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In mountain glaciers, the influence of bedrock geometry on glacier surface morphology is often assumed; quantitative evidence, however, is rare. In our research, we measured the ice thickness of the Planpincieux Glacier (North-west Italy) and detected the bedrock topography using ground-penetrating radar. Additionally, we investigated the glacier surface morphology using structure from motion and the glacier kinematics using digital image correlation of terrestrial images. A digital terrain analysis showed evidence of recurrent crevasses whose position corresponded to bedrock steps. On average, since 2014, their positions varied between 6 and 14 m and were 40 [image: image] 8 m downstream of the bedrock steps. Bedrock and glacier topography presented out-of-phase correlated undulations that approximately fit a sinusoidal function of different amplitude. Moreover, we show the morphological evolution of an unstable sector whose thickness at the end of the ablation seasons has remained approximately constant since 2014. Contrarily, the ice melting during the 2020 ablation season caused a volume loss of >30%. Since, in general, the damages provoked by a potential ice avalanche depend primarily on the involved volume, this finding demonstrates that frequent morphology monitoring is essential for correct glacial hazard assessment.
Keywords: structure from motion, ground-penetrating radar, glacier morphology, glacial hazards, image correlation, Planpincieux Glacier, ice avalanches, digital terrain analysis
1 INTRODUCTION
Mountain glaciers are rapidly shrinking worldwide due to global warming and, in the European Alps, 90% of the glaciated areas are forecast to disappear by 2100 (Huss and Hock, 2015; Zekollari et al., 2019). In particular, small glaciers are clear geo indicators of climate change, as they are more affected by short-term meteorological variations (Huss and Fischer, 2016). They represent relevant components of the local cryosphere and their melting contributes to sea-level rise (Meier et al., 2007; Zemp et al., 2015). Besides the environmental aspect, glaciers impact anthropogenic activities in terms of local economy (Beniston, 2012), water supply (Grunewald and Scheithauer, 2010; Beniston, 2012) and tourism (Fischer et al., 2011). In addition, in specific areas, glacial hazards represent a potential threat to the population (Huggel et al., 2004), and they must be carefully assessed.
Risk assessment is defined as the combination of occurrence probability and potential damage of a given event (Huggel et al., 2004). Concerning glacial hazards, and in particular ice avalanches, the occurrence probability can be either numerically modelled (Iken, 1977; Faillettaz et al., 2011b) or statistically estimated based on monitoring data (Faillettaz et al., 2011a, 2016; Margreth et al., 2017). In both cases, glacier surface kinematics is crucial information, which can be linked to the magnitude of the failure event (Iken, 1977; Giordan et al., 2020). On the other hand, the potential impact of an ice avalanche depends primarily on the involved volume of the collapsed ice (Margreth et al., 2011; Schweizer and Margreth, 2020). Therefore, precise estimates of unstable sector extension and thickness are of paramount importance for a correct evaluation of the level of risk.
Considering the usual remoteness of glaciers, surveying their surface kinematics can be challenging from a logistic point of view. In situ access is often impossible for the high risk of ice and rock falls (Dematteis et al., 2021). In alpine regions, applications based on in situ sensors (e.g., reflective prisms, GNSS receivers) exist (Huss et al., 2007; Sugiyama et al., 2007; Dematteis et al., 2021), but proximal remote sensing techniques are more commonly adopted, such as digital image correlation (DIC) (Evans, 2000; Ahn and Box, 2010; Messerli and Grinsted, 2015; Schwalbe and Maas, 2017).
On the other hand, estimating potentially unstable sector extension requires precise knowledge of the glacier morphology. The occurrence of surface discontinuities (e.g., transversal crevasses) or the presence of specific geometries (e.g., hanging glaciers) (Pralong and Funk, 2006) are potential destabilizing elements. However, the morphology of dangerous glaciers often evolves rapidly, as they feature high dynamics. In these cases, updated knowledge of the glacier morphology is essential. This datum can be achieved through the production of digital elevation models (DEMs) using structure from motion (SfM) conducted using drones (Ryan et al., 2015; Fugazza et al., 2018), helicopter (Girod et al., 2017), or ground-based manual acquisitions (Piermattei et al., 2015; Piermattei et al., 2016; Fugazza et al., 2018). Furthermore, SfM provides orthoimages too, which help data interpretation.
