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Abstract

:

During the Little Ice Age (LIA), Corral del Veleta (Sierra Nevada) housed a small glacier of which relict glacial ice and permafrost still remain under packets of ice blocks. Currently, it is considered the southernmost rock glacier in Europe. The analysis and results of monitoring carried out on this rock glacier reveal it to be in an accelerated process of immobilization and that the relict glacial ice blocks and permafrost on which it lies are in a continual process of degradation. The rock glacier was monitored from 2001 to 2019 using diverse geomatic techniques, to which geophysical and thermal techniques were added. The results obtained during the observation period shed light on the dynamic of the rock glacier (morpho-topographic movements and deformations) as well as the physical state of the underlying frozen bodies (volumetric reduction and spatial distribution). The changes observed are related to variations in the dominant high-mountain climate of Sierra Nevada, particularly since the end of the 20th century, the general tendencies of which are increasing temperatures, decreasing annual snowfall, and a shorter duration of snow on the ground.
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1. Introduction


During the Quaternary, the summits of the world and the Mediterranean’s main mountain ranges housed glacial systems. In response to the reigning climatic conditions during the Little Ice Age (LIA) in the mountains where glaciers still remained, their fronts advanced [1,2], while in other mountain ranges that did not have a glaciated area the periglacial domain at their peaks led to the development of glaciers [3]. In the case of the Iberian Peninsula (Figure 1), with the exception of the Pyrenees, which underwent a glacial advance in its central part [4], it was only in the Cantabrian Range (Picos de Europa) and Sierra Nevada (Penibaetic System) that these glaciers could develop [3,5]. The retreat of the glacial fronts in glaciated mountains is now all too evident [6,7,8], as is the shrinkage or outright disappearance of the glaciers generated during the LIA [9,10,11]. The causes of this must be sought largely in the climatic conditions of the present, which for several decades now have seen reductions in snowfall globally, and glaciers have become rock glaciers through debris falling from the walls surrounding them.



Rock glaciers flow downwards at annual velocities that vary from values in centimetres to metres (in the most extreme cases) [12,13] and carve out arches and furrows whose surfaces express the flow and deformation of the frozen body. This dynamic flow has been interpreted as creep and gelifluction, which generates the ridges and grooves associated with the emergence, thinning, and compression or stretching of the frozen body. Rock glaciers are also related to thermal processes such as differential thermal diffusion, frozen heave with segregation ice processes, or thermokarst, in accordance with the internal classification processes generated by the upwelling of fines at the front [13,14,15,16]. Many questions remain on the rheology and dynamics of rock glaciers due to the complexity of the processes involved but without any agreement on which processes (creep deformation or thermodynamic changes) are dominant in each case [13,17,18]. This means that more detailed field knowledge of rock glaciers is needed in order to improve the environmental and paleoenvironmental interpretation of periglacial sites in temperate mountains given the absence of other well-preserved glacial or periglacial forms in marginal environments or in the transition between periglacial and nival domains. In high-mountain marginal periglacial environments, and in particular in the mountains of the Iberian Peninsula, rock glaciers are a useful environmental and dynamic indicator and also the most characteristic active periglacial landforms [19,20,21,22,23].



The analysis of the dynamic and superficial behaviour of rock glaciers requires the use of traditional geomatic techniques (geodesy-topography and aerial-terrestrial photogrammetry) as well as other more modern methods, such as Global Navegation Satellite Systems (GNSS), Terrestrial Laser Scanning (TLS), and Unmanned Aerial Vehicles (UAV) [24,25,26].



Geomorphological research of the Veleta rock glacier began in the mid-1990s [3], and from 2001 information the collection of information by geomatic measurements on its morphodynamic and the physical state of the relict ice and permafrost on the rock glacier commenced. The aim of this article was to determine the process of degradation of the underlying ice bodies on which the rock glacier rests by analyzing data using the different geomatic techniques applied between 2001 and 2019. In order to do so, the following were considered:




	
Analysis of the dynamic of the Veleta rock glacier using geomatic techniques: Classical topography (total station); Global Navigation Satellite System (GNSS); “Reflectorless” total station; Photogrammetry analytical and digital; Unmanned Aerial Vehicle (UAV); and Terrestrial Laser Scanning (TLS).



