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Rock glaciers are creep phenomena of mountain permafrost. Speed-up has been observed on several rock glaciers in recent years and attributed to climate change. Although rare, related long-term studies are nevertheless essential to bring a climate perspective to creep velocity changes. In the present study, we focused on changes both in the surface creep velocity and volume of the Leibnitzkopf rock glacier (Hohe Tauern Range, Austria) in the period 1954–2020. We applied 3D change detection using aerial images of both conventional (12 epochs between 1954 and 2018) and unmanned aerial vehicle (UAV)-based aerial surveys (2 epochs, 2019 and 2020), and combined this with ground and air temperature data. Photogrammetric processing (structure-from-motion, multi-view stereo) of the multi-temporal dataset resulted in high-resolution digital orthophotos/DOPs (5–50 cm spatial resolution) and digital elevation models/DEMs (10–50 cm grid spacing). Georeferencing was supported by five externally triangulated images from 2018, bi-temporal aerial triangulation of the image data relying on stable ground around the rock glacier, measured ground control points (2019 and 2020), and measured camera locations (PPK-GNSS) of the UAV flight in 2020. 2D displacement vectors based on the multi-temporal DOPs and/or DEMs were computed. Accuracy analyses were conducted based on geodetic measurements (2010–2020) and airborne laser scanning data (2009). Our analyses show high multi-annual and inter-annual creep velocity variabilities with maxima between 12 (1974–1981) and 576 cm/year (2019–2020), always detected in the same area of the rock glacier where surface disintegration was first observed in 2018. Our volume change analyses of the entire landform for the period 1954–2018 do not indicate any significant changes. This suggests little permafrost ice melt and/or general low ice content of the rock glacier. Analyses of the temperature data reveal a close relationship between higher temperatures and rock glacier acceleration despite the high probability of low ice content. This suggests that hydrogeological changes play an important role in the rock glacier system. The paper concludes with a summary of technical improvements and recommendations useful for rock glacier monitoring and a general view on the kinematic state of the Leibnitzkopf rock glacier.
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INTRODUCTION
Rock glaciers are periglacial landforms in high mountain environments indicating permafrost conditions during their initial formation and entire evolution. In this context, permafrost is defined as ground material (soil or rock unrelated to the amount of ice and organic material) that remains at or below 0°C for at least two consecutive years (van Everdingen, 1998). Active rock glaciers contain permafrost and creep slowly down-valley by force of gravity, commonly forming flow structures with ridges and furrows like lava flows as a result of compressional forces (Barsch, 1996).
During active times, annual movement rates may vary considerably in response to climate-driven forces. Active rock glaciers affected by permafrost degradation might turn firstly to inactive rock glaciers (no movement, widespread permafrost ice), secondly to pseudo-relict rock glaciers (no movement, sporadic permafrost ice), and then thirdly to relict rock glaciers (no movement, no ice) (Barsch, 1996; Kellerer-Pirklbauer, 2019). Where movement data is missing, inactive and active rock glaciers are both considered to be intact rock glaciers (Barsch, 1996). Superficially, relict and pseudo-relict rock glaciers appear indistinguishable, and only ground temperature data or geophysical data allow a differentiation. Therefore, it is normally that only relict and intact rock glaciers are distinguished in remote sensing-based rock glacier inventories.
Rock glacier surface movement depends on the overall vertical deformation profile at a given point. Müller et al. (2016) pointed out that the primary deformation of rock glaciers is controlled by gravity-related creep of its ice-bonded body. In the case of ice supersaturation, the deformable ice leads to a cohesive surface creep pattern with typical ridges and furrows (Amschwand et al., 2021). Down-valley movement of a rock glacier body occurs in the ice-containing core, where creep takes place, and in the basal shear layer, where shearing occurs (e.g., Haeberli et al., 2006). Both processes, creep and shearing, are strongly influenced by the impact of climate on ground thermal (i.e., higher permafrost temperature causes higher deformation rates) and subsurface water conditions (i.e., water as lubricant). As well as process understanding (Cicoira et al., 2020), additional supplementary data, e.g., climate or hydrological data, is needed for the advanced interpretation of the geometric changes detected.
Geometry-based indicators of a rock glacier, such as creep velocity changes or volumetric changes, are intended to serve as a proxy for climate change. There are many different methods to quantify the geometry of a rock glacier and its change. Terrestrial, airborne and spaceborne observation techniques have been applied so far (e.g., Kääb, 2005; Strozzi et al., 2020; Kääb et al., 2021). Data collection may be point- or area-based. In-situ measurements inherently require direct contact with the rock glacier’s surface, whereas remote sensing techniques (near-range, far-range) do not require such direct contact. The latter offers the advantage of not needing to walk on what might be an unstable and hence dangerous rock glacier to collect data. Change detection studies on rock glaciers mostly focus on creep velocity or surface height changes, whereas volume change studies are rather rare (e.g., Kellerer-Pirklbauer and Kaufmann, 2018; Vivero and Lambiel, 2019; Halla et al., 2021; Vivero et al., 2021). Detailed long-term studies on rock glacier movement, kinematic and volumetric changes covering more than 50 years are seldom (e.g., Schneider and Schneider, 2001). However, such studies provide a deeper understanding on decadal-scale rock glacier behavior and rock glacier-climate relationships (Kellerer-Pirklbauer and Kaufmann, 2012) and are therefore essential in periglacial landscape-evolution studies.
In this paper, we focus on the multi-annual and inter-annual changes in the surface of the Leibnitzkopf rock glacier in the Schober Mountains, in central Austria. Three decades ago, Buchenauer (1990) considered that this rock glacier was probably inactive. First creep velocity measurements at this rock glacier were carried out by Kaufmann (2010), by analyzing orthophotos/screenshots of virtual globes, i.e., Google Maps and Bing Maps. His results showed that the Leibnitzkopf rock glacier was not at all inactive. Indeed, he identified this rock glacier as one of the fastest moving rock glaciers in the Schober Mountains. The results were later confirmed by Kaufmann et al. (2012) and Kaufmann and Kellerer-Pirklbauer, (2015) using original image data instead of screenshots.