While there are various solutions for monitoring glacier surface morphodynamics, acquiring glacier thickness is more complicated. Accurate ice thickness information is crucial for managing glacial hazards, as avalanche run-out simulations rely on knowing the ice volume involved (Margreth et al., 2011). Ground-penetrating radar (GPR) and Radio Echo Sounding (RES) are common methods for measuring ice thickness (Plewes and Hubbard, 2001). On mountain glaciers, such surveys are challenging due to the scattering of the electromagnetic waves caused by debris, crevasses and reflections by mountain side walls (Dowdeswell et al., 1984; Forte et al., 2019) and increased signal attenuation caused by liquid water presence in temperate ice (Watts and England, 1976). Moreover, individual glacier sectors can be too dangerous for ground-based surveying. In these complex sectors, airborne techniques are the only possible solution (Urbini et al., 2017). Helicopter-borne GPR and RES surveys were successfully conducted in the last decades in the European Alps (Urbini et al., 2017) and in Patagonia (Blindow et al., 2012).
Besides the ice thickness, GPR and RES also provide bedrock topography description, which influences glacier hydrology (Grabiec et al., 2012). Furthermore, bedrock topography is a necessary constraint for developing numerical glacier-flow and rheological models (Faillettaz et al., 2012; Zorzut et al., 2020). It is well known that bedrock geometry determines glacier surface morphology (Paterson, 1994). Glacier surface and bedrock slope are related, even though their steepness can differ by several degrees (Grabiec et al., 2012); bedrock depressions usually yield bowl-shaped glaciers (Urbini et al., 2017); while crevasses often occur in correspondence with bedrock discontinuities, like drumlins (Lamsters et al., 2016) or bedrock steps (Jiskoot et al., 2017), because they induce strong strain rates (Vaughan, 1993). In polar regions, bedrock-glacier morphology relationship has been observed (Beitzel, 1970; Budd and Carter, 1971; Grabiec et al., 2012; Lamsters et al., 2016) and modelled (Budd, 1970; Jiskoot et al., 2017) due to easier GPR/RES surveying. On the contrary, quantitative evidence of bedrock-glacier morphology relationship in mountain glaciers is rarer (Urbini et al., 2017), even though it is often assumed to be known.
In this paper, we show evidence of the direct influence of bedrock geometry on glacier surface morphodynamics at the Planpincieux Glacier (North-west Italy). In particular, we focused on the Montitaz Lobe because its potential collapse would seriously threaten the Planpincieux village at the bottom of the Ferret Valley (Schweizer and Margreth, 2020). We conducted a GPR survey to assess bedrock topography and ice thickness along linear transects. Using SfM, we produced dense temporal series of DEMs and orthoimages since 2014, allowing us to evaluate the evolution of glacier morphology. Finally, we measured the glacier kinematics using DIC applied to daily oblique images. The contribution of our research is twofold: first, we illustrate how the bedrock topography exerts a strong forcing on glacier morphology, which in turn affects the glacier kinematics. Consequently, the bedrock geometry appears as a primary cause of glacier instabilities. Second, we show that frequent morphodynamics monitoring is crucial for assessing and managing glacial hazards.
2 STUDY AREA
The Planpincieux Glacier (6.97°E, 45.85°N; WGI # IT4L01517018) is a temperate alpine glacier with an area of about 1 km2 located on the Italian side of the Grandes Jorasses (Figure 1). The Planpincieux Glacier faces towards Ferret Valley, located in the Courmayeur municipality. It ranges between 2,680 and 3,680 m a.s.l, with an average southeast aspect. Two small cirques form the accumulation area. They merge in a bowl-shaped central plateau at 2,900 m a.s.l, the snow line position lies at this altitude. The ablation area is composed of two lobes of a similar extent (approximately 0.1 km2): the Margueraz Lobe is relatively gentle and presents large splaying crevasses. The Montitaz Lobe is a steep (>30°) icefall with transverse crevasses and seracs. Usually, the snow cover at the glacier snout remains up to late June/late July, depending on the year. The Montitaz terminus is 20–30 m-high and hangs over a bedrock step that causes frequent calving (Giordan et al., 2020). Thickness estimations performed with the GlabTop model (Linsbauer et al., 2012) provided an average thickness of the plateau and ablation area of 35.1 ± 18.2 m and 19.4 ± 13.8 m, respectively (Morra Di Cella, 2019).