	
The physical state of the frozen bodies on which the rock glacier lies, which were determined using the geophysical prospections of 2009.



	
The thermal regime of the active layer of the rock glacier was determined using the information provided by 5 thermic sensors installed in series at different depths: −0.05 m, −0.20 m, −0.50 m, −1.00 m, and −1.50 m.









2. The Study Area


Sierra Nevada forms part of the Betic Ranges and is a robust massif in the southeast of the Iberian Peninsula (Sierra Nevada, 37°03′ N; 3°21′ W; 3100 m) close to the Mediterranean Sea (Figure 1). Sierra Nevada is aligned in a west-east direction over more than 90 km and includes the highest altitudes of the Iberian Peninsula (Mulhacén, 3482 m; Veleta, 3398 m; and Alcazaba, 3366 m). Its basic structure is a succession of mountain chains of alpine origin over paleozoic crystalline rocks and triasic materials. Evolved forms predominate in its relief, especially summits and the adjacent southern slope. Also noteworthy is the generalized compartmentalisation by the organization of the fluvial network running into a tributary of the Mediterranean and Atlantic. Glacial imprints predominate in Sierra Nevada over 2500 m, while the periglacial morphodynamic does so at low altitudes [27,28,29,30].



The vegetation cover at Sierra Nevada stands out for its richness in species and endemisms. This is due to the geographical position of the mountain, its altitude, and how the vegetation adapts to extreme climatic conditions. At high altitudes (over 2900 m), environmental conditions are characteristic of a periglacial zone: prolonged summer aridity, annual rainfall of 710 mm at altitudes of 2500 m, and an average annual temperature of close to 0 °C at an altitude of 3400 m [31].



The first studies of the Quaternary glaciarism of Sierra Nevada began in the middle of the 19th century and have continued ever since [32]. As were other mountain nuclei of the Iberian Peninsula (Pyrenees and Picos de Europa), it was affected by the Little Ice Age (from the XVth century to the end of the XIXth), which would confirm that such a climatic pulsation with such slight repercussion on the modelling of the mountain similarly affected the extreme southwest of Europe. These were always small glaciers enclosed within the heart of old cirques. The glaciated areas are mainly included the gorges of the northern façade of the Sierra and, to a lesser extent, probably the south façade too [28].



Corral del Veleta forms part of the head of the Guarnón cliff. It is situated in the northern face of Sierra Nevada at the foot of the Picacho del Veleta (3392 m) between the Cerro de los Machos (3374 m) and the crest of Los Lastrones. As a whole, it forms an oval-shaped basin open to the northeast styled in banks of feldspathic mica schists of differing nature and resistence [27,33]. Its base, which is inclined towards the west, coincides with a structural shelf full of clasts which enters into contact with the vertical wall of the Picacho del Veleta in a southern direction, and towards the north with a thick morainic front and side range that isolates it from the valley. The Corral del Veleta has a length (W-E) of over 600 m and a width (S-N) that varies between 175 m and 250 m. Its altitudinal difference is 300 m, with its lowest altitude at 3050 m (Figure 2a).



The orientation and altitude of the Corral del Veleta enabled the formation of the glacier during the LIA and its duration until very recent times. At the end of the 19th century, the basin was still full of ice and snow masses and partially so until well after the middle of the 20th [34,35]. There is no longer any visible trace of the glacier, although ice patches or snowdrifts remain from the late snowmelt at its base and small permanent ice plates trapped within its walls.



The presence of these frozen bodies, together with the previously described glacial ice and permafrost buried under detritic material from the deglaciation process, explains what the glacier must have undergone and how, once enclosed in its basin, it was characterized by a successive evolution from white glacier to black glacier, and from this to fossil glacial ice and permafrost [27,28]. The surface of the base of the Veleta cirque is now characterized by an amalgam of periglacial modelling resting on the relict ice of the historical LIA glacier (Figure 2c). Among this modelling, the aforementioned incipient rock glacier, the subject of this study, stands out.



