

  remotesensing-13-03005




remotesensing-13-03005







Remote Sens. 2021, 13(15), 3005; doi:10.3390/rs13153005




Technical Note



Ten-Year Monitoring of the Grandes Jorasses Glaciers Kinematics. Limits, Potentialities, and Possible Applications of Different Monitoring Systems



Niccolò Dematteis 1[image: Orcid], Daniele Giordan 1,*[image: Orcid], Fabrizio Troilo 2[image: Orcid], Aleksandra Wrzesniak 1 and Danilo Godone 1[image: Orcid]





1



Italian National Research Council, Research Institute for Geo-Hydrological Protection (CNR-IRPI), Strada delle Cacce 73, 10135 Torino, Italy






2



Fondazione Montagna Sicura, Località Villard de la Palud, 1, 11013 Courmayeur, Italy









*



Correspondence: daniele.giordan@irpi.cnr.it







Academic Editors: Davide Fugazza, Roberto Sergio Azzoni, Antonella Senese and Giovanni Baccolo



Received: 16 June 2021 / Accepted: 22 July 2021 / Published: 30 July 2021



Abstract

:

In the Ferret Valley (NW Italy), anthropic activities coexist close to the Grandes Jorasses massif’s glaciological complex. In the past, break-off events have caused damage to people and infrastructure. These events concerned two specific sectors: the Montitaz Lobe (Planpincieux Glacier) and the Whymper Serac (Grandes Jorasses Glacier). Since 2010, permanent and discontinuous survey campaigns have been conducted to identify potential failure precursors, investigate the glacier instability processes, and explore different monitoring approaches. Most of the existing terrestrial apparatuses that measure the surface kinematics have been adopted in the Grandes Jorasses area. The monitoring sites in this specific area are characterized by severe weather, complex geometry, logistic difficulties, and rapid processes dynamics. Such exceptional conditions highlighted the limitations and potentialities of the adopted monitoring approaches, including robotic total station (RTS), GNSS receivers, digital image correlation applied to time-lapse imagery, and terrestrial radar interferometry (TRI). We examined the measurement uncertainty of each system and their monitoring performances. We discussed their principal limitations and possible use for warning purposes. In the Grandes Jorasses area, the use of a time-lapse camera appeared to be a versatile and cost-effective solution, which, however is not suitable for warning applications, as it does not guarantee data continuity. RTS and GNSS have warning potentialities, but the target installation and maintenance in remote environments remain challenging. TRI is the most effective monitoring system for early warning purposes in such harsh conditions, as it provides near-real-time measurements. However, radar equipment is very costly and requires extreme logistic effort. In this framework, we present data integration strategies to overcome the abovementioned limits and we demonstrate that these strategies are optimal solutions to obtain data continuity and robustness.
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1. Introduction


Mountain glaciers are a crucial element for the local economy in terms of freshwater supply, hydroelectric production, and tourist activities [1]. Glacier surface mass balance, elevation change, and terminus retreat are often quantitatively surveyed to evaluate their current state and recent evolution [2]. However, such monitoring activities are usually conducted periodically (e.g., with seasonal or annual revisit time) due to the investigated processes’ relatively slow dynamics.



Conversely, glacial phenomena such as ice avalanches and glacier lake outburst floods develop and evolve more rapidly, with a time scale from days to minutes. They represent a potential risk for infrastructure and the population [3,4,5]. Therefore, high temporal frequency monitoring is necessary to observe such rapid processes and acquire a detailed sequence of physical parameters that allows correct data analysis. Thereby, it is possible to provide insight into the investigated phenomena and support decision-makers in managing glacial risk.



The majority of efforts dedicated to technological development have focused on new technologies and methodologies to measure surface displacement, as the surface kinematic is the most connected variable to potential failures. Spaceborne surveys cover wide areas, providing data without great human effort and the recent Sentinel program has notably reduced the revisit time. Nevertheless, their frequency is not yet sufficient to observe rapid processes and complex geometries typical of mountain glaciers, hampering the spaceborne measurement.



Only terrestrial systems can provide a sufficiently temporally dense dataset. However, they have the disadvantage of observing relatively small areas and requiring significant human and financial input. Glaciers are usually located in remote and challenging environments and the existing commercial instrumentations were not designed for glaciological surveys specifically. Therefore, continuous glaciological long-term monitoring campaigns are not common.



According to Watson and Quincey [6], terrestrial measurement techniques of glacier movement include total station/theodolites, GNSS receivers (hereafter GNSS) and time-lapse cameras (TLC) using the digital image correlation (DIC) method. Additionally, terrestrial radar interferometry (TRI) proved to be a valuable tool in this regard [7].



Theodolites for surveying glacier flow have been used in the past century [8,9]. Typically, a series of stacks or stones were periodically measured and replaced in their original positions. Recently, the adoption of robotic total station (RTS) allowed us to obtain long-term continuous surveys of glaciers [10,11]. The RTS combines an electronic theodolite and a laser range finder to measure the three-dimensional position of a given target with millimetric sensitivity. The RTS autonomously acquires during day and night, but dense fog or clouds hamper its performance. The RTS system requires the installation of reflective prisms within the monitored area, while prisms placed in stable areas are used to reduce the atmospheric artefacts on the measurements and determine angular offsets. A network of passive targets entails the necessity of periodic maintenance, which can be complicated in challenging areas.



