deformation detecting results of both ascending and descending geometries. In general, the activity of rock glaciers is classified based on the morphological characteristics acquired from high-resolution optical images [19] (Figure 9a–f). The rock glacier with unambiguous, complex, and extensive ridge and swale flow banding indicates high activity [19]. However, based on the criterion provided in [19], a rock glacier classified as inactive by optical images (Figure 9e,f) shows deformation velocity greater than 60 mm in its moving area and reveals obvious deformation compared with its surrounding areas (Figure 9k,l). Thus, the deformation acquired from the MT-InSAR method provides a quantitative indicator for the classification of the regional activity of rock glaciers. An unrecognized rock glacier (red block in Figure 9f) shows high deformation velocities both in ascending and descending geometries (Figure 9l,r). Thus, the deformation information can provide an additional indicator for rock glacier recognition.




4.2. Rock Glacier Activity Statistical Analysis


4.2.1. Rock Glacier ADA


According to the recognition of the rock glaciers over the central Himalayas (Figure 1), the mean, median, maximum, and the difference between the maximum and minimum deformation of 4962 rock glaciers were calculated (Figure 10). As shown in Figure 10a,b,e,f, the mean and median displacement rate ranged from 0 to 75 mm/y both in ascending and descending orbits; these distributions also revealed the proportion of the moving area within the outline of each rock glacier. Considerable diversity of deformation velocity was reported among the rock glaciers due to the variation in deformation velocity of the intact rock glaciers and the existence of relict rock glaciers in the identified rock glaciers. More than half of the rock glaciers have large deformation points or zones (>3200 in ascending estimates and >2800 in descending estimates) (Figure 10c,d,g,h). About 60% of the rock glaciers show great spatial displacements variation, with deformation differences of over 40 mm/y (Figure 10d,h). In general, the deformation velocity of a rock glacier unit often shows spatial heterogeneity to a certain degree due to the diversities of the internal structure and terrain slope [59]. Consistent with the IPA Action Group Rock glacier inventories and kinematics guideline, the deformation difference between the terminal part (front) lateral margins, rooting zone, and the central part of a rock glacier was also found in this study (Figure 9g–j).



To evaluate the activity of rock glaciers from the MT-InSAR deformation estimation results, active thresholds with 28.84 mm/y in the ascending orbit and 29.47 mm/y in the descending orbit were established using the standard deviation of the deformation map (  2  σ  m a p    ). The ADA of all rock glaciers was calculated based on the methodology explained in Section 3.4.1 (Figure 11).



Figure 12 shows an example of ADA extraction results at different zoom-in scales. The ADA extracted from the ascending geometry was consistent with the descending geometry in most rock glacier surfaces. At the same time, diversity in the proportion of ADA existed in some rock glaciers (Figure 12d,e). The reason for this is that the deformation signal cannot be well detected when the rock glacier aspects face toward the SAR LOS azimuth [39]. In addition, several tracks of SAR data were included in the study area. The individual reference point in every sub-region needs to be selected individually. When the reference points are chosen in the active (large deformation) region, there will be a certain estimation error and deformation difference between ascending and descending results [55].



As shown in Figure 12a,c, in some pixels of individual rock glaciers, ADA was undetected due to decorrelation; the overall activity state of an individual rock glacier was unrepresentative when there was a small proportion of monitorable pixels. As seen in Figure 13a,b, about 4646 rock glaciers in the ascending orbit and 4502 in the descending orbit were classified with more than 50% of monitored pixels. The final merged ADA map of the rock glaciers in the central Himalayas was obtained based on Equation (12) (Figure 11 and Figure 12e,f). As shown in Figure 13c, the monitoring rate was significantly improved; about 4327 rock glaciers were monitored with a monitoring rate of over 90% (Figure 13c).



According to the ADA classification results (Figure 11 and Figure 12) and monitoring rate statistics (Figure 13a–c), the proportion of active pixels in all monitorable pixels (active pixels ratio) was counted (Figure 13d–f). Considering the balance between monitoring rate and the representativeness of the ADA to individual rock glaciers, the rock glacier active ratios for a monitoring rate greater than 30% were calculated (Figure 11 and Figure 13d–f, Table 2). As shown in Figure 13d,e, a total of 3034 rock glaciers in ascending and 3079 rock glaciers in the descending orbits are in a low activity ratio. After merging the geometries, the active rock glacier ratios increased from 32% to 49% (Figure 13f).