[image: Figure 1]FIGURE 1 | (A) Overview of the study area, located in North-west Italy. The Planpincieux Glacier outlines are of 2019. The dashed white rectangle denotes approximately the portion shown in panel b. (B) Aerial view of the Montitaz Lobe in July 2020. The unstable portion is delimited in yellow. (C) Frontal view of the Montitaz Lobe’s terminus in October 2019. Yellow triangles indicate the wide transversal crevasse above the unstable portion.
No mass balance measurements of the Planpincieux Glacier are available. However, mass balance data are available for the nearby Toula and Petit Grapillon glaciers, located 4 and 9 km away, respectively, which have similar aspects and elevations to the Planpincieux Glacier. The mass balance of both glaciers was positive in 2012/2013 and 2013/2014 (+0.2 to +0.5 m water equivalent) and negative in the subsequent years up to 2020 (Giordan et al., 2020).
2.1 Past Planpincieux Glacier Instabilities
In the past century, break-offs and floods from the Montitaz Lobe occurred and, on a few occasions, the bridge of the Montitaz Torrent was damaged (Giordan et al., 2020). In such cases, the involved ice volume was unknown. In late August 2017, a 60′000 m3 ice chunk detached from the Montitaz Lobe, and the ice avalanche stopped 800 m upstream of the bridge of the Montitaz Torrent. In the summers of 2019 and 2020, a wide transversal crevasse isolated two portions of the Montitaz Lobe from the main glacier body (Figures 1B,C), which began to accelerate rapidly (Sevestre, 2020). Estimated volumes were 250′000 and 500′000 m3, respectively, based on 2012-dated GPR measurements and experts’ image analysis. However, with the available information, the degree of uncertainty of the volume estimation was high (Giordan et al., 2020). Considering past events and their effects on the valley bottom, ice avalanche run-out simulations were conducted in 2013 and 2020 by the SLF of Davos with different hypothetical volumes involved. These simulations showed that volumes greater than 250′000 m3 would reach the underlying Planpincieux hamlet, potentially damaging buildings and the valley’s access road (Schweizer and Margreth, 2020).
3 DATASET AND METHODS
In this study, we adopted various apparatuses and approaches to investigate glacier morphodynamics and its evolution in the period 2014-2020. We analyzed 7 years of surface kinematics, repeated orthoimages and DEMs and updated glacier thickness measurements. Digital terrain analysis allowed the identification of crevasses and terminus positions throughout the years. GPR data provided ice thickness and bedrock topography along linear transects.
3.1 GPR Surveying
Usually, helicopter-borne GPR presents technical problems due to the need to acquire the position of antennas and the lack of direct contact between antennas and glacier, causing power losses due to reflection at the ice surface. In theory, it is ideal to fly with the antennas as close as possible to the glacier surface to avoid spreading losses (Forte et al., 2019). In practice, however, the distance to the ground varies within short distances along the flight trajectory, typically by around ±20 m (Grab et al., 2021). For security reasons, thus, it is advisable to aim for a target height of around 30 m.
On 7 July 2020, we conducted a helicopter-borne GPR survey of the Planpincieux Glacier with the dual-polarization Airborne Ice Radar from ETH Zürich (AIR-ETH) (Langhammer et al., 2019). This platform is equipped with two orthogonal pairs of 25 MHz antennas in broadside configuration and the SPIDAR multi channel recording unit from Sensors and Software. The two antenna pairs alternatingly recorded eight traces per second each. The positioning of the platform was conducted with three differential GNSS antennas, in order to deduce not only the position but also the pitch, roll and yaw angles. With a laser altimeter, the distance to the ground was measured to provide this information for navigation purposes and as input for the data processing. Navigation, recording, and processing of GNSS and laser altimeter data were conducted by GEOSATSA, a Swiss-based surveying company. In total, we acquired 13 cross profiles and five longitudinal profiles with a total length of about 12 km. The parts of the profile layout for which bedrock reflections have been detected are displayed in Figure 2. Compared to a GPR survey conducted in 2012, this layout is denser and more regular, especially at the terminus of the Montitaz Lobe.
[image: Figure 2]FIGURE 2 | GPR profiles acquired on 7 July 2020 at the Planpincieux glacier (black lines). The two westernmost longitudinal profiles (in red in the colored version) are n. 14 and 15. The colored dots indicate the ground control points (GCPs).
