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Rock glaciers are prevalent across the Tien Shan and exhibit complex, but poorly understood kinematics linked to climate and environmental fluctuations. This study employed a frequency domain cross-correlation method to investigate rock glacier velocities in the Northern Tien Shan. We compared different sources of satellite imagery, including 0.5m Pléiades, 3m Planet, 10m Sentinel-2 and 15m Landsat-8 data. Analysis of high-resolution Pléiades imagery in the Central Ile Alatau showed considerable spatial heterogeneity in flow. The highest median velocity of 0.65 m/yr was observed on Timofeyeva rock glacier, with an upper quartile value of 0.90 m/yr. Ordzhonikidze and Morennyi rock glaciers also exhibited high activity, with upper quartile values of 1.91 m/yr and 0.96 m/yr, respectively, despite considerably lower mean and median values than Timofeyeva. We observed bimodal velocity distributions on a number of rock glaciers, highlighting the limitations of using mean and median statistics for characterising rock glacier activity. Sentinel-2 data was capable of detecting kinematic patterns that closely reflected those identified by high-resolution Pléiades data. Velocities were derived from Sentinel-2 imagery for 672 rock glaciers across the Northern Tien Shan over a 7-year period (2016–2023). Many of the larger rock glaciers in the regional inventory exhibited active areas with velocities that exceeded 2 m per year. Topographic analysis in the Central Ile Alatau and visual inspection showed the fastest velocities to generally occur on lower, flatter areas near the rock glacier front. However, topography did not entirely explain the spatial flow heterogeneity. We interpret that these spatial patterns in activity are related to individual rock glacier’s internal structure.
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1 INTRODUCTION
Rock glaciers are common features of the mountain cryosphere. Whilst definitions of rock glaciers have long been debated, they are broadly described as landforms composed of an ice-debris mixture that exhibit signs of current or past flow downslope and exist under permafrost conditions (Berthling, 2011; Janke and Bolch, 2021; RGIK, 2023). Flow is a fundamental characteristic of rock glaciers and is closely intertwined with their ice-debris composition, morphology and relationship with climate. The conglomerate nature of this ice-debris material makes rock glaciers heterogenous in terms of their morphological and flow characteristics, presenting many challenges to understanding the processes taking place. Rock glaciers play a role in cryospheric water storage, mountain hazards and landscape evolution. Research highlights rock glaciers as potentially hydrologically significant (Bolch and Marchenko, 2009; Azócar and Brenning, 2010; Jones et al., 2019; Jones et al., 2021; Halla et al., 2021) and an important part of the mountain debris transport system (Schrott, 1996; Barsch and Jakob, 1998).
The mountain cryosphere in Central Asia is a critically important hydrological resource (Bolch and Marchenko, 2009; Immerzeel and Bierkens, 2012; Shahgedanova et al., 2020). Water stored in glacier ice, snow, permafrost and rock glaciers in the Tien Shan is necessary to maintain river flow (Shahgedanova et al., 2018) and compensates for low summer precipitation on the Steppe (Bolch and Marchenko, 2009; Sorg et al., 2012; Bolch, 2017). Glacier mass loss has been widely observed across the Tien Shan in response to recent climate changes (Bolch, 2007; Niederer et al., 2008; Sorg et al., 2012; Farinotti et al., 2015; Pieczonka and Bolch, 2015; Zhang et al., 2022). There are concerns that “peak water” has already been reached in some catchments in the Tien Shan, with declining glacial runoff to be expected in the future (Shahgedanova et al., 2020). However, neither the climate response, hydrological significance nor the role of rock glaciers in landscape evolution and deglaciating mountain environments are well understood.
Research into flow dynamics is integral for understanding rock glaciers. Early literature assumed rock glaciers to have a constant flow state (Wahrhaftig and Cox, 1959), however seasonal, interannual and longer variations in flow have since been identified (Delaloye et al., 2010; Wirz et al., 2016; Kellerer-Pirklbauer et al., 2024). Rock glaciers are also shown to be accelerating in response to recent climate changes in the European Alps (Kellerer-Pirklbauer et al., 2017; Marcer et al., 2021; Thibert and Bodin, 2022; Kellerer-Pirklbauer et al., 2024). Similar tendencies were found in North America (Kääb and Røste, 2024) and for selected rock glaciers in Northern Tien Shan (Kääb et al., 2021). Optical feature tracking methods are well established for investigating flow dynamics within the field of glaciology (Scambos et al., 1992; Heid and Kääb, 2012; Dehecq et al., 2019; Millan et al., 2022), however, applying feature tracking to rock glaciers presents additional challenges. The relatively slow magnitude of rock glacier displacement, their situation on steep slopes and signals from other slope processes all present difficulties in determining clear velocity information (Scambos et al., 1992; Heid and Kääb, 2012; Dehecq et al., 2019; Millan et al., 2022).