Fossil ices and permafrost housed under a detritic cover in the heart of the Corral del Veleta from −1.20 m were detected in 1998 through geophysical techniques and the extraction of witnesses [27]. It was thus demonstrated that Corral del Veleta is the southernmost rock glacier in Europe with a latitude of 37°03′ N, the following ones being located at a latitude of 42° N (Pyrenees) and 45° N (Alps) [36]. Since 2001, its physical condition has been analysed, as well as the processes of the geomorphological repercussions within the detritic cover at the base of the cirque (Figure 2b) [27]. The analyses that are being carried out involve the morphodynamic monitoring of the rock glacier, in whose interior still remain pockets of relict glacial ice and levels of permafrost. To date (March 2022) the characteristics of the rock glacier of Corral del Veleta are:




	
Mean altitude of the detritic body: 3105 m.



	
Orientation: W (forming an L-shape).



	
Longitude: 129 m.



	
Mean width: 37 m.



	
Mean thickness: 8 m.



	
Surface area: 3815 m2.



	
Clast material: heterometric blocks of mica schists with abundant coarse and internal fines.



	
Clast dimensions: from blocks of thick calibre (several m3) with abundant material of decimetric and centimetric size.









3. Methodology


There can be no doubt that geomatic techniques are those the most commonly used in monitoring displacements and deformations in geomorphological structures (glaciers, rock glaciers, dunes, sliding slopes, etc.). Depending on the means available, the simplest instruments can be used, such as inclinometers and tape measures, to state-of-the-art total stations, GNSS, photogrammetric cameras, TLS, or UAV. With the use of modern geomatic techniques the numerical value of surface movements and volume loss of underlying frozen bodies in the Corral del Veleta rock glacier were determined over a continuous 18-year period of observations (2001–2019).



3.1. Total Station


High performance instruments must be used for precise measurements (augmentation of the eyeglass, sensitivity of levels, angular appreciation, and error in distance). For the dynamic calculation of the Corral del Veleta rock glacier, precise points were marked on large blocks of rock on the rock glacier and steel rods (1.80 m in length) were also placed between the rocks [37]. To measure these points, a total station was used with an angular appreciation of 5 and measurement errors over distance of ±2 mm ±2 ppm. The accumulated error in the measurement of the reflectors placed over the points to measure (rock and steel rod) is ±2 cm [38].



To make the measurements, two stable topographic stations were placed in the lateral moraine of the rock glacier (Figure 2b); one of these was used to place the instrument (total station) and the other station acted as an element for orientation. All the annual topographic measurements were taken from the same station towards the 25 points located on the rock glacier. The stability of this point was guaranteed by angular measurements at five distant check points.




3.2. Global Navigation Satellite Systems—GNSS


The GNSS performs the geolocalization of points on terrain from one or several constellations of artificial satellites. The system now most commonly used is the GPS (Global Positioning System) from the U.S.A. Nevertheless, its use in combination with other satellite constellations such as GLONASS (Global’naya Navigatsionnaya Sputnikovaya System), BDS (Beidou Navigation Satellite System), or GALILEO (Europe’s Global Navigation Satellite System) leads to noteworthy improvements in both the availability and robustness of the data obtained [39].



To further raise precision, at least two pieces of equipment were used simultaneously by placing one piece of equipment (reference) in an area free of obstacles in order to be able to observe the greatest number of satellites at the same time and was on a single fixed point of known coordinates; another piece of equipment (rover) was placed on the points on the glacier whose coordinates we wished to obtain. Observations could be made in real time (RTK), in postprocess, or by means of a combination of the two (field data collection in RTK and reprocessing the same a posteriori). This type of correction gives precisions estimated at ±3 cm in the calculation of coordinates (X,Y,Z) in real time [40,41,42].