In this study, we used different types of aerial images, both 1) conventional government archival data (aircraft-based) and 2) on-demand data (UAV-based). The Federal Office of Metrology and Surveying (BEV) in Vienna conducts regular aerial surveys of the Austrian territory at multi-annual intervals, currently every 3 years (BEV, 2021). The data base consists of images taken by analog and digital survey-grade cameras (metric cameras). Flying heights above ground are generally between 2,000 and 5,000 m. This governmental data can be supplemented by additional overflights on demand to support specific research aims. As conventional aerial surveys using survey-grade cameras are cost-intensive, nowadays UAV-based aerial surveys using consumer-grade cameras are widely used to obtain high-resolution images (de Jong, 2020). Right up until the end of the 20th century, photogrammetric mapping was the exclusive preserve of the educated specialist. Since then, computer vision (software) and powerful computers (CPUs, graphics cards) have democratized photogrammetry (Walker and Petrie, 1996). Software (commercial and open source) is now available for streamlined semi-automatic processing of both governmental (metric) and most recent (non-metric) image data.
This study has two general goals. First, we elaborate on data processing and related problems of conventional and UAV-based aerial surveys which cover a 66-year period (1954–2020) focusing on a highly active rock glacier in Austria. Second, we use the generated digital orthophotos (DOPs) and digital elevation models (DEMs) to quantify geometric and morphological changes which are put into a climate change-related context using additional data. In detail, the aims of this study were 1) to combine both types of remote sensing data sources for the Leibnitzkopf rock glacier – conventional (12 epochs between 1954 and 2018) and UAV-based aerial surveys (2 epochs, 2019 and 2020) – into a common processing scheme computing DOPs and DEMs for each data set; 2) to elaborate on data processing aspects and related problems; 3) to carry out change detection analysis focussing on rock glacier kinematics and volumetric changes; 4) to estimate permafrost degradation-related ice losses of the rock glacier during the observation period; and 5) to combine the calculated rock glacier velocity and volume values with climate and ground climate data using in-situ ground temperature and nearby meteorological data.
STUDY AREA
The Leibnitzkopf rock glacier is located at the valley head of the Leibnitz Valley (Schober Mountains, East Tyrol, Austria; see Figure 1). The Schober Mountains are part of the Hohe Tauern Range and reach a maximum elevation of 3,283 m a.s.l. (Mt. Petzeck). At present there are no glaciers in the valley head of the Leibnitz Valley. During the Little Ice Age (LIA), only one small glacier existed in the south-eastern part of the catchment (Reitner et al., 2016). Figure 1A shows the distribution of permafrost based on an Alpine-wide permafrost model (Boeckli et al., 2012). According to the permafrost model, the valley bottom and the higher lying areas around the Hochschober refuge are free of permafrost (Figure 1A). Currently, only the upper slopes at the valley head and the mountain summits are presumably underlain by permafrost. Furthermore, Figure 1A shows the spatial distribution of all existing rock glaciers, indicating whether they are relict or intact. Only a few rock glaciers in the Leibnitz Valley are classified as intact, one of which is the Leibnitzkopf rock glacier of this study (is210b in the inventory of Kellerer-Pirklbauer et al., 2012; 7RG005 in the inventory of Wagner et al., 2020; Figure 1B). The relict rock glaciers in the area started to form during the Lateglacial period (Linner et al., 2013; Reitner et al., 2016) and were presumably active until the early phase of the Holocene.
[image: Figure 1]FIGURE 1 | (A) Location map: Shaded relief based on ALS data (September 08, 2009) showing the study area (Leibnitzkopf rock glacier, WGS 1984: 46°55′51.5″ N, 12°42′42.9″ E) and its surroundings. ALS data © Office of the Tyrolean Regional Government. (B) Close-up of the study area. The white rectangle shows the map sections depicted in Figures 3, 4, 5A. The different rock glacier units 1–3 discussed in the text are outlined.
The Leibnitzkopf rock glacier is a tongue-shaped and talus-derived rock glacier with a length of about 360 m, a maximum width of 240 m, an area of 0.062 km2, and a terminus at 2,445 m a.s.l. Geomorphologically, the rock glacier consists of three different units: a northern, rather stable looking unit (unit 1: 37% of the landform); a southern, morphologically more active looking (unit 2: 42%); and finally a lower-elevated, active and western unit (unit 3: 21%) which appears to be overridden or at least pushed by the second unit (Figure 1B). The rock glacier is west-facing and overlooked by up to 2,863 m a.s.l. high mountains, yielding a total altitude difference of 418 m. Debris is supplied to the rock glacier from a cirque headwall with two major debris supply areas at the steep slopes of the Törlkopf (2,755 m a.s.l.) and Leibnitzkopf (2,863 m a.s.l.) peaks. The confining frontal and marginal slopes are well developed and steep, in some places even exceeding 50° (Figure 2).
[image: Figure 2]FIGURE 2 | (A) Terrestrial photograph (August 26, 2020) showing the RTK-GNSS base station and the Leibnitzkopf rock glacier in the background. Viewing direction to the East. (B) Selected image of the UAV-based aerial survey of 2020 showing the lower part of the rock glacier tongue. The location of the geodetic observation point no. 15 is indicated by a white circle. For geolocation of point 15 see Figure 3.
DATA
Conventional Aerial Surveys
Archival data was provided by the Federal Office of Metrology and Surveying (BEV) in Vienna. The dataset comprises 12 epochs between 1954 and 2018. Technical parameters of the aerial surveys and the data provided are given in Table 1. Camera calibration certificates were made available for all overflights except for 1954. Analog image data were digitized using a high-grade photogrammetric scanner. Aerial surveys for mapping alpine regions in Austria are generally scheduled between late August and the beginning of October for stable weather (clear skies) and best snow free conditions, especially for glacier mapping. However, due to both the high relief and low sun angle, long shadows prevail in the image data, hampering good surface recognition (Figure 4). Recent aerial surveys of BEV were conducted at a 3-year interval. Traditional aerial surveys typically use metric/calibrated cameras, providing large image formats. The latter enables monolithic coverage of smaller study sites (Ladstädter et al., 2010). The present study area is always fully covered by at least two frames, which means that the minimum set of images is two. For processing, we selected images that were acquired in the same flight strip. Images taken with analog cameras have an endlap of ∼60%, and with digital cameras ∼80%.
TABLE 1 | Technical parameters of the conventional aerial surveys 1954–2018.