GNSS measure their own three-dimensional position with centimeter to millimeter precision. They are composed of an antenna and an L-band microwave receiver. More sophisticated GNSS acquire multiple frequencies to filter the ionospheric and atmospheric influence better. Currently, the use of geodetic sensors is common in glaciology [12,13,14,15] due to their light portability and simple use. However, most of the applications concern discontinuous manual surveys, involving human access into the glacierized area. Permanent GNSS networks are less frequent because they need periodic maintenance and a continuous on-site power supply. Examples can be found in [10,16,17].



One of the first applications of terrestrial DIC to glacier motion was described by Evans [18], who used digitalized image negatives of the Godley Glacier (New Zealand). Subsequently, terrestrial DIC has been adopted in a number of glaciological studies [19,20,21,22]. Typically, DIC is applied to time-lapse cameras deployed on stable ground/surfaces to minimize image misregistration. The principle of DIC is to search for the position of a given patch between two images. Thereby, DIC detects the spatially distributed displacement components orthogonal to the line of sight (LOS). The pixel’s footprint is typically of the order of centimeters and depends on camera specifications and camera-to-target distance. In optimal contexts, DIC can provide sub-pixel measurements. However, reliable results are more frequent for displacement larger than a few pixels. The major limitation of DIC is the need for favorable visibility and illumination conditions. This often requires the manual selection of the images to be processed in order to discard the corrupted ones [23]. For these reasons, the temporal frequency of the results is often on a daily basis.



The first TRI surveys of a glacier were conducted experimentally in the Belvedere Glacier (Italy) [7,24] and Gorner Glacier (Switzerland) [25]. The authors adopted prototypes of two interferometric apparatuses (i) ground-based synthetic aperture radar (GBSAR) and (ii) real aperture radar (RAR), respectively. The GBSAR is the commonest TRI system. It is composed of small transmitting and receiver antennas that slide onto a linear rail, typically 2–3 m long. This movement has a twofold effect: first, it allows us to obtain an aerial distribution of the surveyed displacement, and second, it simulates a wider antenna to obtain a finer spatial resolution. Differently, a RAR system uses large antennas that rotate about a vertical axis to scan the whole scene. The increased antenna dimension entails a better signal-to-noise ratio (SNR), which permits a longer operational range (up to 10–15 km), but the financial cost is usually higher than the GBSAR. Subsequently, TRI has occasionally been adopted in short-term surveying campaigns [26,27,28]. TRI measures the phase difference between two electromagnetic pulses, which is directly linked to the target displacement parallel to the LOS. Usually, terrestrial radars operate in Ku-band, which corresponds approximately to a wavelength of   λ   = 15–20 mm. Therefore, the TRI measurement sensitivity is submillimeter. However, the maximum displacement detected between two acquisitions is  λ /2 < 10 mm [29]. Typical acquisition frequencies vary from seconds to minutes. TRI surveys can be conducted continuously during day and night and in all meteorological conditions. Nevertheless, atmospheric changes affect the measurement [30]. In glacial environments, severe weather frequently occurs [31]. Specific methods must be adopted to filter the atmospheric influence properly [31,32,33]. TRI systems require a considerable power supply and logistic efforts. Therefore, long-term surveys are difficult to conduct in remote environments, like that of the Mont Eiger (Switzerland) [32].



Typically, the scope of terrestrial glaciological campaigns focuses on the investigation of glacial processes, but the metrological effectiveness of survey sensors and techniques has seldom been analyzed in recent years [6,33,34].



In this paper, we present applications and results of the abovementioned monitoring techniques that have been adopted in the glacial complex of the Grandes Jorasses (Italy) during the last decade. We conducted various campaigns using RTS, GNSS, DIC and TRI. These surveys had multiple objectives. Since the Grandes Jorasses is an area where glacial hazards are frequent and can menace the population, the first objective was the glacier monitoring for potential failure precursor identification [35] and for glacial risk evaluation [36]. The second objective was the glacier behavior investigation to enhance our understanding of the instability processes [37]. The third objective was to explore existing and innovative approaches for effective continuous glacier monitoring [23,38,39,40,41]. The presented work focuses of the latter topic.



More than 10 years of monitoring in a high-mountain glacial environment with exceptional characteristics of meteorology, geometry, and process dynamics allowed for the exploration of the effectiveness, limits, and potentialities of various surveying methods. In this paper, we present these limits and potentialities in a comprehensive view, and we discuss the use of RTS, GNSS, DIC, and TRI for glacier observation, investigation, and glacial hazard warning.



Section 2 presents the study area of the Grandes Jorasses glacial complex, while Section 3 provides the technical specification of the survey systems and describes their operative applications, including the strategies adopted to take advantage of their measurement capability. Section 4 pertains to the description of the kind of data that can be provided by the various systems and briefly presents the related uncertainties. Section 5 and Section 6 discuss the findings of more than 10 years of glacial monitoring.




2. Area of Interest: The Grandes Jorasses Glacial Complex


The Planpincieux Glacier (WGI # IT4L01517018) and Grandes Jorasses Glacier (WGI #IT4L01517019) [42] are located in Ferret Valley on the Italian side of the Grandes Jorasses massif (Figure 1). These two glaciers form a unique glacial complex (GLIMS ID G006977E45859N) [43] extended between 2600 m a.s.l. and 4206 m a.s.l. with a mean South-East aspect.