Radar data is increasingly used to measure rock glacier flow using speckle tracking of high-resolution synthetic aperture radar (SAR) data or differential SAR interferometry techniques (DInSAR). DInSAR techniques can be used to identify displacements in the line of sight of the sensor with millimetre scale accuracy (Strozzi et al., 2020) and are unaffected by visibility limitations (Villarroel et al., 2018). Studies have applied DInSAR techniques to investigate rock glacier velocities across the globe (Lilleoren et al., 2013; Liu et al., 2013; Barboux et al., 2014; Strozzi et al., 2020; Kääb et al., 2021; Bertone et al., 2022). However, optical feature tracking methods can provide information on flow direction as well as velocity magnitude and often have a higher spatial resolution than radar data. This makes them suited to resolving heterogenous flow dynamics, particularly on landforms that exhibit a wider range of velocities. Furthermore, optical data is often available for a longer time-period; feature tracking techniques don’t suffer from decorrelation issues associated with faster flow and are not limited by orientation, compared to SAR data. Both optical and radar approaches for investigating rock glacier velocities are valuable and can be used in conjunction with one another (Necsoiu et al., 2016; Kääb et al., 2021).
Rock glaciers are prevalent across the Tien Shan as the semi-arid mountain environment provides favourable conditions for their formation (Gorbunov and Titkov, 1989; Gorbunov et al., 1992; Blöthe et al., 2019; Bolch et al., 2019). The best investigated ranges of the Tien Shan are the Ile Alatau and Kungöy Alatau, here 871 rock glaciers have been identified from aerial imagery, covering an area of more than 90 km2 (Titkov, 1988; Gorbunov et al., 1998). Gorbunov et al. (1992) manually measure rock glacier displacement from aerial images. Velocity detection from high resolution optical imagery is also utilised by Sorg et al. (2015), Bolch and Strel (2018), and Kääb et al. (2021). Sorg et al. (2015) combine optical remote sensing with tree ring data to establish a long-term record of flow for four rock glaciers across the Kyrgyz and Kazakh Tien Shan. SAR interferometric methods are used to establish regional velocity inventories by Wang et al. (2017), Kaldybayev et al. (2023) and Kääb et al. (2021) who use a combined approach. These studies show rock glaciers in the Tien Shan to be relatively fast flowing but with considerable variability between landforms. Velocities have increased in this region since the 1960s/1970s (Gorbunov et al., 1992; Kääb et al., 2021), reflecting similar observations on rock glaciers in the European Alps. Temporal variations in flow activity, fluctuating at varying timescales, have been observed (Sorg et al., 2015; Kääb et al., 2021), sometimes exhibiting pulse-like flow regimes (Gorbunov et al., 1992).
This study aims to 1) test and apply a feature tracking method implemented in Python; 2) compare different sources of optical imagery and their application for investigating rock glacier kinematics at different spatial scales; 3) evaluate the spatial patterns of activity, particularly at the sub-landform scale and consider the possible drivers of this heterogeneity. We look at how feature tracking methods can be adapted to the context of rock glaciers and present a processing workflow using frequency domain cross-correlation that can be implemented in Python. We then compare the results from different sources of optical imagery with different spatial resolutions. High-resolution velocities are derived for the Central Ile Alatau using 0.5 m Pléiades data and 10 m resolution Sentinel-2 data is used to derive velocities across the whole Northern Tien Shan. We investigate the relationships between surface velocity and topography using high resolution data from rock glaciers in the Central Ile Alatau, to better understand the drivers of spatial flow heterogeneity.
2 STUDY AREA
This research focuses on the Northern Tien Shan, which is host to many large, fast flowing rock glaciers (Kääb et al., 2021). The Northern Tien Shan encompasses the mountain ranges between Issyk-Kul Lake in the south and the Kazakh Steppe to the north (Figure 1). This includes the Ile Alatau and Kungöy Ala-Too ranges (formerly Zailijskij and Kungej Alatau) along the border of Kazakhstan and Kyrgyzstan (Figure 1). Peak Talgar marks the highest point in the region with an elevation just under 5000 m. The mountain range is uplifting and is subject to frequent tectonic activity, which has been known to trigger mass movements (Yadav and Kulieshius, 1992; Havenith et al., 2015). The geology is mainly Devonian, Silurian and Carboniferous age Granites, with some Cambrian gneisses in the Kungöj Ala-Too (Bolch and Gorbunov, 2014). There is a strong seasonality in temperature and precipitation with precipitation maxima in early summer June-July in the mountains (Shahgedanova et al., 2020). Temperatures in the Tien Shan have risen since the 1950s, with warming rates that exceed the global average (Bolch, 2007; Bolch and Marchenko, 2009); precipitation has also been found to increasingly fall as rain instead of snow (Chen et al., 2016).
[image: Figure 1]FIGURE 1 | Study area showing the Northern Tien Shan region subdivided into the Ila Alatau and Kungöy Ala-Too mountain ranges. Rock glacier outlines were produced by this study and the base map is from Bing imagery.
3 MATERIALS AND METHODS
3.1 Rock glacier outlines and classification
We updated and extended the existing rock glacier inventory by Kääb et al. (2021) to cover the whole Ile and Kungöy Alatau of Northern Tien Shan. Mapping of the rock glacier outlines was done by process of manual identification and delineation based on visual morphology from Bing and Google Earth Basemap imagery. The delineation method followed the principals from the International Permafrost Association guidelines on Rock Glacier Inventories and Kinematics, RGIK (RGIK, 2023). We used existing outlines from Kääb et al. (2021) and Bertone et al. (2022) as a starting point for the inventory. Non-rock glacier landforms identified by Kääb et al. (2021) were excluded, as movements relating to solifluction, permafrost subsistence and other debris movements were included in the previous inventory. We then mapped an additional 290 rock glaciers at the eastern and western edges of the mountain ranges. Many outlines were further refined based on visual inspection and polygons inaccurately splitting up singular rock glaciers were merged.