Table 2 summarizes the statistically highly active rock glaciers corresponding to different analysis indicators (mean, median, maximum deformation, and active rock glacier ratios). The ascending and descending merged mean and median deformation greater than 2σ were about 19% and 16%, respectively (Table 2). These results indicate that only a small part of the rock glaciers was in an active state, while about 71% of rock glaciers showed high local activity (maximum deformation greater than 2σ) (Table 2). Thus, binary classification of the activity of a rock glacier (active or inactive) cannot be based just on the indicators of mean and median deformation. The statistics of rock glaciers with a monitoring rate greater than 30% and active rock glacier ratios greater than 10% were calculated and more detailed characterizations of rock glaciers were acquired. The statistical results show that 49% of rock glaciers were active (Table 2).




4.2.2. Rock Glacier Activity


Based on the rock glacier activity classification strategy mentioned in Section 3.4.2, the downslope deformation rate of the recognized 4962 rock glaciers in the study area was acquired by LOS surface velocity downslope projection and merging ascending and descending downslope deformation results. Figure 14a,b shows that the mean and median downslope displacement rate was below 300 mm/y. Similar to the LOS deformation estimates (Figure 10c,d,g,h), rock glaciers showed large spatial inside displacements variation (Figure 14e), and the moving area existed in 42% of the studied rock glaciers (Figure 14d).



Based on the rock glacier inventory conducted in the previous study [44], the median of rock glacier pixels was determined to represent the rock glacier kinematic attribute (Figure 14b). Following the IPA Action Group guidelines, rock glaciers with a surface velocity of <10 mm/y were considered relict, 10–100 mm/y were considered transitional, and faster rock glaciers were considered active [59]. The activity of rock glaciers distributed in the study was acquired (Figure 15a). The rock glaciers with a monitoring rate of less than 30% were classified as undefined. As shown in Figure 15b, transitional rock glaciers represented 86% of the inventory; 12% were active.






5. Discussion


5.1. Cross Comparison between the Proposed MT-InSAR Method and the SBAS Method


We evaluated the consistency of the deformation rate derived from the multi-baseline PS–DS network-based MT-InSAR method and the SBAS method [80] in a sample region of the descending track for Path 48, Frame 499 (Figure 16). As shown in Figure 16, the deformation rates show similar spatial distributions, although heterogeneities exist in some regions. In some rock glaciers, active deformation was acquired by both methods (Figure 16c–f). Figure 16e,f indicates that a higher monitoring rate was achieved by the proposed MT-InSAR method, likely because coherence weight filtering was performed for selected DS and the quality of the interferogram phase was improved. On the other hand, the conversion from phase to displacement time series was performed by minimizing the interferometric phase residual in the SBAS method [80]. When critical interferometric links are missed in low interferometric coherence pairs there will be no displacement estimates [82]. As shown in Figure 16a,b, the area outside of rock glaciers also shows LOS deformation as high as 60 mm/y. After visual investigation, we found that most of deformations were likely due to periglacial talus deformation or permafrost seasonal thaw subsidence, and we believe that the presented method could be helpful for detecting the deformation activity of the talus.



Figure 17 shows the density scatter plots between the two methods for the overall sample region and the rock glacier area. Compared with the entire area of the sample region, a higher density correlation was found in the rock glacier surface. The results reveal that both the proposed MT-InSAR and the SBAS method were able to detect the activity of the rock glaciers. In the high mountain region, the multi-baseline PS–DS network-based MT-InSAR approach shows an advantage compared with the SBAS method. In the SBAS method, the tropospheric delay correction was performed using the global atmospheric model (GAM) [53] or the empirical relationship between the stratified tropospheric delay and topography [83]. The interferograms in the high relief region are often strongly affected by a delay correlated with topography [84]. It is difficult to simulate the relationship between vertical stratification and topography using the empirical model (linear or power-law) and GAM on a large scale in the periglacial zones of the Himalayas [55]. However, the DTN network was constructed to connect the coherence points with similar APS in the PS–DS network-based MT-InSAR method. The arcs with large APS variations were rejected. In addition, the deformation parameter estimation error caused by topographic-correlated atmospheric delay was reduced by RSR and the M-estimator method. The SBAS method in MintPy does not use the temporal deformation model in the network inversion [80], which is more suitable for estimating deformation in low relief permafrost regions.