[image: Table 1]UAV-Based Aerial Surveys
The 2019 and 2020 aerial images were acquired using two different multirotor UAVs. Their survey-specific characteristics are listed in Table 2. Due to aviation regulations, e.g., maximum flying height above ground and the required visual line of sight, the area surveyed was limited to the main active part of the rock glacier. In August 2019, images were acquired using a quadcopter with a planned image overlap of 80%, both along and across the flight path. In August 2020, the survey was repeated using a hexacopter with 80% endlap and 70% sidelap. In both cases, it was possible to cover the area of interest in a single flight. However, due to the acquisition characteristics (camera used, flight altitude etc.) the hexacopter flight was conducted in cross-grid mode, which means that the area was covered by two, perpendicular-oriented regular flight patterns (three paths each) which is beneficial in terms of intersecting geometry. Based on the lower resolution of the camera and considering the intended ground sampling distance (GSD) of only a few centimeters, the quadcopter flight was implemented using only seven parallel flight paths. Irrespective of the UAV used, the acquired images had a vertical orientation. However, while the quadcopter paused at so-called waypoints, the hexacopter took images while slowly (∼4 m/s) moving forward. During the 2020 survey, we had almost perfect illumination conditions, whereas in the 2019 survey clouds cast some shadows which were problematic in the subsequent data processing (see Georeferencing, DOPs and DEMs Section). In 2020, the Sony camera was used in shutter priority mode with a fixed shutter speed of 1/800 s (resulting in aperture values of f/7.1–f/9.0) and with fixed manual focus set at infinity. The quadcopter camera (2019 survey) was used in auto-focus mode as it was not easily adjustable. Irrespective of the terrain slope gradient, at nadir points the average heights above ground of ∼153 m (2019) and ∼150 m (2020) resulted in GSDs of ∼0.066 and ∼0.038 m, respectively (Table 2).
TABLE 2 | Technical parameters of the UAV-based aerial surveys 2019 and 2020.
[image: Table 2]In terms of georeferencing, signalized ground control points (GCPs) were installed and deployed using targets (checkerboard pattern) prior to the overflights: 2019 (14 targets) and 2020 (8); see Figure 3. These GCPs were measured using the Real-Time Kinematic Global Navigation Satellite System (RTK-GNSS) technique with a local base station (see below). Additionally, in 2020, survey-grade GNSS measurements of the camera positions were made and processed in Post-Processed Kinematic (PPK) mode. The PPK solution is based on two dual-frequency GNSS modules, a u-blox F9 receiver used as a rover on the UAV, and an Emlid Reach RS2 receiver for the base station. These receivers recorded positional information in Receiver Independent Exchange Format (RINEX), which was subsequently used to precisely determine the antenna positions during image capture (signals based on flash triggering) with a postprocessing software (REDToolbox). The overall internal, i.e., not independently determined, positional measurement precision was 0.016 m. Both UAV campaigns were conducted on the same day as the regular annual geodetic measurements performed at this rock glacier.
[image: Figure 3]FIGURE 3 | Thematic maps showing the kinematics of the Leibnitzkopf rock glacier for the time periods 2018–2019 (A) and 2019–2020 (B). The position of the maximum surface creep velocities during both years (467.9 and 575.5 cm/year) is indicated by a red dot.
Geodetic Measurements
Regular annual geodetic measurements at the Leibnitzkopf rock glacier started in 2010. The observation network consists of a stable point (which serves as a base point for RTK-GNSS measurement) located in the vicinity of the rock glacier (Figures 1B, 2A), and 13 (2020) permanently marked observation points on the rock glacier (Figure 3). The map coordinate system used is EPSG: 31255 (MGI/Austria GK Central, orthometric heights). As a result, mean annual 3D displacement vectors can be computed for each observation period, allowing horizontal surface velocities to be derived. The obtained velocities are accurate up to 3–5 cm/year, based on the measurements of stable points. An average value can be computed from the 13 observation points at the rock glacier surface, which represents the mean creep velocity of the rock glacier for the observation period in question. In this study we used the geodetic measurements mainly to independently cross-check the photogrammetrically derived velocities.
Photogrammetric Reference Data
BEV provided us with exterior orientation (EO) data (EPSG: 31255, ellipsoidal heights) of the aerial images for 2015 and 2018. This data was directly used for georeferencing in Agisoft Metashape. The photogrammetric block of images from 2018 was selected as a geometric reference for further georeferencing other previously unreferenced aerial images (1954–2012) and for general accuracy assessment. For reasons of quality control, we measured the 3D coordinates of 42 locations, predominantly clearly defined corners of large rocks, using the multi-photo dataset from 2018. The measurements were first carried out monoscopically within Agisoft Metashape, but at a later stage of the study we repeated the measurements stereoscopically, using the digital photogrammetric workstation ImageStation of Intergraph in order to obtain a better height accuracy. The later data were then used in the study.
Airborne Laser Scanning (ALS) Data
An ALS-derived DEM dating from September 08, 2009 was also used. This model has a grid spacing of 1 m and provides orthometric heights (Figure 1). We used this model to define the vertical datum. The height difference between ALS and photogrammetric data resembles the local geoid undulation, which can be assumed to be constant for the small study area.
Ground and Air Temperature Data
Data related to climatic conditions and recent changes help lend results about rock glacier geometry changes a climate-relevant perspective. Data on ground thermal as well as atmospheric conditions are particularly valuable for better understanding the relationship between rock glacier kinematics and climate. We used ground temperature data compiled at two sites located near the surface at the coarse-blocky layer of the rock glacier (Figure 3A). Air temperature data from a nearby automatic weather station (8 km NE, Hinteres Langtalkar cirque/HLC, 2,644 m) and from a long-standing, high-alpine meteorological observatory (23 km NE, Sonnblick/SON, 3,105 m) were also included in the subsequent analyses.
METHODS
Georeferencing of the Aerial Images
One basic intention of this study was to georeference all available aerial images of the studied rock glacier applying structure-from-motion (SfM) photogrammetry, and at the same time keeping the number of geodetically and/or photogrammetrically measured GCPs needed for georeferencing to a minimum. In this study we used Agisoft Metashape (Agisoft Metashape, 2021; up to release 1.6.5). The general workflow consisted of 1) data import, 2) bundle block adjustment (providing a sparse point cloud), 3) computation of the dense point cloud applying a multiple-view stereo algorithm, 4) meshing (2D), 5) DOP generation, 6) DEM generation, 7) export of results, and 8) reporting (cf. Westoby et al., 2012; Jiménez-Jiménez et al., 2021). Workflows for registration/georegistration of multi-temporal UAV-based image data avoiding GCPs and supporting surface change detection have already been proposed by different authors (Dall’Asta et al., 2017; Feurer and Vinatier, 2018; Chudley et al., 2019; Cook and Dietze, 2019; de Haas et al., 2021; Śledź et al., 2021; Vivero et al., 2021).