We conducted more detailed analyses of 17 rock glaciers in the Central Ile Alatau. These landforms were selected due to their coverage by high resolution Pléiades imagery (Figure 2) and information from previous research. Four rock glaciers covered by the Pléiades imagery were excluded from the results due to snow and shadow cover. Multipart rock glaciers were subdivided into their morphological units for analysis, the rock glaciers were numbered, and individual sub-units indicated by a letter, e.g., 10A (Figure 2). The rock glaciers represented a range of rock glacier types, with different upslope connections including talus-supplied landforms, glacier connected landforms, glacier forefield-connected landforms and poly-connected landforms. The upslope connection was recorded for these rock glacier units based on the RGIK guidelines (RGIK, 2023).
[image: Figure 2]FIGURE 2 | Rock glaciers in the Ulken Almaty, Kishi Almaty and Sol Talgar valleys, which are the subject of detailed analyses (outlines marked in red in Figure 1), map central coordinate is 43.02N, 77.08E. Colour coding indicates rock glacier ID (see supplementary material) and is used throughout the paper.
3.2 Satellite data
This study compared different sources of satellite derived optical imagery with different spatial resolutions. We compared 0.5 m resolution Pléiades, 3 m Planet, open-source 10 m Sentinel-2 MSI and 15 m panchromatic Landsat-8 OLI data (Table 1). The images were selected based on cloud and snow free acquisitions collected between late June to mid-September. We aimed to find clear images with the closest acquisition day and month in their respective years. However, the limited number of suitable images due to variations in cloud cover meant that the offsets ranged between 4 and 37 days (Table 1), over the 7-year time period these differences were considered minor. The feature tracking was run on either the green or the panchromatic band; individual bands were extracted from multiband images during the pre-processing (Figure 3). A series of test runs found the green band to be the most effective for Planet and Sentinel imagery, as it resulted in the highest number of successful matches compared to other visible or NIR bands. The panchromatic band was used for the Pléiades and Landsat imagery due to the higher resolution compared the visible and NIR bands. Pléiades ortho images were produced from stereo data collected in 2016 and 2020 and processed according to Bhattacharya et al. (2021). The Pléiades imagery was used to conduct detailed analyses on the rock glacier complexes in the Central Ile Alatau. Planet, Sentinel-2 and Landsat image pairs had a 7-year time step and were acquired in late summer in 2016 and 2023. Sentinel-2 imagery was used for the regional scale analysis.
TABLE 1 | Sources of optical imagery used for feature tracking with image acquisition dates, image resolution, image band used and region.
[image: Table 1][image: Figure 3]FIGURE 3 | Feature tracking processing workflow, including inputs, pre-processing steps, main cross-correlation (outlined in red), post processing and final output.
3.3 Feature tracking method
A number of different feature tracking algorithms have been utilised by previous studies including COSI-Corr (Necsoiu et al., 2016; Hassan et al., 2021) CIAS (Kääb and Vollmer, 2000; Strozzi et al., 2004; Kääb et al., 2007; Kääb et al., 2021) Environmental Motion Tracking (EMT) (Groh and Blöthe, 2019; Blöthe et al., 2021), IMCORR (Cusicanqui et al., 2021) and IMGRAFT (Monnier and Kinnard, 2017) to study rock glacier flow. These approaches are all based on similar principles but vary in terms of the steps they include, the degree of parameter flexibility, their accessibility and their user friendliness. Here we opted to use an intensity based cross-correlation technique implemented in Python, using the Arosics package, to conduct the image cross-correlation (Scheffler et al., 2017). Intensity-based matching methods work in the frequency domain by observing the spectral signature of grey values in a given area and identifying the same signature within a larger search window in the subsequent images (Gruen, 2012). The cross-correlation method used here, from Arosics, uses frequency domain normalised cross-correlation, designed to be robust when working with data from multiple sensors and timescales (Scheffler et al., 2017). We found Arosics suited to comparing different sources of imagery and working with sub-optimal image pairs with differences in illumination level, snow and light cloud cover. Arosics’ primary function is for image co-registration, and it had not previously been applied to rock glacier velocities. We developed a processing chain that integrated the pre and post processing steps (Figure 3).
Pre-processing increased the number of accurate matches detected by the feature tracking, whilst post processing was necessary to remove erroneous matches and ensure a more accurate final output. A major problem when investigating the velocities of slow-moving landforms is inaccurate image co-registration, which can lead to flow vectors being obscured or distorted. Co-registration errors were corrected for by conducting initial co-registration of the images based on stable ground areas. We found co-registration errors across all types of imagery. The 2016 Pléiades image was shifted −2.18/-0.08 m to correct for co-registration errors (Figure 4). For the high-resolution analyses, stable ground areas were manually selected close to the rock glaciers within the Central Ile Alatau whilst during the regional analysis co-registration was conducted on the urban area of Almaty. This was because co-registration of the lower resolution, regional imagery worked best on larger areas of flat terrain with clearly distinguishable features such as buildings. In the absence of any ground control points the most recent image was assumed to be the most accurate.