5.2. Comparison with Other Rock Glacier Surface Displacement Studies


It was extremely difficult to validate the deformation monitoring results with TSL or GPS, as no such data were available to this study [44]. To evaluate the reliability of our results, the deformation characteristics of rock glaciers estimated by InSAR and MT-InSAR in previous studies were compared (Table 3). Due to its merits, many studies have used InSAR to retrieve surface deformation information of rock glacier landforms in periglacial environments such as Tien Shan, the Alps, and the Himalayas. The studies listed in Table 3 indicate that the rock glacier deformations show large variations (<2000 mm). The displacement velocities in the central Himalayas estimated using the MT-InSAR method are slightly lower than those derived from the conventional DInSAR technique [27,44]. This difference was likely due to the fact that the relative deformation estimated with the DInSAR method is based on a short time interval, which is not susceptible to the influence of deformation decorrelation [27]. The PSI or SBAS methods are more suitable for observing slow slope movements of rock glaciers at the mm/y scale [32]. Compared with the estimation results acquired using the SBAS or PSI method, a similar deformation variation range was acquired in this study (Table 3). Dini et al. described the deformation mapping of hundreds of rock glaciers in the Himalayas of northwestern Bhutan. The velocity in the LOS is around 100 mm/y, which is similar to our results [43]. Eike et al. classified 1433 rock glaciers over the Nyainqêntanglha using the MT-InSAR method, finding that about 18.5% of rock glaciers were active with higher median surface velocities of up to 87 cm/y (direction of the steepest slope) [44] (Table 3). Compared with the median deformation results acquired in our study (Table 2), the percentage of reported active rock glaciers (12%) was lower than that of Eike et al. [44]. However, the highly active rock glacier ratio was acquired using a threshold of active rock glacier ratio > 0.1 and monitoring rate > 0.3 (Figure 13 and Table 2).



The 75th percentile downslope velocity was another effective indicator used to represent the total deformation velocity of a rock glacier in a recent study [85]. With this indicator, about 4700 rock glaciers showed downslope deformation greater than 100 mm/y (Figure 14c), reporting more active rock glaciers. If the 75th percentile represents the rock glacier downslope deformation, the active rock glaciers will increase to 30%. As introduced in the IPA Action Group, the transitional rock glaciers can either evolve towards a relict (degraded) or an active state [59]. In this study, the observation time window was shorter than one year, and some active rock glaciers may have been classified as transitional due to incomplete representation of the activity status. The accuracy of deformation detection could be further improved by measuring the deformation using observations acquired over multiple years to reduce potential inter-annual variations for rock glacier deformation [59] (Figure 15).
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Table 3. Rock glacier deformation monitoring using InSAR and MT-InSAR methods in previous studies.






Table 3. Rock glacier deformation monitoring using InSAR and MT-InSAR methods in previous studies.





	Study Area
	Observation Period
	SAR Dataset
	Method
	Deformation Rate (mm/y)
	Deformation Direction
	Authors





	Southern Dry Andes
	2014–2016
	Sentinel-1
	InSAR
	22–1700
	LOS
	[17]



	Sierra Nevada
	2007–2008
	ALOS PALSAR
	InSAR
	550
	Slope
	[4]



	Northern Tien Shan
	2007–2009
	ALOS PALSAR
	InSAR
	50
	Slope
	[31]



	Northern Tien Shan
	1998–2018
	ALOS PALSAR, Sentinel-1
	InSAR
	0–1000
	LOS
	[86]



	Swiss Alps
	2008–2017
	TerraSAR-X, Sentinel-1
	InSAR
	0–2000
	LOS, Slope
	[33]



	Western Swiss Alps
	2008–2012
	TerraSAR-X
	PSI, SBAS
	<35 for PSI

And 350 for SBAS
	LOS
	[32]



	Nyaiqêntanglha Range, Tibetan Plateau
	2016–2019
	Sentinel-1
	MT-InSAR
	870
	Slope
	[44]