Georeferencing the Conventional Aerial Images
A block of five aerial images from 2018 served as a control (directly or indirectly) for all other epochs. The epoch of 2015 could have been used interchangeably. We decided to carry out all photogrammetric processing in a local (3D Cartesian) coordinate system following traditional photogrammetric mapping. The set-up of the pre-triangulated digital images from 2018 in Agisoft Metashape was straightforward, except for the essential “earth curvature correction”. Because of the structure of the formula (McGlone, 2013, p. 346–348), earth curvature correction can be easily implemented as a virtual lens distortion (for 2018 up to 6.5 μm/1.6 pixel in the image corners) using parameter K1. Due to the mathematical model implemented in Agisoft Metashape, the computation of parameter K1 must be carried out with F (focal length) equals 1. The correct sign is always negative, which means that “flat earth” image points are shifted radially toward the image center, correcting for the effect of earth curvature. The correct implementation of the earth curvature correction in Agisoft Metashape can be checked quantitatively by plotting the radial distortion. Atmospheric refraction correction was intentionally omitted.
The final quality check of the photogrammetric set-up of the 2018 dataset in Agisoft Metashape is a constrained bundle block adjustment (BBA) with appropriate accuracy settings, e.g., 10–6, of the elements of the EO. The EO given will not change significantly after BBA. Thus, we were able to check the correct intersection of homologous rays in object space. By using the overall reprojection error provided by the software as a general quality parameter of the imported/recovered bundle block, we obtained a value of 0.132 pixel for 2018, and 0.148 pixel for 2015.
Subsequently, we tried to co-register all other aerial images, including those acquired with UAVs, to the 2018 photo block. Bi-temporal bundle adjustment, i.e., co-registration, was carried out in Agisoft Metashape by adding all images of a new, unreferenced epoch into a copy of the base project, i.e., 2018 (cf. de Haas et al., 2021). Unstable areas, e.g., the studied or other moving rock glaciers, had to be masked in the 2018 reference epoch prior to co-registration. If the areal extent of the unstable areas is rather small in comparison to the area surveyed, masking can be omitted. Outliers, i.e., points with large residuals, were removed within the BBA. Co-registration was accomplished using the manifold of detected tie points connecting the bi-temporal images within the BBA: EO of 2018 was fixed, EO of the second epoch was estimated. This approach assumes that earth curvature and (known) lens distortion are appropriately modeled within Agisoft Metashape.
One problem arises when dealing with images taken by analog cameras with significant lens distortion. Camera calibration certificates normally include a tabular description of the radial-symmetric distortion. However, current versions of Agisoft Metashape cannot directly handle radial distortion in a tabular format. Thus, equivalent parameters K1-K3 are needed to properly model the effect of radial distortion as given in the camera calibration certificate. We propose two solutions:
1) Self-calibration of the (analog) camera including the parameters K1-K3 (radial distortion) and optionally also F (focal length). The latter is needed because of projective coupling enabling a zero crossing (see below).
2) Stringent modeling using parameters K1-K3 and F. The required formulas are well-known from “balancing of radial distortion” (McGlone, 2013, p. 697). Thus, we get radial distortion parameters K1-K3 and a new focal length for the camera concerned. This procedure gives us the certainty that we can retrieve the original photogrammetric bundle after “de-balancing”. We used Grapher (Golden Software) to interpolate a polynomial of degree 7 (k0*r + k1*r3 + k2*r5 + k3*r7) modeling the radial distortion. Appropriate scaling is needed to address the unit camera (F = 1). Parameter k0 defines the correct scale factor due to projective coupling (McGlone, 2013, p. 697). Thus K1-K3 and a new modified F are derived. The correct computation can be checked by comparing the slope angles in both the original and modified imaging geometry for any given radial distance.
We applied the second method only for those cameras for the epochs 2009, 1992, 1974, and 1969, which showed a distinct radial distortion including one single zero crossing. For cameras with small and irregular radial distortion we used K1-K3 as free parameters and kept the focal length F fixed. In addition, the earth curvature correction was considered and compensated for. It was not actually possible to directly co-register all epochs to 2018: the aerial images from 1981 to 1997, both of small scale, had to be co-registered to the stereo-triplet of 1974.
Georeferencing the UAV-Based Aerial Images
The procedure noted above did not apply directly to the as yet non-registered image data for 2019 and 2020. Agisoft Metashape did not find any valid tie points between bi-temporal image datasets. Geometric transformation of the 2018 data, such as data clipping and adjusting the ground sampling distance, did not solve the problem at all. Thus, it was necessary to conduct the georeferencing using available ground control (GCPs surveyed in 2019 and 2020) and measured camera positions (2020).
Photogrammetric mapping is prone to systematic errors. This is known from stereopairs and image blocks. Systematic errors can only be mitigated using the appropriate functional and stochastic modeling and respective geometric control, either using highly accurate GCPs or additional images to strengthen the photogrammetric block (Luhmann et al., 2014).
Initially, the aerial images from 2019 were georeferenced using 14 GCPs (Figure 3A). Self-calibration of the consumer-grade camera included F (focal length), Cx, Cy (principal point coordinates), K1-K4 (radial distortion coefficients), B1, and B2 (affinity and skew). Statistics (sub-pixel reprojection error) obtained suggested the derived 3D model was of good quality. However, the area-based inter-comparison of the bi-temporal DOPs and DEMs for 2018 and 2019 showed significant systematic distortions in planimetry (up to 60 cm) and height in the stable areas where almost no GCPs were available. Since the northern part of the rock glacier was not sufficiently covered by GCPs, we had to expect systematic errors. The use of additional natural points measured in 2018 were of little help, as the overall accuracy of the bundle block adjustment degraded, mainly due to vague point definition. In a next step, georeferencing the 2019 image data was discontinued, in order to bring forward the georeferencing of the 2020 data, with the intention of finally georeferencing the image data for 2019 with support of the georeferenced image data from 2020.