[image: Figure 4]FIGURE 4 | Results of feature tracking (A) with and (B) without co-registration, showing removal of background noise.
Initial tests were run on small areas without masking to check the displacement on the rock glaciers relative to the surrounding terrain, as shown in Figure 4. However, for all other analyses masks were applied to limit noise in the data and reduce the processing time. For the high-resolution data, the rock glacier outlines were used as a mask to exclude all surroundings, which reduced the processing time. When conducting the regional analyses, feature tracking was run across smaller sub-regions encompassing both the rock glaciers and the surrounding terrain. Here we applied a combined snow and cloud cover mask based on a Normalised Difference Snow Index to reduce noise in the output. The difference in approach taken was because the lower resolution of the regional analysis meant that using a targeted rock glacier mask distorted the results along the rock glacier edges. The velocity map was later clipped to the rock glacier outlines. The images were normalised and resampled during the pre-processing to facilitate better comparison; these steps can be omitted from the workflow (Figure 3) if not necessary.
A series of neighbourhood filters (Figure 3) for velocity magnitude and vector direction were applied based on the method used by Kääb et al. (2021). Data points were compared to the mean value of their neighbouring pixels and removed if the difference is greater than a set threshold. Here, the threshold for the directional neighbourhood filter was set at 90° and a 3-meter threshold applied for the magnitude neighbourhood filter. A further overall magnitude filter was applied as a percentage of the overall distribution of velocity values, this was set at 99.5%, except for the analysis of the Pléiades data where this filter was excluded. The results were interpolated to neighbouring no data pixels within a certain radius and averaged into meters per year.
We used the lower limit of detection as an indicator of overall uncertainty, as we considered this the greatest source of uncertainty. The lower limit of detection was assumed to be equivalent to the mean offset on areas of stable ground. Feature tracking was conducted on stable ground for all sources of imagery. Stable ground areas were manually delineated in the Ulken Almaty Valley, independent of those used for co-registration but kept consistent across the different imagery. The mean velocity magnitude on the stable ground areas was taken to be the lower limit of detection (Table 2).
TABLE 2 | Offset on stable ground used for uncertainty estimates.
[image: Table 2]3.4 Topographic analysis
Topographic analysis was conducted using the 2 m digital elevation model (DEM) generated from the 2016 Pléiades image. We compared rock glacier surface slope, velocity magnitude, flow direction and local surface aspect. Slope and aspect maps were derived at a 10 m resolution, matching the resolution of the velocity results. Mean slope, aspect and velocity were calculated for each rock glacier sub-unit and compared statistically. Then for the sub-landform scale analysis the corresponding flow and topographic parameters were extracted for each 10 m pixel. Profiles of velocity magnitude and elevation were extracted along transects manually mapped along the flow centrelines. Spearman’s or Pearsons rank tests for correlation were used to investigate the relationships between velocity magnitude and slope based on the distribution of the data. Circular tests for correlation were used for the analyses between aspect and flow direction. Results with P-values of <0.05 were considered statistically significant (Table 3). Shuttle Radar Topography Mission (SRTM) data was used to derive rock glacier elevations in the regional inventory.
TABLE 3 | Velocity statistics including median, interquartile range (IQR) and mean, and results of correlation between flow and topographic characteristics for rock glacier units.
[image: Table 3]4 RESULTS
4.1 Comparison of different sources of optical imagery
Pléiades, Planet, Sentinel-2 and Landsat-8 imagery were all capable of identifying some level of rock glacier displacement (Figure 5). As expected, the Pléiades imagery produced the most detailed results and was used as a baseline for comparison of the other sensors. Sentinel-2 and Landsat-8 imagery were also capable of detecting sub-landform scale spatial patterns of flow that generally corresponded to the results derived from the Pléiades data. The Planet data struggled to detect coherent flow fields and produced more binary outputs with areas of faster flow and areas of very limited displacement.
[image: Figure 5]FIGURE 5 | Flow velocities derived from (A) Pléiades (from 2016 to 2020), (B) Planet, (C) Sentinel-2 and (D) Landsat-8 imagery averaged per year (from 2016 to 2023) for Archaly (left), Morennyi (centre) and Gorodetsky (right) rock glaciers.
The spatial pattern detected by the Sentinel data showed the strongest resemblance to the Pléiades data out of the sensors investigated. The notable outlier was on the “thumb” lobe on the north-western edge of Morennyi (see Figure 5). Here Pléiades detected a fast lobe of flow on the north-western ‘thumb’ of the rock glacier which was not picked up by the Sentinel-2, Planet or Landsat-8 imagery. This discrepancy was also partly responsible for the difference in maximum velocities between the scenes, the maximum velocity detected on Pléiades was 2.28 m/yr compared to 1.29 m/yr for the Sentinel imagery and 1.19 m/yr for Landsat (Figure 5). However, Landsat and Sentinel imagery both performed well otherwise. Compared to the Landsat-8 data, the higher resolution of Sentinel-2 increased the spatial resolution of the final results achievable and slightly reduced the uncertainty. Based on these findings we used Sentinel-2 data for the regional scale analysis.