The total glacierised surface of the glacial complex is 1.594 km2 divided into 1.008 km2 for the Planpincieux Glacier and 0.586 km2 for the Grandes Jorasses Glacier (Regional glacier inventory of Aosta Valley, update 2019). The Ferret Valley is a renowned tourist locality in the Mont Blanc area and it is a clear example of the relationship between glaciers and human infrastructure. As is common in the Alpine region, the anthropic pressure in this area has progressively augmented in the last fifty years. The vulnerability of the infrastructure in the valley currently represents a critical factor that requires the correct management of glacial hazards. Frequent and recurrent break-off events from the Montitaz Lobe (ML) of the Planpincieux Glacier and the Whymper Serac (WS) of the Grandes Jorasses Glacier cause damage to the underlying Planpincieux hamlet [36,37]. Major survey efforts have been dedicated to monitoring these two glacial sectors.



The ablation area of the Planpincieux Glacier is composed of two lobes. The ML (Figure 1) is a 32°-steep icefall whose terminus lies at 2600 m a.s.l. and ends in correspondence with a bedrock cliff that induces frequent calving [37].



The WS is located in the upper part of the Grandes Jorasses Glacier (Figure 1), at approximately 4000 m a.s.l. Six boreholes drilled in January 1998 showed basal temperatures below 0° [44]. Recent observations indicate that the basal temperature has risen (Vincent, 2020, personal communication). The serac is 45°-steep and it is classified as an unbalanced hanging glacier [44]. The WS follows an evolution cycle characterized by its progressive volume increase until its shape and mass reach unstable conditions, and consequently, it collapses [35,44,45]. The last break-offs occurred in August 1993 (causing the fatality of eight mountaineers), in June 1998 [36], in September 2014 [35] and during the Autumn of 2020.




3. Implementation: Survey Methods


In the last decade, the surveys in the Grandes Jorasses area were conducted by various technologies and techniques [41]. Since one goal was to monitor the glacier kinematics to detect potential hazards, particular attention was dedicated to systems that survey the surface displacement. In the following, we present these systems and briefly describe the procedures of monitoring system management. In Table 1, we report the details of the survey campaigns conducted in the Grandes Jorasses area.



3.1. Robotic Total Station


An RTS Leica TM30 was installed in the Planpincieux hamlet in 2010 (Figure 1) to monitor the WS, acquiring a measurement every 2 h. The WS is approximately 4800 m-distant from the RTS and the elevation difference is 2400 m. This distance is beyond the declared operational range for the automatic target recognition acquisition mode, which is 3000 m for standard prisms (Leica TM30 technical data [48]). For this reason, often, not all targets were detected during a single measurement session. The declared accuracy by the manufacturer at the distance of 4800 m is approximately 8 mm.



A network of several prisms (with an optimal view angle of 40° for both the horizontal and vertical axes) has been arranged on the WS with the aid of alpine guides (Figure 2). To minimize the risk of losing the prism visibility for the tilting/rotation of the supporting pole, we adopted V-shaped bars that prevent the rotation along the z-axis; furthermore, in October of 2020 we installed a prism with 360° and 120° view angles along the z- and x-axes, respectively. Due to logistic difficulties, only two reference prisms were installed in the surrounding bedrock. The exceptional high-mountain conditions caused a frequent loss of prisms, and in-field interventions to replace or substitute missing targets were often necessary. A total of 42 prisms have been installed on the WS surface since 2010. Over this period, on average, 2–5 prisms were concurrently present. The RTS collected more than 26,000 measurement epochs and approximately 15,000 had at least one reference prism available. The RTS dataset of the WS is likely one of the longest continuous time series of a glacier worldwide.



The extreme weather conditions and the critical operational range introduced high noise to the RTS measurement. To analyze the RTS data before the 2014 break-off, Faillettaz and others (2016) used a robust method to filter most of the artefacts in the data [49].




3.2. GNSS


Within the GlaRiskAlp project (http://www.glariskalp.eu/ accessed on 1 February 2021) [46], three prototypal GNSS were installed on the WS surface (Figure 2) in October 2010 and remained operative until 2012. Low-cost, single-channel receivers were adopted (AC12 Magellan), as break-offs, snow avalanches, and intense snowfall could have caused their loss. Each device was equipped with a solar panel, a small backup battery and a prototypal datalogger. The stored data were Wi-Fi transmitted to a radio repeater every 30 min, which was connected to the processing station in the Planpincieux hamlet [50]. The GNSS was acquired every 15 s and the data were processed using the differential GPS method, using three GNSS reference receivers located in the Ferret Valley. Unfortunately, serious hardware issues and the snow cover strongly limited correct data acquisition. Nevertheless, between July 2011 and January 2012, the data quality was satisfactory.




3.3. Time-Lapse Imagery


Time-lapse cameras (TLCs) were installed in August 2013 and 2016 to monitor the ML [40] and WS, respectively. The TLCs were placed on the Mont de La Saxe crest (2300 m a.s.l.) and at Pointe Helbronner (3400 m a.s.l.) (Figure 1). The TLC distances from the respective glaciers are approximately 3800 m and 4800 m, respectively.