The georeferencing of the 2020 UAV dataset was supported by PPK-GNSS-measured camera positions and additional eight control points located outside but close to the rock glacier (Figure 3B). PPK-GNSS-supported BBA using only pre-calibrated parameters (camera calibration, camera offset) did not provide the anticipated sub-pixel accuracy compared with the ground control (GCPs and additional geodetic observation points). Subsequently, an integrated sensor orientation was conducted using all GNSS-based measurements on the ground and in the air. The camera model included F, Cx, Cy, K1-K4, P1, P2 (tangential distortion coefficients), B1, and B2, as well as rolling shutter compensation. The camera offset was estimated in 3D. All eight control points were used in the object space. In order to get a good result, the equally accurate GNSS-based measurements on the ground and in the air need to be weighted accordingly, to obtain equal strength in the BBA. Accuracy levels were set to 3 cm for camera positions and 1 cm for ground control points. After having checked the resulting DOP and DEM against the reference data of 2018, we were able to introduce this epoch as a reference for better georeferencing the UAV data for 2019.
Subsequently, georeferencing of the 2019 image data followed the same strategy as outlined in the section above. We carried out an integrated sensor orientation including the reference image data for 2020. This required us to mask further unstable areas, i.e., the moving rock glacier, in all aerial images from 2020. Masking can be a tedious process if the project comprises many images. However, this process can be automated (e.g., Python scripting within Agisoft Metashape) by projecting the known 3D polygon of the mask into each image, presuming good estimates of EO are available. Independent quality control of the final 3D model was carried out, comparing both DOP and DEM with the reference data for 2018.
Computation of DOPs and DEMs
For each epoch we computed a high resolution DOP and a DEM. GSD of the orthophotos and grid spacing of the DEMs were selected appropriately according to image resolution and ease of further processing. Because of the topographic setting of the study area and the spatial resolution of the available data sets, we opted for a common grid-based (2.5 D) representation of the surface, knowing full well that a 3D representation (3D mesh) of the available UAV data would also have been possible.
Change Detection
Computation of 2D Displacement Vectors
Our change detection is based on the inter-comparison of multi-temporal DOPs and DEMs (Kääb, 2005; Dall’Asta et al., 2017). An in-house developed Matlab-based toolbox for computing 2D displacement vectors for points on a regular grid was used. The input data for this comparison could be either bi-temporal DOPs (JPG, TIFF) or DEMs (Surfer 6 ASCII grid). Image matching is based on the normalized cross-correlation (NCC) coefficient as a similarity measure. Sub-pixel resolution is achieved by directional (one-dimensional) local fitting of a parabola to the NCC coefficients obtained. Outlier detection included back-matching and statistical tests based on the smoothness assumption of the displacement vectors obtained. Optionally, the flow/creep direction obtained can also be compared with the dip direction derived from a contemporary DEM. The successful application of the proposed procedure on other rock glaciers in the Austrian Alps has already been documented (Kaufmann et al., 2018).
For operational work, such as rock glacier monitoring, we prefer to apply standard parameters. In our study we used the following settings: DOP/DEM resolution 20 cm, grid spacing 5 × 5 m, window size 31 × 31 pixel (6.2 × 6.2 m), threshold of correlation value 0.1–0.4, and back-matching distance one pixel. These settings worked sufficiently well for both DOPs and DEMs. The z-component of the full 3D displacement vector can be retrieved from the respective DEMs through interpolation.
Known stable areas can be used to statistically estimate the precision of the obtained 2D (3D) displacement vectors. In terms of planimetric accuracy, we compared the photogrammetrically derived velocities with our GNSS-based values.
Computation of the Velocity-Time Graph
The main task of rock glacier monitoring is not only change detection per se, but also to provide climate-relevant information in a condensed form (IPA Action Group, 2021). The computation of a representative and long-lasting comparable velocity value over time is challenging. There are several possibilities for defining a velocity value: maximum value (single value), mean value at fixed aperture (average value), and mean value at deforming aperture with time (average value). The velocity computed/derived can be plotted in absolute and/or relative numbers as a function of time, thus depicting the rock glacier’s velocity-time graph, and directly highlighting periods of acceleration and deceleration. The velocity-time graph in our study represents maximum values, and includes the original geodetic measurements appropriately scaled to fit the photogrammetrically derived values. We did not consider the area-based approaches for defining a representative creep velocity value in this study, because of strong surface deformation and associated algorithmic computation complexity.
Volume Change Analyses
The detection of volumetric change is a common supportive task, e.g., in glaciology or geomorphology (e.g., Nuth et al., 2007; Smith and Vericat, 2015). The correct interpretation of volumetric change often needs additional information. In the case of a rock glacier, we have to consider the whole catchment area influencing the rock glacier’s mass, i.e., input (gain) and output (loss). In our study, we outlined an approximate catchment area (Figure 5A), an area most supportive for our final goal of obtaining information about permafrost degradation, i.e., the possible meltout of permafrost ice. In the case of lithosphere material (rocks) supersaturated with ice, a negative volume change would indicate ice loss, assuming no other mass wasting, e.g., washout of fine sediments and melt of perennial snow patches, is present. The computation of volumetric change is based on standard DEM differencing, producing a DEM of Difference (DoD). Since the volumetric change is the integration of surface height differences over a defined region, it is highly sensitive to systematic errors. Thus, because photogrammetrically derived DEMs are especially prone to systematic errors in the vertical direction, respective volume change studies must be conducted with care. Significance analysis is, also in this case, based on the analysis of height change residuals in stable areas. Detected systematic errors in height may be corrected for.
The significance level of the volumetric change, i.e., of the mean surface height change in the catchment area, was not set by the standard error of the mean but by the standard deviation of the residual change (cf. Jokinen and Geist, 2010; Jiménez-Jiménez et al., 2021). The first approach would have given a too optimistic result. Volumetric change assessment was not possible for those time periods in which the areal coverage of detected surface height change was incomplete, the height changes were too noisy or there were too many outliers.
Climate and Ground Climate
Ground temperature was measured at two sites at the rock glacier surface between August 2018 and 2020 using one-channel dataloggers (GeoPrecision datalogger, Model M-Log1, PT1000 temperature sensor with an accuracy of 0.1°C). Air temperature has been measured at the nearby HLC site since September 2006. As we are focusing on rock glacier monitoring (in our case from August to July of the subsequent year), our full-year data series at HLC covers the period August 2007 to July 2020. Finally, data from the Sonnblick high-alpine observatory operated by the Austrian weather service ZAMG (Zentralanstalt für Meteorologie und Geodynamik) since the 19th century were also available. In the present study, we considered the data since 1954, calculating mean annual values (monitoring years) for the period August 1954 to July 2020.