	Himalaya of NW Bhutan
	2007–2011
	Envisat, ALOS PALSAR
	SBAS
	100
	LOS
	[43]



	Southern Carpathian Mountains
	2007–2010
	ALOS PALSAR
	SBAS
	0–30
	LOS
	[34]









5.3. Source of Rock Glacier Surface Displacements and Activity Estimation Error


The challenges of InSAR displacement monitoring in the Himalayas, such as temporal decorrelation and atmospheric phase screen errors mentioned in the previous study [27], were reduced through the automatic selection of optimum interferometry combination pairs, DS selection and phase optimization, the improvement of the deformation estimation network, and multiple datasets (ascending and descending). The permafrost of the region with rock glaciers undergoes seasonal freezing and thawing that cannot be described correctly by the linear deformation model [45]. The Stefan model or sinusoidal approximation seasonal deformation models have been commonly used to map seasonal variation processes of permafrost [43,45,73]. The applicability of those models was well demonstrated on the local scale [43,45,73]. However, as shown in Figure 2, the soil surface temperature shows significant spatio-temporal variations. It is unreasonable to characterize the physical process of permafrost displacements with a single sinusoidal or the Stefan model. The multivariate Stefan model, which can characterize the deformation process of each monitoring point (PS or DS) needs to be further explored. Considering the temporal range of this study (from May 2018 to January 2019), the deformation process can be modeled in a linear deformation model due to the short temporal span and the relatively uncomplicated thawing and freezing process. It is appropriate to estimate the short-term deformation using a linear deformation model. In the future, the accuracy of deformation estimation results could be further improved after the integration of the multivariate Stefan model into the DTN.



In the cases when the deformation of the rock glacier is facing the SAR incident angle or the deformation is mainly concentrated in the north or south direction, the InSAR monitoring results have insufficient sensitivity, the active deformation is not noticeable, and the ADA estimation rate is underestimated [44]. As shown in Figure 3a, many rock glaciers are distributed in the north or south direction. The influence of the InSAR sensitivity to ADA detection was reduced by integrating ascending and descending geometric deformation monitoring results (Figure 6 and Figure 11).



The deformation decorrelation is another source of error for the underestimation of the monitoring rate and active ratio. In general, the maximum detectable displacement is equal to half the wavelength of the emitting satellite (~2.8 cm for Sentinel-1) in a single interferogram [87]. Due to the satisfactory temporal resolution of Sentinel-1 data (12 days), in this study, most of the interferograms were in temporal baselines shorter than 48 days. The interferograms pairs were selected based on the coherence of rock glaciers. Thus, the deformation decorrelation was reduced. As shown in Figure 7, the deformation decorrelation in some monitoring points of the rock glacier still exists to some extent. The deformation decorrelation of active rock glaciers can be solved by supplementing the deformation estimation using the offset tracking method in the following study [88].



The interferometric decorrelation caused by snowmelt is the principal problem restricting MT-InSAR applications in periglacial regions on long time series and in large scale [29]. With the shorter revisit cycles of Sentinel-1, sufficient interferometric pairs can be acquired after avoiding images with thick snow cover or snowmelt. The long-term monitoring of rock glaciers could be conducted by separating the single annual temporal data into several sub-datasets, and the annual deformation rate and activity can be acquired by integrating the estimation results of each sub-dataset.




5.4. The Advantages of the Multi-Baseline PS–DS Combined MT-InSAR Method


Considering the limitations mentioned in Section 5.3, the proposed MT-InSAR workflow is a suitable choice for monitoring large-scale rock glacier activity. In previous studies, the deformation estimation of rock glaciers was generally conducted with the SBAS method. The multi-baseline PS–DS combined network-based MT-InSAR method was first used in large-scale complex periglacial environments. It provides a new option for deformation monitoring research of rock glaciers when the topography-correlated atmospheric delay cannot be removed effectively and phase unwrap errors exist [55]. In addition, the multi-baseline selection strategy of the SBAS method and DS phase filter method were introduced into the DTN network. The insufficient monitoring points problem of the traditional PSI method was effectively solved. Moreover, the relative and absolute deformation parameters retrieval strategy in the DTN were modified to satisfy the deformation estimation over the periglacial environments with a more powerful and efficient form. Additionally, based on the full mapping of rock glaciers over the central Himalayas (Figure 1 and Figure 3), the deformation characteristics (Figure 7) and activity indicators (Figure 12 and Figure 15) around all rock glacier pixels were detected, providing comprehensive information for large-scale periglacial environment permafrost distribution and landslide disaster studies.