The monitoring station of ML (Figure 2) comprises a UMTS modem, a DSLR Canon EOS 700D equipped with a 297 mm-lens (another TLC targets the Planpincieux Glacier with 120 mm-lens), a Raspberry-Pi 3 computer, a fan heater, a power module composed of several solar panels and a backup battery and two surveying webcams. The TLCs are mounted on a cemented pillar independent from the shelter box. This allows minimum misregistration, even in the presence of strong wind. Occasionally, bad weather and snow cover cause system stand-by, but it reactivates autonomously. The monitoring station is completely autonomous, and it is remotely accessible. The TLCs acquire with hourly frequency and the images are transmitted using a UMTS connection. We experimented with both auto and manual focus modalities for image acquisition. The advantage of the former solution is that, in general, the photographs are sharper, while using manual focus they are frequently blurred. On the other hand, autofocus can fail in the presence of slight condensation on the viewing window. To solve this issue, we equipped the monitoring station with a fan heater that eliminates the condensation. In the end, we opted for the autofocus acquisition mode, because image blurring affects DIC results [51]. Since DIC suffers surface shadow pattern change [22,52], we implemented an automatic machine learning-based procedure to autonomously select and process the images acquired in diffuse illumination conditions [23]. Thereby, we strongly reduced the human efforts required to monitor the glacier continuously. During the years 2014–2019, we applied the DIC using the spatial cross-correlation calculated in the Fourier space. In 2020, we adopted the zero-mean normalized cross-correlation metrics. This latter method is computationally demanding, but it is less affected by environmental noise [51].



The TLC that targets the WS is a DSLR Canon EOS 1200D equipped with a 400 mm-lens. The TLC acquires photos in auto-focus mode. The monitoring system is connected to the power grid and transmits, depending on the season, one to four images per hour via a WiFi connection. The shelter box is mounted on the metallic pillars of the Skyway cable car station of Pointe Helbronner. We observed strong image misregistration. The image registration was hampered by the presence/absence of snow on the stable surfaces that were adopted as reference. To partially reduce this hindrance, we adopted the cosine similarity method [51], which proved to be less affected by this issue.



The pixel footprints of the TLCs are approximately 54 mm px−1 and 52 mm px−1 (ML and WS images, respectively).



The TLC that monitors the ML acquired more than 23,500 photographs between August 2013 and December 2020, while that of the WS acquired more than 10,500 images between August 2016 and December 2020. The time-lapse time series of ML and WS are among the longest continuous glaciological TLC surveys worldwide.




3.4. Terrestrial Radar Interferometry


In the Grandes Jorasses area, six experimental TRI campaigns have been conducted since 2013. Among the different typologies of TRI apparatuses, three models of GBSAR: IBIS-L (IDS GeoRadar), FastGBSAR (Metasensing), and GBinSAR LiSALab (LiSALab), and one RAR: GPRI (Gamma Remote Sensing), were adopted (Figure 2). All the radars operated in Ku-band and provided VV polarisation; FastGBSAR additionally had fully polarimetric capability.



All radars were installed in the Planpincieux hamlet to have the apparatuses connected to the power grid. The distances from ML and WS were of 2500 m and 4800 m, respectively. Using the RAR, we also experimented with the positioning on the Mont de La Saxe crest, near the TLC monitoring system of the ML (Figure 1). In this case, the sensor-to-distance increased (Table 1).



The exceptional mountain environment introduced a series of data processing issues [29,31]. The variable atmospheric conditions and the large elevation difference caused a strong disturbance. Liquid and solid precipitation modified the surface scattering properties and caused data degradation. Therefore, we implemented specific methods to minimize the atmospheric effects and to remove corrupted data effectively [38]. A further critical issue concerned the sensor-to-target distance. GBSAR devices have a limited operational range, up to 4–5 km. Therefore, ad hoc software/hardware adjustments were applied to monitor WS, e.g., the adoption of high-gain antennas. The long distances also affected the results’ spatial resolution. The azimuth resolution linearly decreases with the range. Using the GBSARs, the resolution was approximately 10–15 m for ML and 15–20 m for WS. Unlike the GBSAR systems, the RAR suffered the operational range less, due to its higher SNR, but its azimuth resolution was twice as coarse.



Another issue concerned the radargrams’ georeferencing, which was fundamental to evaluate the active glacier portions precisely. Therefore, we proposed a method based on the spatial correlation between amplitude maps and a digital terrain model, obtaining high georeferencing precision [39].




3.5. Data Integration


Besides the independent analysis of single monitoring data, we implemented data integration methods. The use of many systems surveying the same area provided data redundancy that served multiple scopes. First, the data were validated to strengthen their reliability and to recognize potential outliers. Second, the probability of losing data because of system failure was reduced. Third, each surveying sensor detected different components of surface displacement. This allowed for the development of a technique to fuse the DIC and TRI results [39]. Since DIC and TRI detect complementary displacement components, their merging provided the spatially distributed three-dimensional surface kinematics. The procedure involved first the radar data geocoding, which was conducted by applying a spatial correlation between the DTM and the radar amplitude map, and the orthorectification of the oblique image, using recognizable natural features on both the photographs and the available DTM as ground-control points. Second, the measurement data of both instruments were projected into a common coordinate system (CS) by applying three-dimensional rototranslation.



Finally, the independent displacement components were summed to obtain the three-dimensional displacement vector. In our case, we projected the TRI data onto the images of CS and we summed the projected LOS-parallel displacement component with the two displacement components orthogonal to the LOS obtained with the DIC.