4.2 High-resolution kinematics in the Central Ile Alatau from Pléiades imagery
The velocities of the 17 rock glacier complexes investigated ranged from <0.1 m/yr to just under 2.5 m/yr for the period 2016–2020 (Figure 6), with an uncertainty of 0.21 m/yr. The rock glaciers showed strong spatial heterogeneity with clear inter and intra landform variation in velocities, often with faster streams related to morphological lobes of flow. Activity also varied between different units of rock glacier complexes, with the fastest velocities generally found on the lower lobe close to the rock glacier terminus. The fastest median velocity of 0.65 m/yr was exhibited on the main body of Timofeyeva rock glacier. However, Ordzhonikidze A and Morennyi exhibited the most prominent areas of high activity (Figure 6) and had the highest upper quartile velocity values (Table 3; Figure 7).
[image: Figure 6]FIGURE 6 | Velocity magnitude derived from analysis of high resolution Pléiades imagery collected in 2016 and 2020 for rock glaciers in the Central Ile Alatau.
[image: Figure 7]FIGURE 7 | Distribution of velocity values within individual rock glacier units, indicated by width of the coloured violin body. Central black bar shows the upper and lower quartiles with the white circle indicating the median; rock glaciers are ordered by median velocity. Colours indicate rock glacier ID.
Velocity magnitude was sampled at 10 m resolution and plotted to show the distribution of velocity values for each rock glacier unit (Figure 7). Timofeyeva A exhibited the highest median velocity of 0.65 m/yr, with an upper quartile value of 0.90 m/yr. Ordzhonikidze and Morennyi rock glaciers also exhibited high activity, with upper quartile values of 1.91 m/yr and 0.96 m/yr respectively, despite having lower mean and median values than Timofeyeva (Figure 7; Table 3). Several of the rock glaciers exhibited a bimodal distribution of velocity values (Figure 7), with clear areas of high activity and areas of relative inactivity within the same landform. This pattern was particularly distinctive on Timofeyeva A, Gorodetsky A and Ordzhonikidze A. Furthermore, we observed considerable differences between mean and median values (Table 3).
4.3 Relationships between surface velocity and local topography
Rock glaciers with South-Westerly or North-Easterly orientations tended to exhibit faster flow compared to those with North-Westerly or South-Easterly aspects (Figure 8A). Of the nine rock glaciers with mean velocities exceeding 0.5 m/yr, all were located in the SW or NE quadrants expect for Gorodetsky A (10A) which had a WNW orientation. Figure 8A shows a cluster of noticeably faster flowing and larger rock glaciers in the North-East quadrant. At an inter landform scale there was no significant relationship between mean slope and mean velocity (Figure 8B). However, analysis at the individual landform level showed many rock glaciers to have a significant negative relationship between slope and velocity, with values sampled at a 10 m resolution (Table 3). This relationship was strongest on the main body of Archaly rock glacier. This supports visual observations that the fastest velocities tended to be located near the rock glacier termini where compressive stresses cause the rock glacier body to thicken and the surface to flatten out, see discussion for more details. However, at the sub-landform scale nine rock glacier units showed no significant relationship between slope and velocity and four exhibited a positive relationship. There were no clear differences in topographic–velocity relationships relating to the rock glacier upslope connection (Table 3); however, the sample was dominated by glacier-connected or glacier-forefield-connected type rock glaciers.
[image: Figure 8]FIGURE 8 | Relationships between velocity and topographic parameters (slope and aspect). (A) Distribution rock glacier mean aspect (circular axis) and mean velocity (y-axis). (B) Relationship between mean rock glacier velocity and mean slope angle.
A closer look at Morennyi rock glacier indicated some relationships between velocity magnitude and surface slope. Velocity peaks generally corresponded with the crest of morphological ridges, marked by dashed lines in the elevation profile (Figure 9B). Morennyi also showed a distinct drop off in velocity upslope, with the fastest velocities observed near the terminus and central part of the landform (Figures 9A, B). Here we also saw diverging streams of flow and velocities corresponding to the surface morphology, this was prominent on the north-western side of Morennyi where we see high velocities on the diverging ‘thumb’ lobe. Flow direction was closely related to the local surface aspect for most rock glaciers (Table 3); Morennyi showed a particularly close relationship between vector direction and aspect (Figure 9C).
[image: Figure 9]FIGURE 9 | Morennyi rock glacier. (A) Velocity map, flow vectors scaled relative to magnitude and velocity magnitude raster. (B) Profile derived from transect in panel A showing velocity and elevation, dashed vertical lines indicate morphological ridges. (C) Rose plot of local surface aspect and flow vector direction.