In an initial step, the GPR traces were georeferenced. The GPR data were then processed with the software toolbox GPRglaz (Grab et al., 2018). The AIR-ETH system offers recording with two orthogonal (dual-polarization) pairs of 25 MHz dipole antennas. Therefore, GPR data from two channels, one parallel and one perpendicular to the flight direction, were available for data processing. The processing procedure included the following processing steps:
• signal dewowing using PulsEKKO software;
• time-zero correction based on the arrival time of the direct wave;
• amplitude interpolation and ringing removal as detailed in Grab et al. (2018);
• picking of surface reflection using laser altimeter or manually picking, depending on the data quality;
• band-pass filtering between 10 and 75 MHz;
• trace binning to obtain a regular sampling of 0.5 m;
• image focusing (migration) using a half-space model with air and ice velocities of 0.3 m ns−1 (Reynolds, 1997) and 0.168 m ns−1 (Glen and Paren, 1975), respectively;
• manual identification of bedrock reflections.
Glacier ice at the Planpincieux Glacier altitudes is typically temperate in the European Alps. In particular, in the Mont Blanc region, Suter and Hoelzle (2002) observed the presence of cold firn at elevations higher than 3,500 m a.s.l. A propagation velocity of 0.168 m ns−1 was measured in the temperate Rhone Glacier (European Alps) (Church et al., 2020), adopting the common midpoint (CMP) method. Accordingly, we used this value to process the GPR data.
The effects of selected processing steps are documented in Figure 3 using portions of profile n. 14 (location displayed in red in Figure 2). Since data quality is dependent on antenna orientation in combination with glacier bed topography, the identification of bedrock reflections (blue arrows in Figure 3C) was performed on the image from the antenna pair that provided better data quality.
[image: Figure 3]FIGURE 3 | Effects of some processing steps shown on a portion of profile n. 14. (A) Raw data; (B) after trace binning; (C) after Kirchhoff migration. The blue arrows in the bottom panel indicate reflections from the bedrock.
As the last step, the ice thicknesses, measured along the profiles, were interpolated using the Matlab built-in thin-plate smoothing spline (TPSS) (Duchon, 1977). From geomorphological analysis, it was evident that the ice thickness at the margins assumed non-zero values, because vertical bedrock outcrops bounded the glacier, but a precise value was unknown. Therefore, manually-imposed thickness boundary constraints on the lateral margins would have suffered subjective uncertainty. Furthermore, most parts of the terminus presented vertical 10–30 m-high ice walls. To solve this issue, we adopted the following method. First, we randomly selected 1,500 bedrock and glacier surface elevation points from the GPR data and 500 elevation points outside the glacier from a DEM. Secondly, we interpolated with TPSS bedrock and surface points along with DEM points. Thereby, we obtained two surfaces that were interpolated using nodes located at the same positions; one representing the bedrock topography, the other representing the glacier surface in continuity with the bedrock outside the glacier. Therefore, the values of both surfaces in the bedrock area were the same, while their difference in the glacier area corresponded to the ice thickness. Since potential errors at the boundaries due to complex geometries were almost the same, because they were produced by identical interpolation, they should approximately compensate.
3.1.1 Ice Thickness Uncertainty
The ice thickness uncertainty is composed of two independent contributions. First, the uncertainty of the GPR measurement and, second, the uncertainty pertaining to the spatial interpolation. The first contribution is easier to evaluate and can be derived theoretically. The uncertainty of the glacier bedrock topography and the corresponding ice thickness is due to a combination of uncertainties in GPR wave velocity and the detection of bedrock reflections in the profile images.
The GPR wave velocity in temperate ice has been estimated to be 0.168 m ns−1 (Glen and Paren, 1975) and we used uncertainty of σv = ±0.005 m ns−1. This is slightly smaller than the uncertainty of ±0.008 m ns−1 assumed by Lapazaran et al. (2016), as they applied it to polythermal ice. This uncertainty could be further reduced by measuring the propagation velocity on-site by conducting CMP measurements (Bradford and Harper, 2005) or by analyzing the shape of diffraction hyperbolas in the GPR data (Karušs et al., 2022). This was not possible in our case, because CMP measurements have to be conducted on the ground, whereas no clean diffraction hyperbolas were present in our data.