4. Results


4.1. Robotic Total Station and GNSS


In this section, we present the results of the topographic network installed on the WS. As mentioned before, the GNSS installed in 2010 suffered technical failures that reduced the number of correct acquisitions. However, in the period between July 2011 and January 2012, the GNSS provided displacement values in good agreement with the RTS data between July–December 2011 and (monthly averages have correlation coefficient 0.73, p-value < 10−4 and mean absolute difference 4.5 mm day−1) (Figure 3) [46].



The analysis of RTS data showed that the usual WS surface velocity follows a seasonal trend. This velocity varies between ~20–30 mm day−1 in the cold season and 40–50 mm day−1 during the warm period (Figure 3) [45]. The RTS time series of the second halves of 2014 and 2020 showed the serac acceleration before the ice break-offs that occurred on 23 and 29 September 2014 and 17 October and 11 November 2020 (Figure 4).



The displacement trend in 2014 followed the combination of power-law and log-oscillation behavior proposed by Pralong et al. [53]. Integrating this method in data post-processing, Faillettaz et al. [35] showed that it would be possible to predict the instant of failure almost two weeks before the event.




4.2. Time-Lapse Camera


Commonly, monitoring with the DIC technique provides at most daily kinematic maps, because the processed images should be acquired with similar illumination conditions. Such a temporal frequency is sufficient to detect relatively fast processes. For example, we observed a few periods of strong acceleration of the ML every year, culminating with relatively large break-offs [37]. Such a phenomenon has a temporal development of 5–10 days (Figure 5).



Moreover, the analysis of surface displacement maps and the photographs’ visual investigation permitted the identification of potentially unstable sectors. In the Summer of 2019 and 2020, we identified wide fractures that isolated ice portions characterized by notable acceleration. These portions had an estimated volume of 250,000 m3 and 500,000 m3 [54]. Run out simulations showed that potential break-offs could have reached the Planpincieux hamlet [55]. Emergency plans were activated, but fortunately, large collapses did not occur.



Besides the kinematics measurement, the availability of high-frequency images allowed the identification and classification of the break-offs from the ML snout. Three main processes usually cause collapses: (i) disaggregation: detachments of relatively small ice fragments (volume < 103 m3); (ii) water tunnelling: collapse due to the outburst of water pockets and/or collapse of the empty cavities; and (iii) slab failure: detachment of large ice lamella due to development of a fracture along the entire ice thickness (volume > 104 m3). The largest break-off was observed on 29 August 2017 with a volume of approximately 55,000 m3 [37].



In 2020, we applied the DIC processing to the photographs of the WS. The expected motion was approximately 20–50 mm day−1, which corresponded to less than one pixel. We applied the DIC processing to images separated by time gaps of a few days to a couple of weeks to ensure larger SNR. Such an approach allowed us to observe the acceleration of the ice chunks that collapsed on 17 October and 11 November 2020 (Figure 6).




4.3. Terrestrial Radar Interferometry


The experimental campaigns conducted between 2013 and 2016 were used to assess the limits and potentiality of the TRI in surveying the Grandes Jorasses glaciers. During the RAR campaigns in 2013 and 2014, we examined the influence of radar positioning (Figure 1). The installation in the Planpincieux hamlet offered a LOS perspective almost parallel to the displacement direction. Therefore, the measured displacement represented most of the real movement. However, the visibility of glacier portions was limited.



Conversely, almost the whole glaciated area was detectable from the crest of Mont de La Saxe, but a lower fraction of the actual displacement was observed due to the higher angle between the LOS and the main motion direction. Figure 7 shows the surface velocity maps of the surveys of 7 and 8 August 2014. In the areas visible by both radar positions, one can note the difference in measured velocities due to the different LOS orientations.



In 2015, the measurements were conducted with an acquisition frequency of approximately 15 min. In that period, the daily glacier displacement was of the order of 400–500 mm day−1. The Ku-band adopted radar had a maximum detectable displacement capability between two acquisitions of 8.5 mm, which corresponded approximately to 400 mm day−1, i.e., comparable to the glacier velocity. Therefore, phase wrapping often occurred. To avoid it, we adopted a shorter temporal baseline in the subsequent surveys.



In 2016, we conducted a campaign with an acquisition frequency of 10 s. This allowed us to minimize the atmospheric disturbance and to avoid phase ambiguity. However, the signal amplitude was low due to the shorter duration of the acquisition, thus, the surveyed area was reduced. Additionally, we explored the possible application of different polarimetric configurations, which help in land cover classification [56]. Unfortunately, the quality of the results was low, likely because the Ku band is not suitable for polarimetric measurements on temperate glaciers, as also observed by Baffelli et al. [57].



Since September 2019 and January 2020, two permanent GBSARs have been arranged to survey the ML and WS, respectively. These monitoring systems are still in activity and serve early warning purposes. For legal reasons, the possibility of publishing their data is limited.




4.4. Data Integration


The concurrent use of various surveying systems provided data redundancy that minimized data loss. Figure 6 shows the WS daily velocity obtained with DIC and RTS. As one can note, the DIC data were not continuous, while the RTS acquired several epochs every day. However, their integration provided wider information on the glacier kinematics. Since DIC detected spatially distributed data, it was possible to observe the vertical gradient of the ice chunk motion before the break-off. On the other hand, using only RTS data, such a toppling process could not have been observed. It is worth noting that the RTS displacement values were higher than the DIC ones. This happened because the RTS detected three-dimensional displacement, while the DIC detected only the two displacement components orthogonal to its LOS.