RESULTS
Georeferencing, DOPs and DEMs
The high precision of SfM-based modeling is demonstrated by the mean reprojection error, which is in the sub-pixel range (Table 3). Orthophotos were computed at GSDs of 0.05, 0.20 and 0.50 m depending on the original resolution of the image data. However, the GSDs were equalized in order to facilitate further processing. We opted for a common GSD of 0.20 m through appropriate down- and up-sampling (Table 3). Orthophotos are shown in Figure 4. Respective DEMs were computed at grid spacings of 0.10, 0.20 and 0.50 m, also depending on the spatial resolution of the image data (Figure 3). Referring to the common GSD of the orthophotos, we also computed derivative DEMs at 0.20 m grid spacing by interpolating for those epochs with another inherent resolution (Table 3). Thus a complete data set of multi-temporal DOPs and DEMs is available at 0.20 m resolution.
TABLE 3 | Technical parameters of bundle block adjustment and DOPs and DEMs generated.
[image: Table 3][image: Figure 4]FIGURE 4 | Color-coded velocity maps 1954–2020. The position of the maximum surface creep velocity is indicated by a red dot. The acquisition date of the backdrop orthophoto is given in the lower left corner of each map.
Horizontal Movement
2D displacement vector fields were computed using the available DOPs (cf. Figure 3 for UAV-based data). For reasons of comparison, we also carried out DEM-based matching for the time periods 2018–2019 and 2019–2020. Color-coded velocity maps help to visualize the spatial-temporal evolution of the mean annual 2D surface velocity (Figure 4). For the sake of clarity, velocities shown are confined by manually drawn envelopes excluding extrapolated data. The precision of the 2D change detection was estimated at stable areas in the surroundings of the rock glacier (Table 4). The level of precision obtained primarily scales with GSD of the original image data and the respective observation period.
TABLE 4 | Summary of the computed surface velocities.
[image: Table 4]We selected the maximum surface velocity as the proxy for describing the rock glacier’s kinematic state. Usually, the maximum and mean values correlate very well (Kääb et al., 2007; Kellerer-Pirklbauer and Kaufmann, 2012). The computation of any mean velocity value was omitted due to methodological and/or computational reasons. Table 4 lists the velocity values obtained. The velocity-time graph 1954–2020 is shown in Figure 6. The displacement values derived from the geodetic measurements were appropriately scaled, retrieving maximum values fitting those which were photogrammetrically derived. The maximum displacement in 1954–2020 amounts to ∼66.5 m, whereas the terminus of the rock glacier pushed forward much less, i.e., with a maximum of 16.4 m at the upper rim of the frontal slope (Figure 5B).
[image: Figure 5]FIGURE 5 | (A) Color-coded surface height change for the time period 1954–2018. The significance level is at ±0.42 m (standard deviation, 1-σ rule). Single spot height differences (max. 14.1 m, min. −19.6 m) are shown. (B) Longitudinal profile W-E for the time period 1954–2020.
The accuracy of the photogrammetrically determined horizontal creep velocities was determined by geodetic measurements, where available. For example, the UAV-based horizontal velocities are accurate up to 5.9 cm/year (root-mean-square error). In the active sliding zone, where crevasses have developed, we determined horizontal extending strain rates between 0.050 and 0.085 years−1 for the period 2019–2020, which is the same order of magnitude as reported, e.g., by Marcer et al. (2021).
From a chronological viewpoint, the sequence in Figure 4 clearly shows that the entire landform behaved rather uniformly between 1954 and 2009. The whole rock glacier decelerated after 1969, reached a minimum velocity during the 1970s and the early 1990s, and has accelerated since then. The rather uniform behavior changed after 2009. The southern, upper part (unit 2) accelerated much more in the period 2009–2012 compared to the southern, lower (unit 3) and northern (unit 1) part of the rock glacier (cf. Figure 1). This accelerating phase of unit 2 possibly also triggered higher velocities at the lower unit 3, as the result of some sort of (delayed) pushing effects. Since 2012, the entire southern part of the rock glacier (units 2 and 3) sustained high surface velocity rates exceeding 2 m/year for most of the rock glacier units. During the last period with data (2019–2020), more than 50% of the two southern units exceeded an annual velocity of 4 m/year, reaching a maximum value of 5.8 m. By far the highest mean and maximum annual values during the entire period 1954–2020 were reached during the last decade, clearly demonstrating the unusual recent behavior of the rock glacier.
Comprehensive computer animations visualizing the rock glacier’s movement 1954–2020 can be found in Kaufmann (2021). The time-lapse movies (GIFs) comprise stacked DOPs and shaded reliefs derived from DEMs.
Volumetric Change
Volumetric change was calculated between various epochs based on 1 m grids. All computed changes, including the one for the period 1954–2018, were non-significant with respect to the assumed significance level (Table 5), indicating no significant change in the rock glacier volume. However, in spatial terms, the entire landform changed substantially with respect to the elevation at its upper part (up to −19.6 m) and lower part (max. 14.1 m), due to the depletion of the ice and debris reservoir and the advance of the rock glacier front, respectively (Figure 5A). Figure 5B depicts the identical longitudinal profile in 1954 and in 2020, clearly showing the massive advance of the front, the downward movement of the central bulge, and the lowering of the rooting zone of the rock glacier.
TABLE 5 | Accuracy assessment of the photogrammetrically derived surface velocities.
[image: Table 5]Climate and Ground Climate
The mean annual ground surface temperatures dating from the recent past at two locations of the rock glacier are consistent with each other. In the first monitoring year (2018/19), mean annual values were calculated yielding 0.8°C (site L-GT11; cf. Figure 3A) and 0.7°C (L-GT18). The second year (2019/20) was substantially warmer, at 1.8°C (L-GT11) and 2.0°C (L-GT18). Low winter temperatures below seasonal snow cover at both sites suggest permafrost conditions, although summer insolation causing substantial rock heating is high at both monitoring sites, with daily mean temperatures even exceeding 15°C. Air temperature data at the two sites HLC and SON correlate very well (r = 0.97, p < 0.01) with each other for the period 2007 to 2020 (Figure 6).