The uncertainty in detecting the bedrock reflection comprises a limited vertical resolution of half a wavelength (Lapazaran et al., 2016), σr, and an estimated uncertainty of 15% of the ice thickness (Lapazaran et al., 2016) because we neglected the third dimension during image focusing by 2D migration, σm. Furthermore, an uncertainty of σp = ±5 m was assumed for manually picking bedrock reflection. Combining these uncertainty contributions by the root-square-sum, presuming them to be independent (Lapazaran et al., 2016), leads to uncertainty
[image: image]
The second source of error is more difficult to quantify and can yield larger effects on the estimation of ice thickness. The internal glacier structure of the glacier, including crevasses, as well as the bedrock topography, can cause unpredictable errors. We estimated the interpolation uncertainty with cross-validation (Cressie, 1992): we compared the subset of GPR data not adopted to interpolate with the corresponding values obtained from interpolation. We assumed the standard deviation of the difference as the interpolation uncertainty, [image: image]. Therefore, the global thickness uncertainty is the root square sum of five independent contributions: 1) manual picking (±5 m), 2) half wavelength (±3.4 m) (from Lapazaran et al., 2016), 3) ±15% thickness (general uncertainty from Laparazan et al., 2016), 4) [image: image] 3% thickness (signal velocity) and 5) ±2.8 m (interpolation).
Additionally, we analyzed whether [image: image] is related to the thickness or the distance of the nearest point adopted for the interpolation, as done by Farinotti et al. (2014).
3.2 DEMs and Orthoimages
Since 2014, a dense series of DEMs and orthoimages of the Planpincieux Glacier has been acquired.
• On 9 June 2014, we conducted a helicopter-borne survey that provided a high-resolution DEM, which we resampled at 0.5 m px−1, using a LiDAR (RIEGL LSM-Q680i) and an orthoimage with a ground sampling distance (GSD) of 0.08 m px−1, acquired with a medium-size photogrammetric Hasselblad H3DIIi camera (Giordan et al., 2020).
• On 26 August 2015, the Valle d’Aosta Region provided a 0.2 m px−1 orthoimage acquired during a photogrammetric survey of the whole region. This datum has not yet been validated by the Valle d’Aosta Region.
• On 22 September 2017, 20 October 2018, 1 October 2019, 20 July and 8 September 2020, we conducted helicopter-borne digital photogrammetry measurements using a Nikon 700D camera with a fixed 24-mm lens focal length, which yielded high-resolution DEMs and orthoimages. In 2019 and 2020, we acquired 45°-oblique orthomosaics along seven parallel stripes at a flying height of 250–300 m. The shooting interval was 1 s, and the image overlapping was 40%–60% (between stripes) and 80%–90% (along stripes). The 2017 and 2018 flights were not planned for photogrammetric surveys.
All the above-mentioned data concern the Montitaz and Margueraz lobes, except for the 2015 orthoimage, which covers the entire glacier. Table 1 reports the list of DEMs and orthoimages adopted in the present study.
TABLE 1 | DEMs and orthoimages used in this study.
[image: Table 1]In July 2020, alpine guides installed a network of 13 artificial GCPs homogeneously distributed around the glacier (Figure 2), whose positions were measured using real-time kinematic (RTK) positioning. We used the updated GCP network to process 2020 and older datasets using SfM (Mertes et al., 2017; Lewińska et al., 2021) by Agisoft PhotoScan software. Using the 2020 orthoimage as a reference, we identified additional natural GCPs that could be recognized in previous orthoimages (Figure 2).
We analyzed the historical sequence of DEMs and orthoimages to assess 1) the morphological evolution of the Montitaz Lobe and 2) the position of fractures of the Montitaz Lobe. To the former aim, we calculated the area and volume of the frontal sector using all the available DEMs (Table 1).
To analyze the fractures’ location, we first identified the position of the major recurrent transversal crevasses of the Montitaz Lobe in the period 2014-2020. To this aim, we visually analyzed orthoimages, shaded reliefs and slope gradient maps produced with the available DEMs. We observed that these crevasses appeared every year in approximately the same position. To quantify the spatial variability of every crevasse across the years, we adopted the following approach: we examined the various positions of a specific crevasse every year, which formed a spatial cluster. Subsequently, we considered five well-distributed transects that intercept such a cluster; thereby, we obtained five groups (one group for every transect) of intercept points (one point for every considered year). Finally, we calculated the planimetric distance of every intercept point with respect to the group centroid and assumed the median deviation among all the planimetric distances as the spatial variability of the crevasse’s position.
3.3 Relationship Between Bedrock Geometry and Glacier Surface Morphology
We compared the crevasses’ positions with the bedrock topography to evaluate the relationship between bedrock and glacier morphology. To this end, we considered the GPR profiles n. 14 and 15, which lie longitudinally onto the Montitaz Lobe (Figure 2). We analyzed the bedrock profile obtained with the GPR and the corresponding glacier surface profiles across the years obtained with the available DEMs. Since the elevation profiles present a general parabolic shape, to maintain only the surface-undulation-related information, we subtracted the quadratic fit of every elevation profile; then, we interpolated the undulations with a sine function.