Another advantage of data integration is the measurement validation. During April–May 2020, TRI, DIC, and RTS observed different velocity trends to the WS. The RTS detected an acceleration because the reflective prism was located on an ice chunk isolated from the main serac body, while the TRI measured an overall deceleration. Analyzing the DIC results, we noticed the presence of an isolated ice chunk, while the rest of the serac was constantly moving. Additionally, the TRI data were probably affected by atmospheric artefacts, which were corrected using the other sensors’ data for calibration.



Another developed data integration approach was the coupling of TRI and DIC measurements. We tested this method between 4 and 27 September 2015 and in the 2020 warm season (Figure 8) [39]. In these cases, we used a GBSAR installed in the Planpincieux hamlet and the TLC of the Mont de La Saxe (Figure 1). The data coupling provided spatially distributed three-dimensional surface kinematics in the areas visible by both apparatuses, which depended on the positioning of the monitoring systems. These three-dimensional displacement maps allowed us to observe that the motion direction was not uniformly parallel to the local slope. The steep faces of the seracs moved as a single rigid body showing a relevant horizontal component of the movement [39].




4.5. Uncertainty Analysis


The GNSS uncertainty was estimated during field tests. The GNSS were deployed in two different positions, which were measured for periods of two hours each. The residuals adopted as reference had a standard deviation of 20 mm compared with the measurement of a total station.



We estimated the measurement uncertainty of the other monitoring systems according to the following approach: we examined the displacement calculated on the stable areas, which is assumed to be null, and we considered the standard deviation of the residuals as the uncertainty.



In the case of RTS, we considered the corrected values of the reference prisms since 2010, whose standard deviation was 106 mm.



We calculated the uncertainty of DIC applied to ML and WS photographs separately. For ML, we considered the daily displacement measured in bedrock areas between 4 and 27 September 2015 (11,700 points), while for WS, we used the dataset shown in Figure 6 (5600 points). For these datasets, we obtained a standard deviation of 18 mm and 17 mm, respectively. However, in WS, misregistration caused large errors, thus, the corresponding uncertainty refers only to the measurement obtained in optimal conditions.



In the case of the GBSAR, we considered 6300 measurements between 4–27 September 2015. These data were acquired every 15 min on a rocky area. For this dataset, we obtained a standard deviation of 1 mm.



Concerning the DIC-TRI fusion, a source of error pertained to the data georeferencing. We estimated a geocoding uncertainty between 1–2 m and ~4 m for the DIC and TRI results [39].





5. Discussion


The monitoring systems adopted in the Grandes Jorasses glacial complex cover most of the existing terrestrial apparatuses to survey the surface glacier kinematics:, i.e., RTS, GNSS, TLC, and terrestrial radar interferometer. Such a wide range of sensors in a limited area makes the Grandes Jorasses an open-air laboratory, where the limits and potentialities of monitoring systems in an environment with extreme weather, accessibility, and geometric characteristics can be explored. Table 2 summarizes the main characteristics of every monitoring system, as well as their main advantages and limitations.



The RTS provided punctual, three-dimensional measurements with millimetric sensitivity. The RTS technology is consolidated, and its limitations and advantages are known. In optimal conditions, it offers continuous hourly data. The RTS requires little processing effort and has good endurance and reliability. The network’s financial cost is mainly related to the instrument, whose price is in the range of 20,000–40,000 €; the cost of the targets is negligible. The principal disadvantage of this system is the need for physical installation and maintenance of passive targets in the investigated area. This can be impossible in inaccessible areas like the ML, or very challenging, like in the WS, where the support of alpine guides is necessary. The data continuity may be hampered by target loss or by small changes in the view angle of the reflective prisms caused by strong wind, avalanches, or rapid glacier movement. All these factors can prevent target localization by the RTS. Therefore, target replacement is often necessary. A possible solution is the use of prisms with a full view angle (i.e., 360° on the vertical axis and 120° on the horizontal axis). However, the cost of such a prism is in the order of 1000 €. Moreover, severe weather may hinder the survey, especially when the sensor-to-target distance is high. In the Grandes Jorasses case, the RTS measurement uncertainty is high (approximately 100 mm). A robust network of reference prisms should solve this issue; however, this could be challenging to achieve in exceptional contexts such as WS. Despite its limitations, the RTS of the WS proved to be an effective solution for continuous monitoring. This RTS system, active since 2010, allowed for the identification of precursors of the collapses of 2014 and 2020 [35], thus confirming its suitability for warning purposes.



GNSS share some peculiarities with the RTS. They also provide punctual, high-frequency, three-dimensional measurements with millimetric sensitivity. Additionally, they acquire data in every meteorological condition. An important GNSS advantage is that they do not require direct visibility from the master station because they are connected to it using radio protocol. In the case of WS, visibility is one of the most serious limitations of acquisition continuity. The cost of high-performing multi-channel GNSS can reach up to 10,000 € per device. Therefore, a potential sensor loss represents a relevant financial waste. However, low-cost solutions can be adopted with acceptable reliability [58], as in the case of WS, where the cost of a single GNSS was approximately 1000 €, including the power supply and the data transmission equipment [50]. GNSS, like the RTS, require direct access to the investigated area for the receiver installation. However, GNSS sensor maintenance has to be done on site, requiring further efforts, particularly if installed in areas not easy to reach with bad meteorological conditions. Moreover, the need for an autonomous power supply is an additional constraint of this system, making it a less robust solution.