4.4 Regional analysis using open-source sentinel-2 data
The regional analysis presented feature tracking results across the 672 rock glaciers in the Northern Tien Shan (Figures 1, 10, see Supplementary Information for details). We produced flow information on many rock glaciers not covered by previous research. Rock glacier elevations ranged from 2,875 m to 4,050 m, with an average elevation of roughly 3,500 m. The average area was 0.30 km2, with 25 rock glaciers exceeding 1 km2. In terms of upslope connection, 215 rock glaciers were identified as glacier or glacier-forefield connected, 40 as poly connected and 354 as talus connected, with 63 undefined due to snow or cloud cover preventing clear identification. The mean velocity across the whole region was 0.46 m/yr with an uncertainty of 0.35 m/year. Therefore, the results on the slower moving landforms have a high level of uncertainty, this is usually reflected by the chaotic vector fields. However, the feature tracking clearly captured active areas with high velocities on many of the rock glaciers. We found the highest velocities were exhibited on Karakorum rock glacier, Kyrgyzstan with velocities over 4 m/yr on the lower part of the rock glacier (Figure 10D). Many rock glaciers presented active areas with velocities that exceeded 2 m/yr. Considerable heterogeneity was observed within individual landforms, with distinct areas of activity and inactivity. We generally found the fastest velocities in the middle or lower part of the rock glacier (Figure 10), reflecting similar observations from the high-resolution analyses (Section 4.2). We also identified examples of upper flow lobes overriding less active lobes downslope, as seen in Figure 10, part D and E.
[image: Figure 10]FIGURE 10 | (A) Results of regional analyses of Sentinel-2 data in the central Northern Tien Shan, showing mean velocity between 2016–2023. Panel A central coordinate is 42.90N, 77.02E. Surrounding panels show results on (B) Burkutty (C) Kugalan Tash (D) Karakorum and (E) Kanbastau rock glaciers.
5 DISCUSSION
This study looked at how optical feature tracking can be used to better understand rock glacier kinematics by examining feature tracking methods, comparing different sources of optical imagery and looking at ways of interpreting velocity results. Pléiades imagery was able to resolve complex kinematics whilst Senintel-2 and Landsat-8 data were capable of generally reproducing these patterns at a coarser resolution. The results highlighted high spatial heterogeneity in flow, with many landforms exhibiting distinct areas of high activity and relative inactivity. Rock glacier surface topography showed some relation to velocity, with faster velocities generally observed on the middle or lower slopes. Here we will discuss the results from the different scales of analysis, compare the different sensors, address the uncertainties and limitations of this study and consider the potential drivers of the patterns we observe.
5.1 Rock glacier inventory
Titkov (1988) identified 871 rock glaciers across the Northern Tien Shan based on aerial imagery; this was further refined by Gorbunov et al. (1998) who inventoried 429 rock glaciers in the Ile Alatau (former name Zailijskij Alatau). Most inventories focus on the Central Ile Alatau (Bolch and Gorbunov, 2014; Bolch and Strel, 2018; Bertone et al., 2022) and landforms in the far eastern and western extents of the mountain ranges have received considerably less research attention. This study extends the velocity inventory by Kääb et al. (2021) to include an additional 287 rock glaciers. Kääb et al. (2021) use a kinematic approach, focusing more broadly identifying slope movements from differential SAR interferograms. We chose to take a geomorphological approach and manually map the rock glacier outlines based on visible surface morphology, independent to the velocity analyses. The subjectivity of delineating rock glacier outlines is an ongoing issue as it has a significant impact on both the number of rock glaciers and the extent of individual landforms. The number of rock glaciers identified by different operators has been found to vary up to a factor of 3 (Brardinoni et al., 2019). We observe evidence of this variability in rock glacier inventories for the Northern Tien Shan with the number of rock glaciers ranging from 551 (Kääb et al., 2021), to 672 (in this study) to 871 (Titkov, 1988). Rock glacier upper boundaries are also highly subjective and can differ significantly, thus limiting estimates of rock glacier surface area (Brardinoni et al., 2019). It is particularly difficult to delimitate the boundary of glacier and glacier-forefield connected rock glaciers, which are highly prevalent across the Tien Shan, from remote observations. Here we consider transitional debris covered areas with visible exposed ice and thermokarst ponds to be part of the glacier forefield and these areas have not been included in the rock glacier outlines, following suggestions from Brardinoni et al. (2019) and the RGIK (2023). The regional inventory provides new flow information, covering many rock glaciers with no previous velocity information. Whilst there are limitations to this dataset, the primary purpose of this inventory is to observe the spatial patterns of relative flow activity both between and within rock glaciers.
5.2 Comparing different sensors and scales
Previous studies applying feature tracking of satellite imagery to rock glaciers have utilised high resolution imagery, including 0.5 m resolution Geoeye, Pléiades and Worldview (Necsoiu et al., 2016; Kääb et al., 2021; Vivero et al., 2021), 2.5 m resolution Spot 5 (Necsoiu et al., 2016), and 5 m resolution RapidEye imagery (Blöthe et al., 2021). Air or UAV borne imagery is also widely used (Groh and Blothe, 2019; Cusicanqui et al., 2021) and has been used in conjunction with satellite observations (Necsoiu et al., 2016; Kääb et al., 2021; Vivero et al., 2021). However, these data are not open-source and are often limited in their spatial and temporal extent. Therefore, the potential to use open-source imagery such as Sentinel or Landsat to monitor rock glacier velocities is important for expanding the spatial and temporal coverage of kinematic information.