3.4 Daily Glacier Surface Kinematics Based on Digital Image Correlation
Since August 2013, two permanent monoscopic time-lapse cameras (TLCs) have continuously monitored the surface kinematics of the Planpincieux Glacier (Dematteis et al., 2021), acquiring hourly images. They are equipped with lenses of different focal lengths to observe the glacier with diverse detail. One TLC (297 mm lens focal length) targets the Montitaz Lobe, with a GSD of approximately 0.05 m px−1, while the second TLC (120 mm lens focal length) observes all the ablation area (GSD ∼0.15 m px−1) and part of the upper cirques (GSD ∼0.20 m px−1).
We analyzed the daily temporal sequence of terrestrial oblique images adopting the DIC technique, which has been used in various glaciological studies since 2000 (Evans, 2000; Ahn and Box, 2010; Messerli and Grinsted, 2015; Schwalbe and Maas, 2017). In principle, DIC is applied to a couple of registered images acquired at different times; a patch of the master image is searched for in the slave image, calculating a similarity index in every position within an interrogation area (Dematteis and Giordan, 2021). The position where the maximum similarity is found corresponds to the displacement of the patch. DIC’s outcomes are spatially distributed planar vectors lying on the image plane. We adopted the Local Adaptive Multiscale image Matching Algorithm (Dematteis et al., 2022) for the DIC processing.
4 RESULTS
4.1 Glacier Ice Thickness and Bedrock Topography
Interpolated bedrock elevation and ice thickness distribution are displayed in Figures 4A,B. Thickness varies between 10 and 100 m over the entire glacier, and between 20 and 60 m in the Montitaz Lobe. The difference between interpolated thickness values with the GPR measurements not used in the interpolation process is shown in Figure 4C, it does not appear to be correlated with the thickness value and the distance to the nearest interpolating point neither (Figure 4D). On average, the interpolation mean difference compared with GPR measurements is < 0.1 m, while the standard deviation is [image: image] = 2.8 m. Considering also the uncertainty pertaining to the GPR measurement, the estimated total error of the glacier thickness increases with depth, ranging from ±6.6 m to ±10.3 m for thicknesses of 10 and 50 m, respectively.
[image: Figure 4]FIGURE 4 | (A,B) Bedrock elevation and glacier thickness, respectively, obtained from the interpolation of the GPR profiles acquired on 7 July 2020. (C) Frequency distribution of the difference between GPR thickness measurement and interpolated values. (D) Measured and interpolated thickness difference vs. measured thickness, the color denotes the distance from the nearest interpolating point.
4.2 Crevasse Identification and Morphology Evolution of the Unstable Sector
In the considered period, we identified three main crevasses in the Montitaz Lobe that open at approximately the same location every year, while they completely close during the winter by snow filling and the motion of the upper part of the glacier. The fractures delimit distinct morphological sectors (from the terminus A-D). The planimetric deviation of the different positions throughout the years was 13.7, 5.9, and 8.7 m, respectively, for the fractures between sectors AB, BC and CD (Figure 5).
[image: Figure 5]FIGURE 5 | Positions of the major crevasses and termini since 2014 are indicated by dashed and solid colored lines, respectively. The solid black line refers to GPR profiles n. 14 and 15. The grey boxes showed the locations of the sectors’ limits.
During the warm season, the Montitaz Lobe terminus presents high strain rates and the development of transversal crevasses that could potentially lead to the detachment of a large ice chunk (Figures 1B,C). Such a crevasse corresponds to the BC limit. Usually, an intense calving activity causes the disaggregation of this sector into relatively small fragments (Giordan et al., 2020). In Table 2 and Figure 6, we present the size evolution of this unstable glacier sector. The areal extension was obtained by manual delineation on the orthoimages, while the volume was calculated using the available DEMs.
TABLE 2 | Morphological evolution of the unstable sector of the Montitaz lobe (n.a. = not available).
[image: Table 2][image: Figure 6]FIGURE 6 | (A) Limits of the unstable portion of the Montitaz Lobe in the years 2014–2020. Background, orthophotos of 20 July 2020. (B–G) Surface elevation of the unstable sector obtained with every available DEM. The orthoimages of each panel have been acquired in the same date of the corresponding DEM.