The TLC provided a photographic dataset that facilitates the phenomena investigation, such as the break-off and fracture identification and the instability process evolution. The operational distance can easily reach several km with the adoption of entry-level equipment. In addition, the adoption of the DIC technique offers spatially distributed two-dimensional maps of surface kinematics. The data’s spatial resolution depends on the adopted hardware, the sensor-to-target distance, and the processing parameters. Spatial data facilitate the understanding of the investigated process. For example, in the ML, we identified different kinematic domains, which corresponded to potentially unstable sectors [37], while in WS, we observed the toppling process before the break-off occurred on 11 November 2020 (Figure 6). The DIC uncertainty is sub-pixel in optimal conditions, which corresponded to less than 20 mm in ML and WS cases. However, snow pattern changes hamper co-registration and measurement. Reliable results are obtained only with favorable weather and suitable illumination conditions. Moreover, the temporal baseline should correspond to a displacement of a few pixels to enhance the SNR. Consequently, the optimal temporal frequency is to process one image per day. The occurrence of bad weather can limit the number of usable images and increase the time gaps between the images suitable for processing [59]. Nevertheless, such periods rarely last more than several days. Such a frequency is usually sufficient to observe rapid glaciological phenomena successfully. For example, we observed the speed-up phases of the ML snout, which lasted several days (Figure 5), or the acceleration of the collapsed ice chunk in the WS on 11 November 2020 (Figure 6). A TLC monitoring system has a high benefit–cost ratio thanks to the photographic time-lapse dataset’s characteristics and the financial costs of the involved equipment (approximately 5000–10,000 €). It is suitable to investigate rapid glacial processes and, to a lesser extent, it can help in warning activities, even though it cannot be a primary tool for this purpose, because it operates at daily temporal frequency and needs favorable weather to provide results.



TRI offers spatially distributed maps of the displacement component that is parallel to the LOS. The apparatus positioning has to be carefully identified to maximize the displacement fraction that can be measured. Terrestrial radars have the advantage of operating continuously with minute frequency, even in the presence of unfavorable weather. TRI measurements have millimeter uncertainty, but they are sensitive to many sources of noise. In glacial areas, environmental disturbances complicate the data processing. The results interpretation is not trivial, and specific expertise is necessary. Elevated sensor-to-target distances coarsen the spatial resolution and may require non-standard hardware. The equipment is cumbersome and power demanding; consequently, logistic efforts are necessary. Additionally, the financial costs of the apparatus are relevant and vary from 150,000 € to 350,000 €. Despite these limitations, a terrestrial radar interferometer is the best performing solution for continuous near-real-time monitoring that is also suitable for early warning purposes. For this reason, in the Winter of 2019/2020, two permanent GBSARs were arranged to survey the ML and WS for early warning purposes. In these cases, the TRI technique was adopted due to its measurement capability in every meteorological condition and its high temporal frequency.



Finally, we showed that the concurrent adoption of different monitoring systems has various advantages. First, it avoids data loss in the case of a single system failure; second, it provides data redundancy for measurement validation; third, it allows DIC and TRI data coupling to obtain the three-dimensional surface kinematics.




6. Conclusions


The Grandes Jorasses glacial complex comprises different typologies of glaciers located close to a touristic area. Two sectors of these glaciers (i.e., the ML and the WS) menace the population due to regular break-offs that could reach hundreds of thousands of cubic meters. In the last decade, a complex monitoring network has been arranged to enhance our understanding of the glacier dynamics and control their evolution to identify potential failure precursors.



We presented several strategies adopted to monitor the WS and ML. In the last decade, we conducted surveys employing a wide range of sensors that detected the surface kinematic. In particular, this paper presented the use of RTS, GNSS, TLC, and TRI. We reported the most relevant results obtained and illustrated the main potentialities and limits of the single monitoring apparatuses. We discussed their possible uses in the complex and challenging glacial environment. Limited accessibility, bad weather conditions, low temperatures, and the need for long-range measurement systems make glacier monitoring a critical challenge from the technical point of view. The open-air laboratory of the Grandes Jorasses offers the opportunity to develop and test different monitoring solutions.



Considering the aims of process investigation and warning activities, we showed that warning systems should acquire data in every meteorological condition and early warning can be achieved only by using apparatuses that provide near-real-time data. Therefore, TRI is likely the best approach, even though it requires high financial costs. In simpler contexts, RTS and GNSS have often been adopted for early warning due to their lower financial cost. Nevertheless, logistic issues of accessibility and maintenance are critical elements in the WS and the extreme weather and geometry do not guarantee data continuity. A possible solution is the adoption of redundant monitoring systems to minimize data loss.