Our results from high-resolution Pléiades data (Figure 6) closely correspond with the feature tracking conducted by Kääb et al. (2021) on Gorodetsky, Archaly and Morennyi rock glaciers both in terms of magnitude and spatial pattern. Similar spatial patterns of flow are present across the different types of imagery, the notable exception is the result from the Planet data (Figure 5). It should be noted that the Pléiades images were acquired in 2016 and 2020 whereas the Sentinel-2, Planet and Landsat images pairs were collected in 2016 and 2023. We attribute the poor performance of the PlanetScope imagery, to the lower quality of its smallsat sensors compared to traditional satellites. The smallsat sensors exhibit significant spectral differences between individual sensors, particularly between instruments launched pre and post 2018 (Frazier and Hemingway, 2021). Issues with the spectral dynamic range (Kodl et al., 2024) and geometric distortions of PlanetScope imagery (Millan et al., 2019) are highlighted by other remote sensing research. Sentinel and Landsat data also produce better results on areas with more pronounced surface morphologies and struggle on areas with finer, loose surface material such as in the upper accumulation zone. We suggest that this may be the reason why Sentinel and Landsat don’t detect the fast flow on the ‘thumb’ lobe of Morennyi rock glacier, as detected by the Pléiades imagery. Visual inspection of the Pléiades imagery indicates a change in the debris lithology to a smaller debris size in this section of the rock glacier.
The spatial complexity of rock glacier kinematics makes direct quantitative comparisons based on simple descriptive statistics such as the mean, maximum and minimum velocities potentially misleading (Figure 7; Table 3). For example, we interpret the very highest velocities to result from local surface movements such as small rockfalls or individual boulder displacements rather than the internal creep of the rock glacier body. The detection of these types of movements is more heavily influenced by image resolution and differences in acquisition dates so may vary between different image pairs. Furthermore, the uncertainty associated with the lower limit of detection also determines the slowest measurable velocities. Therefore, we use visual inspection and critical interpretation of the velocity fields as the primary means of comparison, despite its subjectivity. We suggest that for visual inspection of individual rock glaciers the flow vectors should be viewed alongside velocity magnitude. Visualising the flow vectors to show flow direction, indicates flow coherence and aids critical interpretation of the results.
5.3 Sources of error and uncertainties
Here we discuss the main sources of error, error mitigation and the uncertainties associated with our results. Errors associated with feature tracking of satellite imagery primarily arise from: offsets from image wide co-registration errors associated with the location accuracy; shifts associated with errors in the DEM used for orthorectification; feature tracking errors from inaccurate matches and the limit of detection (Kääb et al., 2016; Kääb et al., 2021). Whilst we cannot completely remove these signals, we improve the feature tracking results through pre and post processing. Initial co-registration reduces the error associated with location accuracy (Scheffler et al., 2017). However, steep slopes and mountainous terrain produce localised distortions and non-linear co-registration errors not corrected for by simple XY shifts, often arising from vertical errors with the DEM used for the original image orthorectification. These types of errors are difficult to quantify as they are spatially variable (Kääb et al., 2021), whilst we acknowledge them here we are not able to explicitly correct for them. A localised co-registration method using Arosics was considered by this study, however, the potential bias introduced by this was deemed to be a greater source of uncertainty. The post processing aims to remove erroneous matches from the feature tracking by applying a series of filters to remove obvious outliers. We do this using neighbourhood filters that compare each pixel to the mean of its surrounding pixels. The directional neighbourhood filter was set to 90°, as a lower 30° filter as used by Kääb et al. (2021) was found to remove valid data points in areas of diverging flow. At the regional scale, greater variability in flow characteristics make it more difficult to target the post-processing filters, so the number of remaining erroneous vectors is higher. For the smaller and slower moving rock glaciers the rate of flow may be below the uncertainty threshold, and this is usually also reflected in an incoherent flow field.
The limit of detection of the feature tracking algorithm is a source of uncertainty associated with the resolution of the input imagery. Scheffler et al. (2017) suggest that Arosics can detect displacements at a sub-pixel resolution of 1/3 of a pixel or greater. We consider the limit of detection to be the greatest source of uncertainty we are not able to correct for, so have used this to characterise overall uncertainty. We take the mean displacement on areas of stable ground to be the lower limit of detection, making the uncertainty 0.21 m/yr for Pléiades and 0.35 m/year for Sentinel (Table 2). The mean offset on stable ground for the Planet imagery is 0.15 m/yr however, we attribute this lower value largely due to the feature tracking failing to detect matches on many points. Measures of variance are used to characterise feature tracking uncertainty by previous studies (Kääb et al., 2021; Villarroel et al., 2018). However, after calculating the standard deviation of stable ground offsets, the limit of detection remains a greater uncertainty for all sources of imagery (Table 2).
5.4 Drivers of heterogeneity
Comparison between mean surface velocity, area and aspect shows large fast flowing rock glaciers are more prevalent for North Easterly or South Westerly/Westerly orientations (Figure 8B). This reflects the overall orientation of the mountain range running South East–North West, suggesting valley orientation is a controlling factor in determining where large, faster flowing rock glaciers can form.