4.3 Bedrock Topography Relation With Glacier Surface Morphology
We compared the glacier surface and bedrock topography along GPR profiles n. 14 and n. 15 (Figure 7). A series of knee-shaped bedrock discontinuities are evident. On average, the bedrock slope of profiles n. 14 and n. 15 is 25° and 20°, respectively, and it increases by approximately 20° in correspondence to the bedrock knees. Note that the position of the major fractures corresponds well with that of the bedrock knees. Such spatial correspondence is also highlighted by the analysis presented in Figure 8. There, we show the detrended profiles of bedrock and glacier surface. A series of approximately regular undulations is evident. The glacier surface undulations along profile n. 14 have an amplitude between 7 and 10 m on average (Figures 8A–F), while along profile n. 15, the amplitude is approximately 5 m (Figures 8G–L). Conversely, bedrock undulations are lower, with an amplitude of 4 and 2 m (profiles n. 14 and 15, respectively). The period of the undulations is approximately 95 m and is constant for all the profiles except for the bedrock undulations of profile n. 15, where the period is 60 m. Compared with the bedrock, the glacier profiles along profile n. 14 are out of phase by 145° [image: image] 30° (mean [image: image] standard deviation), which corresponds to 40 [image: image] 8 m, except in 2018, which is exactly in phase. Concerning profile n. 15, profiles 2017, 2018, 2019, and 2020 are approximately in phase. On average, the cross-correlation coefficient between bedrock and surface undulations is 0.52 ± 0.04 and 0.46 ± 0.12 for profiles n. 14 and 15, respectively.
[image: Figure 7]FIGURE 7 | Correspondence between bedrock discontinuities and glacier surface recurrent fractures between 2014 and 2020. The longitudinal sections are taken in correspondence of GPR profiles n. 14 (A) and 15 (B).
[image: Figure 8]FIGURE 8 | Bedrock and glacier surface undulations obtained by subtracting a quadratic fit from the elevation profiles. (A–E) and (G–K) Surface undulations along profiles n. 14 and 15, respectively, in 2014, 2017, 2018, 2019 and 2020; (F–L) bedrock undulations along profiles n. 14 and 15. The dashed black line is the interpolating sine function. (M,N) Interpolating sin function of every undulation curve for profiles n. 14 and 15, respectively.
4.4 Surface Glacier Kinematics
DIC outcomes provided the ice flow vectors on the image plane. Since 2014, the results show that the Montitaz and Margueraz lobes are substantially inactive in the cold season, while they reactivate during the warm season reaching maximum daily displacement in August. The Montitaz Lobe moves faster, with maximum values in the frontal sector up to more than 2 m day−1, while the maximum Margueraz flow is approximately 0.5 m day−1. Such measurements have centimeter uncertainty (Dematteis et al., 2018). The kinematic surface pattern of the Montitaz Lobe presents four distinct kinematic domains–A, B, C and D–from the bottom to the top of the Lobe (Figure 9A), which correspond to the morphological sectors bounded by the crevasses shown in Figure 5. The motion rates increase toward the terminus, and, in the frontal domain (i.e., the A domain), the surface velocity is related to the occurrence of break-offs (Giordan et al., 2020). Between 2014 and 2018, the domains became distinguishable approximately from July. Contrarily, in 2019 and 2020, the A and B sectors accelerated with identical velocity until the beginning of September (Figure 9B) and there was a severe risk of an avalanche event (Magra, 2019; BBC, 2020).
[image: Figure 9]FIGURE 9 | (A) Daily surface displacement between 7 and 14 August 2016. The map evidences the presence of four distinct kinematic domains in the Montitaz Lobe, with displacement rates increasing toward the terminus. (B) Daily surface displacement between 29 and 1 August 2020. The kinematic domains “A” and “B” are merged and move with similar velocity.
5 DISCUSSION
5.1 Glacier Thickness Evolution
The measured ice thickness partially agrees with that inferred by visual investigation and monoscopic photogrammetry in the past years (Giordan et al., 2020). The GPR results also provided the representation of the bedrock topography, which can be used as a benchmark to estimate past ice thicknesses by calculating the difference with older DEMs.