6. Conclusions


In this paper, we presented an application of the MT-InSAR technique with Sentinel-1 ascending and descending geometries data to detect rock glaciers activity in the Himalayas’ periglacial zones. Out of a total of 4962 identified rock glaciers in the central Himalayas, the activity of 4327 rock glaciers was successfully detected. The conclusions are summarized as follows:



	(1)

	
Our analysis shows that the deformation rate of rock glaciers in the central Himalayas is experiencing spatial variations, with velocities ranging from 0 to 75 mm/y. More than half of the pixels of the rock glaciers have large deformations. Noticeable deformation differences between rock glaciers and their surrounding areas were found. The active deformation discrepancies can provide a visual indicator for the recognition of rock glaciers.




	(2)

	
Based on regional MT-InSAR deformation estimates, the active thresholds of rock glaciers were 28.84 mm/y in the ascending orbit and 29.47 mm/y in the descending orbit. With these thresholds, about 32% of fine monitored rock glaciers had a ratio of active pixels greater than 10%. The percentage increased to 49% after merging the ascending and descending results. Following the criteria in the IPA Action Group guidelines of rock glacier activity classification, 12% of the recognized rock glaciers were active.




	(3)

	
This work demonstrated the potential of the multi-baseline PS–DS network-based MT-InSAR for monitoring the activity of rock glaciers in an extensive periglacial environment. The use of a DTN network for the inversion of the deformation parameters provided a practical approach for suppressing the APS influence caused by the high reliefs in the periglacial zones of the Himalayas.







In future work, we will focus on investigating the seasonal deformation characteristics of rock glaciers and periglacial environment permafrost and on building and integrating a multivariate seasonal deformation model in the deformation estimation network.
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Figure 1. (a) Overview of the study area. (b) Footprints of Sentinel-1 ascending and descending images and distribution of rock glaciers. In the background is the elevation of the study area. 
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Figure 2. Monthly averaged (a) soil temperature and (b) precipitation records acquired from 2010 to 2019 (with 2014 records missing) at Pulan and Neral stations (Figure 1) (accessed from http://data.cma.cn/ in 6 November 2021) located within the study area. The snowmelt data in (b) were extracted from ERA-Interim reanalysis data (downloaded from https://cds.climate.copernicus.eu/ in 6 November 2021) for the same period. 
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Figure 3. (a) The median aspects polar plots of rock glaciers. (b–d) are the mean, median, and maximum slope distributions. (e,f) The elevation and area statistics of rock glaciers. 
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Figure 4. The flow chart of the multi-baseline persistent scatterer (PS)/distributed scatterer (DS) combined MT-InSAR approach and rock glacier activity classification (SHP indicates statistically homogeneous pixels, DTN indicates Delaunay triangular network, RSR indicates residue-to-signal ratio, ADA indicates active deformation area). 
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Figure 5. L-curve for (a) deformation velocity and (b) DEM error. 
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Figure 6. Line-of-sight (LOS) deformation velocities in the study area for (a) ascending data and (b) descending data. (The background is high resolution Bing satellite image.) 
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Figure 7. Zoom-in of line-of-sight (LOS) deformation velocity estimation results in randomly selected regions of interest (ROI). (a) Ascending geometry LOS deformation velocity in ROI. (b) Descending geometry LOS deformation velocity in ROI. 






Figure 7. Zoom-in of line-of-sight (LOS) deformation velocity estimation results in randomly selected regions of interest (ROI). (a) Ascending geometry LOS deformation velocity in ROI. (b) Descending geometry LOS deformation velocity in ROI.