A compressional flow regime is traditionally considered responsible for the characteristic ridge and furrow topography of rock glaciers (Wahrhaftig and Cox, 1959; Kääb and Weber, 2004). This compression results from faster flow upslope that decreases in the mid to lower rock glacier. An example of this spatial pattern can be observed on the Dos Lenguas rock glacier in Argentina (Halla et al., 2021). However, our results generally observe the fastest velocities on the lower rock glacier, near to the front. This is supported by the negative relationship between slope and velocity magnitude exhibited by many rock glaciers (Table 3) and visible observations from both the high-resolution velocity data (Figures 6, 9) and the regional scale analysis (Figure 10). This pattern of velocities increasing downslope, with the fastest velocities near the front, suggests an extensional flow regime. Furthermore, we see a lack of evidence of significant material input in the accumulation zone as might be expected. Similar interpretations were made by Krainer and Mostler (2006) and Hausmann et al. (2012) for Ölgrube rock glacier in Austria. Whilst our results don’t suggest current rock glacier-wide compressional flow, the rock glaciers do exhibit ridge and furrow topography indicating past compressional flow, and we do see examples of faster flowing upper lobes overriding less active lobes below (Figure 10). This region is experiencing climate changes; data from Tuyuksu Glacier weather station in Kazakhstan shows a significant trend of rising September temperatures but with variable precipitation (see Supplementary Information).
This leads us to interpret that flow spatial heterogeneity may be driven by differences in internal structure and ice content, as a result of historical conditions. Ice content determines the rheological properties of the rock glacier, which is a major control on flow processes (Hu et al., 2023). Previous work suggests that rock glacier characteristics in this region may be closely linked to glacier interactions, intensive weathering and avalanche events (Bolch and Gorbunov, 2014). Geophysical investigations on two rock glaciers in the Central Tien Shan by Bolch et al. (2019) indicate the presence of debris-covered ice existing under permafrost conditions, likely deposited by past glacier advances or surges. Mathys et al. (2024) report that rock glaciers in the Pamir and Kyrgyz Tien Shan exhibit variable ice contents of 38%–60%. They also observe significant heterogeneity in the ice content and distribution of ice within glacial moraines and identify a body of pure ice in the Abramov rock glacier, which they interpret as being of glacial origin. These findings suggest the potential for heterogeneous incorporation of glacial ice into glacier or glacier-forefield connected rock glaciers. Similar findings are observed on the Gruben rock glacier in the Swiss Alps, where surface elevation changes and velocities are linked to historical fluctuations in the polythermal Gruben glacier (Kääb et al., 1997). The connection of many rock glaciers in the Northern Tien Shan to glaciers and glacier forefields, indicates that some rock glaciers could contain depositions of glacier ice preserved under permafrost conditions. We expect this to be reflected in their surface flow processes. This provides a strong rationale for the cause of the spatial heterogeneity in surface flow we observe today.
Rock glaciers in the Tien Shan are an interconnected part of the glacial and periglacial environment and play an important hydrologic and geomorphic role in the landscape’s deglaciation. These rock glaciers are likely to contain significant quantities of ice, particularly within the larger ice-debris complexes, which tend to be glacier or glacier forefield connected. The response of rock glaciers and ice-debris landforms to climate changes will differ from that of glaciers. This has implications for understanding ice storage and glacier water resources. There is a need for more field data on their internal structure and composition (through geophysical surveys or boreholes) as current measurements are limited in Central Asia (Bolch et al., 2019; Mathys et al., 2024).
6 CONCLUSION
This study implemented a new feature tracking processing workflow using frequency domain cross-correlation for deriving velocities on rock glaciers. The method was tested on Pléiades, Planet, Sentinel-2 and Landsat-8 data. Comparison of the different sources of imagery showed Sentinel-2 data to be capable of reproducing patterns of flow detected from high-resolution imagery. Planet data performed comparatively poorly, likely due to limitations with the spectral dynamic range of the Planet sensors.
Analysis of high-resolution Pléiades imagery in the Central Ile Alatau revealed high spatial variability. The fastest median velocities of 0.65 m/yr (upper quartile 0.90 m/yr) were observed on Timofeyeva rock glacier. High levels of activity were also exhibited on Ordzhonikidze (median velocity 0.53 m/yr, upper quartile 1.91 m/yr) and Morennyi (median velocity 0.28 m/yr, upper quartile 0.96 m/yr), however, these rock glaciers exhibited more heterogenous velocity distributions. Several of the rock glaciers exhibited bimodal velocity distributions with distinct areas of high activity and relative inactivity. This demonstrates the limitations of using single mean or median statistics to represent overall rock glacier flow.
Regional analyses using Sentinel-2 data extended existing velocity inventories to cover 672 rock glaciers across the Northern Tien Shan. Both the high-resolution and regional scale analyses generally found the highest velocities on the middle or lower slopes near the rock glacier front. Our findings suggested that the spatial heterogeneity exhibited by many rock glaciers, particularly on glacier or glacier-forefield connected landforms is linked to historic environmental fluctuations. To better understand this there is a need for more information on rock glacier internal structure through boreholes or geophysical investigations.
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