We observed a general decreasing volume trend of the most unstable portion of the Montitaz Lobe, mostly due to the terminus retreat. The volumes in 2017 and 2018 were approximately 500′000 m3, which agreed with the values estimated by Giordan et al. (2020) and Schweizer and Margreth (2020), while the 2019 and 2020 volumes corresponded well with those estimated during the emergencies of these years (Sevestre, 2020). On the other hand, we did not observe evident ice thinning of this portion, observing thickness values between 22.7 [image: image] 7.6 m and 25.6 [image: image] 8.2 m in September and October. However, statistically significative thickness variation assessment requires longer periods to determine potential mass variation (Wang et al., 2014). Contrarily, we registered a significant seasonal change, probably due to seasonal snow melting mainly: the thickness variation between 20 July and 8 September 2020 was approximately 6 m (Figures 6F,G), which is greater than the interannual thickness change, and corresponds to a volume decrease >30%.
This finding has a relevant impact on glacial hazard assessment and management, as it shows that the potentially unstable mass can significantly vary during the season; therefore, repeated DEM acquisitions during a single season are required to evaluate volume changes correctly. Ice thickness in 2014 (30.8 m) was acquired in June and was comparable with that measured on 20 July 2020 (28.3 m). Assuming a thinning of 6 m between July and September 2014 (i.e., which is the same thinning observed between 20 July and 8 September 2020), the volume of the unstable portion would be approximately 650′000 m3, which agrees with the volumes observed in 2017 and 2018 (Table 2).
5.2 Relationship Between Bedrock Topography and Glacier Morphodynamics
We observed a limited spatial variability of the crevasses’ locations during the considered period. The recurrent positions indicate a strong influence of bedrock topography on glacier surface morphology, which is appreciable by comparing the longitudinal glacier and bedrock sections along GPR profiles.
Additionally, we observed that bedrock and glacier undulations follow approximately a sinusoidal behavior, with similar amplitude and period in both profiles n. 14 and 15. Even though this is valid in general, in a few cases, the shape of the undulations does not appear as a regular sinusoid (e.g., Figures 8C–G). Along profile n. 14, on average, glacier undulations are out of phase by 145° with respect to the bedrock, except in 2018. This means that the ice is thinner where the bedrock is steeper and the crevasses are downstream of the bedrock knees (Paterson, 1994). Similar behavior was modelled (Budd, 1970) and observed (Beitzel, 1970; Budd and Carter, 1971) in Antarctica. There, surface undulations were caused by bedrock undulations with periods three to five times the ice thickness; accordingly, in the Montitaz Lobe, ice thickness and undulation periods are approximately 35 and 95 m, respectively, along profile n. 14 (Figure 8M). On the other hand, we did not observe a similar behavior along profile n. 15. The amplitude of the bedrock fluctuations (∼2 m) is likely too small compared with the ice thickness (∼50 m). Interestingly, the surface undulations’ period is the same as that observed along profile n. 14. Contrary to the findings of Remy and Tabacco (2000), the amplitude of the surface undulations is larger than that of bedrock. This means that the effects of bedrock discontinuities are amplified on the glacier surface morphology, in particular on the development of crevasses.
The surface displacement pattern evidences the presence of various kinematic domains whose limits correspond with the morphological sectors delimited by the transversal fractures. This observation demonstrates the strong bedrock influence on glacier morphodynamics. This finding will help in the analysis of glacial risk assessment to evaluate potentially unstable sector extension, especially in contexts where bedrock topography is unknown, but surface displacement is available.
6 CONCLUSION
In this work, we adopted GPR measurements, aerial and terrestrial digital images, which provided bedrock topography and ice thickness, DEM (using SfM processing) and ice flow rates (using DIC processing), respectively, in the mountain Planpincieux Glacier (North-west Italy). We measured the maximum glacier thickness of 100 m in the central plateau and 60 m in the Montitaz Lobe. Our research directly shows the strong relationship between bedrock geometry and glacier surface morphodynamics. In particular, we illustrate that a series of bedrock steps causes the development of large crevasses, whose recurrent position is approximately 40 m downstream of the bedrock steps’ positions.
Additionally, we present the morphological evolution of a large unstable sector on the Montitaz Lobe, which has not significantly thinned across the considered period. However, due to terminus retreat, this sector approximately halved its volume. Conversely, we registered substantial thinning during the 2020 warm season, which caused a volume loss of ∼30% between 20 July and 8 September 2020.
Further GPR campaigns can be adopted to validate 2020 results and increase its spatial resolution; in particular, more detailed bedrock discontinuities and information about the potential presence of water at the bedrock-ice interface are two presently missing important factors, which will provide further support for glacial risk assessment. The bedrock topography provided by the GPR can be used as a benchmark to obtain future and past volumes of specific sectors.
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