The ideal conditions for the use of GNSS indicate that observations should be made on terrain free of obstructions of the signal and of flat surfaces that might cause a multipath effect of over 15° of elevation on the horizon of the site. Nevertheless, Corral del Veleta is surrounded to the south by the wall of the Pico Veleta, to the east by the Cerro de los Machos, and to the north by the moraine of the rock glacier (Figure 2a). Moreover, in some years there are snow and ice remains on the slopes. This is quite a common problem in glaciers and rock glaciers, since they are generally found in valley bottoms and are surrounded by high mountains [43]. GNSS was used for the measurement of the outline of the glacier and five profiles (four transversal to the direction of the glacier and one longitudinal or frontal).




3.3. Reflectorless Total Station


Certain points situated in the rocks on the front of the rock glacier were measured using a total station, which measured the distance without the need to place a reflector on the point to be measured. Data could be collected from the front of the glacier using TLS, but this was not useful in this case since it is an instrument that measures a great quantity of points and cannot be defined with precision on the same individual element for the annual observation.



The aim of this measurement was to determine the dynamic behaviour of the front, and in order to do so the same points must be observed over the period in which the front is measured (2005–2019). In the first measurement in 2005, data (X,Y,Z) were recorded at 54 points, but in the last record (August 2019), of the 54 original points only 22 points were measured. The reason for this is that over the years many of these points disappeared as they became covered by the displacement of other blocks of rock material or rolled over, which rendered their measurement from the topographic base impossible. The measurement site at which the total station is established is permanent and stable. It is located in the frontal part of the rock glacier.



The instruments used were able to identify and monitor the movements of points observed at the same time, as they take a general photograph of the point observed (Figure 3a) and another in great detail (Figure 3b–d). Therefore, this photography serves as a guide when locating these points in the measurements made in later years. The uncertainty of the measurement made by this total station and developing the radiation technique is ±1 cm, which includes the error generated in stationing the instruments (±7 mm) and that of the instrument itself in measuring the distance without a prism, which is ±3 mm.




3.4. Photogrammetry


In Sierra Nevada, the largest cartographic scale available from an official supplier was 1:10,000. This scale was too small for the detailed study required, and so in 2003 a cartography was drawn up on a 1:1500 scale with cartographic uncertainty of ±30 cm. Terrestrial photogrammetry was used for the study of the rock glacier due to the savings made in avoiding the use of a photogrammetric flight. The analogical photographs taken had a convergent and inclined configuration and were taken from the Pico Veleta at an almost-vertical point on the rock glacier (Figure 2b) [44,45].



Following the generation of the cartography of 2003, another was made in 2009 using digital methods. It was thus possible to compare the analytical cartography (human operator) with that obtained by the new techniques of automatic digital restitution. This comparison gave rise to the design of a specific piece of software called “Restitutor” [46,47], which permits 3D reconstructions in great detail to be made automatically from a set of images captured.




3.5. Unmanned Aerial Flights—UAV


UAV systems permit different payloads to be transported, among which the most common are RGB photographic cameras. In this way, images with a geometric range of altitudes between 20 m and 120 m (the legal limits in Spain) can be obtained from a UAV. For the use of convergent photogrammetric methods these are simple aircraft equipped with an economical RGB camera, with which three-dimensional models can be obtained from dense point clouds [48,49,50].



Through the use of a UAV over the Corral del Veleta rock glacier, the aim was to obtain a detailed cartography on a 1:200 scale. To do so, an advanced DJI Phantom 4 multicopter aircraft was used equipped with a 20 Mpix RGB camera with a sensor size of 2.54 cm × 2.54 cm, a fixed focus of 8.8 mm, and also a GNSS system of decimetric precision. The UAV photographic camera was calibrated before the flight, which was programmed for a constant altitude of 70 m measured from the point of take-off. The longitudinal and transversal overlaps were of 80%, in which the overlap of the images is calculated automatically for the altitude of the flight established according to the parameters of the camera. Another two parameters were used: the flight “in grid”, in which flights are the result of intersecting two flight programmes perpendicularly in the same designated region; and the gradient of the camera to the vertical, which in these flights was 10°. Ground control and check points were obtained with GNSS (RTK). As a result, 3D models were generated from over 10 million points, the uncertainty of which was ±4 cm.