[image: Figure 6]FIGURE 6 | Velocity-time graph showing maximum speed values measured photogrammetrically and geodetically. Points on the x-axis indicate dates of data acquisition. This plot also shows the mean annual air temperature (MAAT) of SON (1954–2020) and HLC (2007–2020).
Considering the air temperature data and the annual rock glacier velocities in 2009–2020, one can clearly see the correlation between higher temperatures and higher movement rates (r = 0.84). The observation year 2019/20 in particular was exceptionally warm, with the highest recorded mean annual value at HLC and the second highest at SON (after 2006/07).
DISCUSSION
Georeferencing, DOPs and DEMs
The anticipated image-based georeferencing of unreferenced time-series image data to a selected reference model (2018) could not be carried out completely. Firstly, the aerial images for 1981 and 1997 had to be georeferenced using the 1974 image data as a reference. Secondly, it was not possible to integrate the 2019 and 2020 UAV image data with the conventional aerial images from 2018. Clearly, the Agisoft Metashape keypoint detector selected points in the bi-temporal datasets which did not match. Dissimilar imaging and viewing geometry, sensor radiometry, illumination, shadowing, and the annual phenology of terrain surface cover, e.g., vegetation, caused the blob-based keypoint detector (cf. Lowe, 2004) to select mostly non-matching points. In contrast, the bi-temporal matching of any DOPs worked perfectly well using the NCC technique. We think that image-based co-registration of multi-sensor/multi-date aerial image data using a standard SfM technique can only be successful if the input data supports the geometric and radiometric requirements of the implemented SfM algorithm to a large degree. Our work did not follow the multi-epoch approach proposed by Feurer and Vinatier (2018) in order to keep the computational and semantic complexity low. Jointly processing multi-temporal image data in a single BBA would have required additional masking of the unstable areas, e.g., the rock glaciers. We argue that image data from either UAV-based acquisitions or modern digital aerial cameras will always be successfully matched in a standard SfM-based procedure.
While indirect georeferencing of UAV imagery is the method of choice in terms of the resulting quality (assessed at both independent check points and digital surface models (DSMs), e.g., Forlani et al., 2018), direct georeferencing (RTK/PPK) can result in qualities at the order of magnitude of only a few centimeters (Padró et al., 2019; Losè et al., 2020; Stott et al., 2020). However, large discrepancies can result in the viewing direction (i.e., vertical errors in nadir UAV-based surveys) for reasons including weak imaging configurations and non-metric cameras (e.g., Luhmann et al., 2014; Losè et al., 2020; Dall’Asta et al., 2017; Przybilla et al., 2020). In both direct georeferencing approaches, this effect can be easily mitigated using only a single GCP (Forlani et al., 2018; Zhang et al., 2019; Przybilla et al., 2020). In line with the literature, by using a combination of ground measurements (GCPs) and PPK-based measurements of projection centers, we were able to obtain high-quality DOPs and DEMs. The demands of measuring GCPs for georeferencing of UAV image data can be significantly reduced by applying RTK/PPK-based techniques, and where a photogrammetric reference model is available, e.g., the 2020 surveys of our UAV datasets, GCPs are not needed. However, independent quality control suggests measuring at least some points. Moreover, in line with the irrelevance of the surface type in terms of the DSM quality (e.g., Forlani et al., 2018), there are no indications that the landform and dynamics of rock glaciers require a specific methodological approach.
The nadir-looking UAV image data for 2019 and 2020 did not allow full coverage of the study area, thus the rooting zone of the rock glacier including the talus slopes further up-valley could not be mapped completely. In a follow-on project we would like to specifically acquire dedicated oblique-viewing imagery of the rooting zone of the rock glacier up to the headwalls of the cirque.
Horizontal Movement and Volumetric Change
The computation of 2D displacement vectors based on the NCC coefficient using DOPs was successful. No smoothing was applied to the original measurements. Only a few valid measurements were obtained in shadowed areas and in regions with large discontinuities in the creep pattern due to a lack of contrast, violating the poor shift assumption of the displaced surface element. The dissimilar shadows cast by the rocks due to different acquisition dates (day of the year) and times (time of the day) hampered image correlation significantly. The selected window size is the result of an iterative process of maximizing the number of valid measurements while at the same time optimizing robustness, noise behavior and spatial resolution, and minimizing correlation between measurements. Radiometric problems in image matching can be circumvented using appropriate DEMs. However, sufficient microtopography is needed as a prerequisite for successful geometry-based matching. Experiments showed that DEM matching can even provide more valid measurements than conventional image-based matching, although the accuracies obtained are significantly lower. In summary, we were able to show 1) that our UAV-based aerial surveys can fully substitute conventional surveys – apart from limited spatial coverage – and 2) that the obtained accuracy in creep velocity is of the same order of magnitude as the results obtained from geodetic point measurements.
Volumetric change of the entire rock glacier system could only be computed for those periods with full areal coverage of the studied landform and its debris-delivering catchment. Thus the UAV data had to be excluded from detailed volumetric analysis. The results obtained show that the detected volumetric changes are very small and non-significant. The level of detection is hard to define as discussed in the literature (Brasington et al., 2003; Nuth et al., 2007). The law of large numbers in statistics creates an overly optimistic level of detection (small value) for the volumetric change. The stable area for which the precision of the bi-temporal surface fit was computed amounts to 62,865 nodes of the DoD at 1 m grid spacing. Because of auto-correlation of the grid data, smoothing artifacts, possible outliers, uncertain catchment area, and as yet unknown systematic effects, we selected the precision of the single surface height change as the level of detection for significant mean surface height change (Table 6). The ratio of the two thresholds is approx. 250.
TABLE 6 | Statistical assessment of the photogrammetrically derived surface height changes.
[image: Table 6]Despite the technical restrictions, from a geomorphological and glaciological point of view it is astonishing that the volumetric changes of the entire landform including its talus slopes since 1954 were rather small and thus below the significance level. This contrasts with the results from a nearby cirque with a large rock glacier system, where a clear trend toward volumetric losses was observed for the period 1954 to 2012, with a substantial increase in volumetric losses since 2002 (Kellerer-Pirklbauer and Kaufmann, 2018).
Rock Glacier Velocity and Climate Relationship
Our long-term rock glacier displacement data, in combination with long-term air temperature data from nearby sites, show a clear relationship between higher temperatures and higher surface velocities. This relationship is, however, not trivial, and is heavily debated in the literature (e.g., Cicoira et al., 2020). Kellerer-Pirklbauer and Kaufmann (2012) noted that the comparison of movement and air temperature data revealed a time lag of one or more years for acceleration caused by warm air temperatures, whereas strong cooling causes a slightly faster deceleration, presumably related to the existence and abundance of liquid water in the rock glacier body.