[image: Remotesensing 13 04738 g007]







[image: Remotesensing 13 04738 g008 550] 





Figure 8. The line-of-sight (LOS) deformation characteristics of ascending and descending geometries in different aspects. (a) Bing optical images of typical rock glaciers. (b) Aspect distributions of specific rock glaciers. (c) LOS deformation rate in ascending geometry. (d) The LOS deformation rate in descending geometry. 
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Figure 9. Zoom-in view of typical single rock glacier deformation characteristics in ascending and descending geometries. (a–f) Bing optical images of typical rock glaciers. (g–l) Typical single rock glaciers deformation in ascending geometry. (m–r) Typical single rock glaciers deformation in descending geometry. 
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Figure 10. The distribution statistics of rock glacier deformation characteristics in ascending and descending geometries. (a–d) Mean, median, maximum, and difference between the maximum and minimum deformation in the ascending geometry. (e–h) Mean, median, maximum, and difference between the maximum and minimum deformation in the descending geometry. 
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Figure 11. The ascending and descending geometries merged rock glacier active deformation area (ADA) extraction results. (a) The rock glacier monitoring rate. (b) The rock glacier active pixel ratio. 
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Figure 12. The active deformation area (ADA) extraction results in different zoom-in scales over a part of the central Himalayas. (a,b) The ADA map in ascending geometry on a different scale. (c,d) The ADA map in descending geometry on a different scale. (e,f) The ascending and descending ADA merging results on a different scale. 
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Figure 13. Rock glacier monitoring rates and active rock glacier ratio statistics. (a) Monitoring rate in ascending geometry. (b) Monitoring rate in descending geometry. (c) Monitoring rate after merging ascending and descending geometries. (d) Active rock glacier ratios in ascending geometry. (e) Active rock glacier ratios in descending geometry. (f) Active rock glacier ratios after merging ascending and descending geometries. 
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Figure 14. The distribution statistics of rock glacier downslope deformation characteristics. (a–e) Mean, median, 75th percentile, maximum, and difference between the maximum and minimum downslope deformation rate. 
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Figure 15. The activity classification follows the IPA Action Group guidelines. (a) Overview of the rock glacier activity classification results. (b) The distribution statistics of rock glacier activity. 
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Figure 16. Comparison of deformation estimates from multi-baseline PS–DS network-based MT-InSAR method (a) and traditional SBAS method (b) in an ROI. (c,e) Rock glacier deformations estimated by multi-baseline PS–DS network-based MT-InSAR method. (d,f) Rock glacier deformations estimated by the traditional SBAS method. 
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Figure 17. Density scatter plots between the multi-baseline PS–DS network-based MT-InSAR method and the traditional SBAS method. (a) The entire area in Figure 12. (b) The distributed rock glaciers in Figure 12. 
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Table 1. Sentinel-1 data list used in the study area.
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	Path
	Frame
	Temporal Span (y/m/d)
	Image Counts
	Orbit Geometry
	Counts of Interferometric Combination





	56
	93
	2018/5/9–2019/1/4
	21
	Ascending
	48



	158
	92
	2018/5/16–2018/12/30
	19
	Ascending
	50



	158
	87
	2018/5/16–2018/12/30
	20
	Ascending
	51



	85
	88
	2018/5/11–2018/12/29
	19
	Ascending
	52



	12
	84
	2018/5/18–2019/1/1
	19
	Ascending
	53



	12
	89
	2018/5/6–2018/12/20
	19
	Ascending
	50



	165
	493
	2018/5/5–2019/1/12
	19
	Descending
	50



	92
	494
	2018/5/12–2019/1/7
	19
	Descending
	50



	19
	498
	2018/5/7–2019/1/2
	20
	Descending
	40



	121
	496
	2018/5/14–2018/12/28
	19
	Descending
	45



	121
	501
	2018/5/14–2018/12/28
	19
	Descending
	46



	48
	499
	2018/5/9–2019/1/16
	19
	Descending
	44
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Table 2. Active rock glacier statistics in the central Himalayas.
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Indicators

	
Ascending

	
Descending

	
Merged




	
Counts

	
Percentage (%)

	
Counts

	
Percentage (%)

	
Counts

	
Percentage (%)






	
Mean > 2σ

	
492

	
11

	
582

	
12

	
933

	
19




	
Median deformation > 2σ

	
414

	
8

	
504

	
10

	
775

	
16




	
Maximum deformation > 2σ

	
2757

	
59

	
2817

	
60

	
3538

	
71




	
Active rock glacier ratios > 0.1 and Monitoring rate > 0.3

	
1589

	
32

	
1588

	
32

	
2446

	
49
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