3.6. Terrestrial Laser Scanner—TLS


In the last decade, geomatic techniques have been developed that do not require any physical contact with the measured object. These include terrestrial photogrammetry, TLS, and UAV [51,52]. TLS produces a point cloud (X,Y,Z) made up of millions of points measured on the surface of an object with a precision of a few millimetres, photographic information of its texture and with the possibility of 3D modelling, all in a short time after data acquisition. This technique has been used in high-mountain geomorphological studies and is of great use in the study of glaciers, in which field conditions are complex and narrow, and sites very difficult to access [53,54,55].



As with photography, TLSs are “line of sight” instruments, i.e., they collect what they see from a single point. Multiple takes must therefore be made from different stations to guarantee full coverage of a structure [56]. In the collection of information, there are uncertainties of less than ±2 mm in each scan, and the fusion of all the scans including support from the GNSS does not surpass ±3 cm of uncertainty.



TLS was introduced as a method for monitoring the dynamic of the Corral del Veleta rock glacier in the 2012 survey. To carry out such a dense measurement, the TLS used was a Faro Focus X330, which measures distances in a range of 0.6 m to 330 m with nominal precision of ±2 mm at a distance of 50 m under normal conditions of light and reflectivity. The vertical field of vision (FOV) has an amplitude of 300° and the horizontal FOV a range of 360°.



The high mountain site places constraints on TLS working conditions. In order to make as many scans as possible in the shortest possible time with optimal resolution, the points to scan were planned in order to maximize the information collected while trying to minimize occlusions. To date, four annual scanning operations have been carried out on the Corral del Veleta rock glacier (2012, 2014, 2016, and 2019) with a mean of fourteen placements per year, in which over 500 million points with 3D information were obtained in each survey.





4. Results


4.1. General Dynamic of The Rock Glacier


Different publications have shown the behaviour and values of horizontal (distance) and vertical (sinking) displacements of the Corral del Veleta rock glacier, obtained using the total station throughout the period of measurement [27,41,46,57].



In order to do so, annual checks of the 25 steel rods in the rock glacier were made during the observation period (the last week in August) (Figure 4). Information is not available for the years in which the rock glacier remained covered by seasonal snow in August (2010, 2011, 2013, and 2018), nor in 2015 or 2017 (Table 1).



For three years (2006, 2007, and 2008), a further observation was made at the end of July in addition to the periodic measurements at the end of August. The importance of this measurement lies in the fact that the summer value does not include the influence of winter, since it covers the summer period from the end of July until the end of August. For the winter period, the opposite is true, since a dynamic value can be obtained from the end of August to the end of July the following year. This enables the determination with greater precision of the dynamic behaviour during the months when the rock glacier is covered with snow (normally from the middle of October to the middle of June) and the months that it is free of snow (normally from July to September) (Table 2). Only in August do the sun’s rays shine directly on the surface of the rock glacier, since the walls surrounding it leave it in shade throughout the rest of the year.




4.2. Evolution of the Perimeter and Subsidence


Observation of the evolution of the rock glacier surface was made using GNSS equipment on 68 points marked on the rocks along its perimeter. Similarly, sinking of the rock glacier was determined by using GNSS to observe 88 marked points on the rocks, for which one frontal and four transversal profiles were configured (Figure 5a). In addition to being observed by GNSS, some of these points were also checked using the total station, which revealed a degree of uncertainty between the two measurements of ±3 cm [56].



The beginning and end points of the profiles coincided with the points measured on the profiles of the rock glacier and, while no significant planimetric changes were found in the periodic observations (2004–2019), altimetric changes had taken place (Figure 5b). Variations in subsidence of the profiles of the rock glacier coincide with the values detected using the total station in its general dynamic (Figure 4) (Table 1).



The analysis of the profiles reveals that the same volume loss does not occur in the centre of the glacier as in the areas close to the outline (Figure 5b). The topographic profiles in the frontal part of the rock glacier (profiles: P1 and P2) indicate that from 2004 to 2019 (a 15 year period) the mean loss of the underlying frozen mass was over 5.3 m (Figure 5b). Some points in the central and back areas of the rock glacier underwent greater subsidence (sinking by 7.8 m). The general evolution of the profiles indicates that the mean loss of elevation of the rock glacier was approximately 5.27 m which, extrapolated to the volume of permafrost loss in 2001–2019, was 20,105 m3.