Air temperature at a given site is commonly lower compared to the ground surface temperature. This phenomenon is termed surface offset and is related to snow cover effects in winter (nival offset) and vegetation effects in summer (vegetation offset) (Smith and Riseborough, 2002; French, 2018). At the Leibnitzkopf rock glacier, heating of the blocky surface caused by solar radiation in summer is high due to the lack of vegetation. In contrast, discontinuous snow cover, which is quite common for blocky alpine rock glaciers, allows more efficient ground cooling (Wagner et al., 2019). Due to this complex interplay of topography and local climatic conditions, the relationship between air and ground temperature at rock glaciers is not straightforward and, thus, longer ground temperature time series are necessary for ground temperature-velocity analyses (Kellerer-Pirklbauer and Kaufmann, 2012). However, our first 2 years of ground temperature data from the Leibnitzkopf rock glacier confirm the very low temperatures in winter which are favorable for permafrost, and high temperatures in summer which cause substantial surface heating.
Assuming similar air and ground temperature increases at the study site over the last decades (a reasonable assumption as demonstrated for neighboring rock glaciers, Kellerer-Pirklbauer and Kaufmann, 2012), we can expect an increase in the thickness of the active layer, warming of the permafrost body, and an increase in liquid water content in the ice-rock mass, leading to the observed higher velocities and unstable surface conditions. An Alpine-wide increase in rock glacier velocities as well as high inter-site correlation has been demonstrated by Kellerer-Pirklbauer et al. (2018). Thus, our observations are perfectly in line with comparable data series from Italy, Switzerland, France, and other mountain regions in Austria.
As shown in our long-term movement analysis, the studied rock glacier did not behave uniformly in time and space. High strain rates of up to 0.085 years−1 in the fast-moving part of the rock glacier caused surface ruptures and crevasse-like structures although, for topographical reasons (i.e., low slope angle in front of the advancing rock glacier front), they were not as distinct as observed at other nearby rock glaciers (Kellerer-Pirklbauer and Kaufmann, 2018). Large-scale landsliding processes have not been detected at Leibnitzkopf rock glacier so far but may occur in the future. To date, only the surface of the southern part of the rock glacier has partly disintegrated and turned into an unstable state, making direct field observations more difficult and dangerous. The rooting zone of the rock glacier has depleted substantially since 1954 due to the high debris transport rates of the rock glacier system, and at the same time presumably also due to low rock fall rates at the cirque headwall, as observed at a nearby comparable site (Kellerer-Pirklbauer and Rieckh, 2016).
Combining air temperature data with the rock glacier surface velocity data for 2009–2020 allowed us to conclude that both these parameters are closely correlated (r = 0.84) at the Leibnitzkopf rock glacier. We expect increasing rock glacier creep velocity as a result of the higher temperatures predicted following climate warming. This is likely to be the case for at least as long as the rock glacier body contains sufficient permafrost ice and liquid water to sustain high movement rates. However, additional long-term data such as snow cover variability, precipitation pattern, hydrogeological information, and higher-resolution (in terms of time) kinematic data are necessary for a better understanding of the climate-rock glacier relationship at this site.
CONCLUSION
From a technical point of view, we conclude that:
- Time-series analysis can be carried out using co-registration without any additional extrinsic geometric control, except for the reference data.
- GNSS-supported UAV flights help to prevent systematic deformation in planimetry and height of the resulting 3D models.
- Georeferencing GNSS-supported UAV flights requires at least some ground control.
- Grid-based data (DOPs, DEMs) strongly support 3D deformation analysis with a high level of automation and standardization using approved parameters.
- UAV-based aerial surveys can fill the temporal data gap between regular official overflights.
- Accuracies of UAV-based projects are comparable to classical geodetic measurements.
- In future, rock glacier monitoring will preferably be contactless, using remote sensing techniques, e.g., image-based, avoiding dangerous in-situ measurements.
From a morphological point of view, we can say that:
- The Leibnitzkopf rock glacier accelerated dramatically since the onset of velocity monitoring in the mid-1950s, although, however, in a non-linear way. Maximum annual surface velocities generally decreased until the 1970s reaching a minimum between the mid-1970s and the early 1990s with only 12 cm/year. Afterwards, the rock glacier steadily accelerated. Since 2013, almost every year has yielded maximum velocities exceeding 4 m/year, with a record of 5.6 m/year in 2019–2020.
- The increase in velocity was not uniformly distributed over the rock glacier surface. As shown by the morphology and the velocity pattern, three different units were identified. In all the years, the northern part (unit 1) was the least active one, with annual rates barely exceeding 100 cm/year. In contrast, the southern, upper part (unit 2) started to accelerate in the period 2009–2012, causing a push effect to the more sluggish reaction of the southern, lower part (unit 3). By 2012, unit 3 gained momentum, however, and constantly increased its velocity through to 2020. Such a pushing-process was previously barely quantified and is an excellent example of distinctly different displacement behaviors of neighboring units of a single rock glacier.
- The pronounced acceleration of the rock glacier since 2009 caused substantial geomorphological changes of the entire landform such as distinctive advance of the rock glacier front, a lowering of the rooting zone of the rock glacier, and a destabilization of the entire rock glacier body. The lowering of the rooting zone is also related to the lack of sufficient rock fall material produced at the headwalls.
- As shown by long-term temperature data, the destabilization of the rock glacier is also related to changes in the thermal and hydrological conditions of the rock glacier. Climate warming caused higher temperatures at the ground surface, an increase in the active layer thickness, warmer permafrost conditions, and an increase in liquid water content, all influencing higher movement rates.
- Based on our DoD analysis, we conclude that the Leibnitzkopf rock glacier is characterized by a rather low ice content during the entire observation period. The computed volumetric change of the rock glacier system (including the talus slopes behind and up to the cirque headwall) is non-significant for the period 1954–2018.
- Finally, surface velocity rates and air temperature data strongly correlate, supporting earlier results and highlighting the potential for rock glacier velocity data as a climate proxy. This sheds light on the importance of rock glacier kinematics as an essential climate variable (ECV) for permafrost for the Global Climate Observing System (GCOS).
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