Conversely, photographic data allow for an immediate vision of the monitored area. Accordingly, TLC is a valuable tool for understanding glaciological processes. Moreover, the DIC technique produces quantitative displacement results. The combined use of different monitoring systems to acquire complementary data is a promising approach that provides further opportunities for scientific investigation and early warning activities.
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Figure 1. Left panel: overview of the study area. Right panel: Planpincieux and Grandes Jorasses glaciers. In the white box, a closer perspective of the Whymper Serac is shown. 
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Figure 2. (a) Alpine guides install reflective prisms onto the Whymper Serac on 5 March 2020. (b) GNSS equipped with datalogger, solar panels, and batteries [46]. Reflective prisms were placed on the metallic bars that supported the GNSS for comparison. (c) TLC station that monitors the Montitaz Lobe, with the Planpincieux and Grandes Jorasses glaciers visible in the background. (d) TLC station that monitors the Whymper Serac from Pointe Helbronner. (e–g) the RAR GPRI and the GBSARs IBIS-L and FastGBSAR, respectively. 
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Figure 3. Reflective prisms installed onto the WS since 2010. The labels “gps” refer to prisms too. The ordinates report the evolution of the distance between every prism and the RTS. In September 2014 and November 2020, the acceleration of several prisms is visible in the grey boxes, which corresponds to ice break-offs. 
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Figure 4. Whymper Serac’s daily surface 3D displacement measured by GNSS (dashed red line) and RTS (solid black line). Thick lines refer to the monthly averages. The displacement values are the averaged values of the available three GNSS and three to five RTS measured prisms. 






Figure 4. Whymper Serac’s daily surface 3D displacement measured by GNSS (dashed red line) and RTS (solid black line). Thick lines refer to the monthly averages. The displacement values are the averaged values of the available three GNSS and three to five RTS measured prisms.



[image: Remotesensing 13 03005 g004]







[image: Remotesensing 13 03005 g005 550] 





Figure 5. DIC time series of the daily velocity of the ML snout. The solid black circles represent the break-offs, while the white circle size is proportional to the break-off volume. Modified from [37]. 
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Figure 6. (a–f) Mean daily velocity (calculated as the sum of the two displacement components orthogonal to the LOS) of the Whymper Serac measured with DIC. The results were obtained by processing the images between 31 October–2 November; 5–6 November; 6–7 November; 6–9 November; 9–10 November; and 10–11 November 2020, respectively. (g) The black line refers to the velocity of the prism p14-2020 that was placed onto the surface of the ice chunk of approximately 20,000 m3 that broke-off on 11 November 2020, while the horizontal red lines indicate the mean daily velocity obtained with the DIC in correspondence of the prism. Both DIC and RTS data evidenced the acceleration of the ice chunk. The height of the serac face is approximately 40 m. 
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Figure 7. Velocity maps obtained with terrestrial interferometric radar installed (a) in the Planpincieux hamlet and (b) on the opposite ridge of the valley. The two campaigns lasted for 2 h and were conducted on 7 and 8 August 2014, respectively. Modified from [47]. 
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Figure 8. Three-dimensional daily displacement of the Planpincieux glacier between 31 July and 1 August 2020 obtained from the fusion of DIC and TRI results. The orthorectified oblique photographs is overlain on a Google Earth image. The red dots indicate the ground control points adopted to orthorectify the oblique picture. 
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Table 1. Survey campaigns in the Grandes Jorasses glacial complex since 2010 (TLC = time-lapse camera; GNSS = global navigation satellite system; RTS = robotic total station; TRI = terrestrial radar interferometry).
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	Apparatus
	Monitored Area
	Survey Period
	Operative Range
	Reference





	RTS
	Whymper Serac
	October 2010–in activity
	4800 m
	[35]



	GNSS
	Whymper Serac
	October 2010–2012
	---
	[46]



	TLC
	Montitaz Lobe
	August 2013–in activity
	3800 m
	[37,40]



	TLC
	Whymper Serac
	August 2016–in activity
	4800 m
	[41]



	TRI
	Montitaz Lobe
	9 August 2013 (2 h)

7 August 2014 (2 h)
	2500 m/3800 m *
	[47]



	TRI
	Whymper Serac
	9 August 2013 (2 h)

8 August 2014 (3 h)
	4800 m/5400 m *
	[47]



	TRI
	Montitaz Lobe
	2 September–14 October 2015
	2500 m
	[38]



	TRI
	Montitaz Lobe
	13-19 June 2016
	2500 m
	



	TRI
	Montitaz Lobe
	26 September 2019–in activity
	2500 m
	



	TRI
	Whymper Serac
	16 January 2020–in activity
	4800 m
	







* Operative range in terms of distance from Planpincieux hamlet/Mont de La Saxe crest.
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Table 2. Main characteristics, advantages, and limitations of the considered survey systems.
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	Survey System
	Measurement
	Measurement Uncertainty
	Acquisition Frequency
	Financial Cost [103 €]
	Advantages
	Limitations





	RTS
	Point 3D displacement
	~100 mm
	Hour
	30–50
	Long-life
	Uncertainty increasing with range

Need for on-site access

Weather sensitive



	GNSS
	Point 3D displacement
	~20 mm
	Hour
	1–10 each
	Continuous survey

Weather insensitive
	Need for on-site access

Need for on-site power supply

Possible sensor loss



	TLC
	Area 2D components orthogonal to LOS
	~20 mm
	Day
	5–10
	Low-cost

Long life

Remote sensing
	Low sensitivity

Weather sensitive

No nocturnal acquisition

Non-geocoded measurement



	TRI
	Area 1D component parallel to LOS
	~1 mm
	Minute
	150–350
	High acquisition frequency

Continuous survey

Remote sensing
	Expensive

Complex processing

Difficult logistics
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