In 2009, a geophysical study was made between the topographic profiles P4 and P5 to observe the thickness of the underlying ice and permafrost (Figure 5a). The technique used was electrical prospection using ABEM SAS 4000 equipment with a mean spacing between electrodes of 2.5 m [29]. The penetration of up to 40 m of the geophysical profile facilitated an estimation of the thickness of the frozen mass at around 10 m in 2009 (Figure 6). Depth with respect to the surface at which the ceiling of the relict ice glaciers and surrounding permafrost were detected was at −1.20 m at an altitude of 3108 m [30,32].




4.3. Behaviour of the Front


For this study, 22 points that lasted throughout the entire period analyzed (2005–2019) were measured in the blocks of rock in the upper, central, and lower parts of the front (Figure 3). Observations were made annually with the exception of the years in which the rock glacier was covered by seasonal snow (2010, 2011, 2013, and 2018) and the years in which measurements were not made (2015 and 2017) [58].



The frontal dynamic of the rock glacier was not homogeneous, as can be seen in Figure 7, in which there is an element or point representing the entire sample or set of points indicated by area (high: point #12, central: point #34, and low: point #54). In 2005–2006, the points in the upper and central parts (#12 and #34) had very similar dynamics (horizontal displacement and subsidence), as a result of the instability of the blocks and contingent upon the abrupt slope of the front.



However, a moment (2008) came at which the points in the central area showed a lesser slope and tended towards behaviour similar to that of the points in the lower area (#54) in 2005–2006. Initially, the points of the lower part (2005) had a vertical displacement value similar to those of the horizontal, but from 2006 horizontal displacement became greater than vertical, the latter ceasing from 2012. What had happened to point #54 in the past is now happening to point #34, since this point has the same configuration in 2016–2019 as point #54 did in 2006–2007 (Figure 7).




4.4. General Cartography


In 2003, a detailed cartography was made of the rock glacier at the same time as other alpine rock glaciers, Murtèl, Muragl, and Suvretta, were also being mapped [15,59,60,61,62]. The technique used for this task was analytical photogrammetry, for which the restitutor Leica SD2000 was used [41]. Nevertheless, due to the difficulties presented by the rocky area, the human restitution or curving procedure tends to be performed in too smooth a way, when the real orography of the rock glacier is more abrupt.



Once the limitations of conventional analytical photogrammetry had been analyzed, the programme design itself was considered. It was several years before the computer programme “Restitutor” was developed, a programme which aims to generate entirely automatic three-dimensional models from images acquired without too many restrictions on data collection. To do so, convergent photogrammetry was used to take photographs from Pico Veleta [46,47]. Through the set of images, forming SIFT pairs and using correlation techniques, a dense map of depth is obtained [63] and translated into a 3D model from a vast quantity of 3D points: around one million points in each dense map of depth (Figure 5a).



In 2019, a UAV was carried out over the Corral del Veleta rock glacier, via which a high-resolution orthophotograph was obtained with a pixel size of 3 cm and a resolution of 1150 points/m2. The flight was processed using the software Agisfot Metashape. The GCPs were the same as those used in the photogrammetric data collection from Pico Veleta. The 3D model generated had an RMS of ±2.5 cm at GCPs. In spite of using a grid drawn up for the flights, small gaps remained (occultations) due to the morphology of the rock glacier, in which there are rocks of large size that hide information of other rocks. This may be solved by increasing the percentage of overlap between the photographs, but this considerably increases the flight time and the number of batteries required.




4.5. Determination of Volume


To determine the volume of the rock glacier, TLS observations were made in 2012, 2014, 2016, and 2019. The volumetric calculations obtained for 2012–2014 gave a loss of −625.95 m3; −1403.18 m3 for 2014–2016, and −2418.76 m3 for 2016–2019. The overall value for the seven years (2012–2019) was −4447.89 m3 (Figure 8) (Table 3).



These values are in accordance with the subsidence data from the steel rods in Table 1, in which greater displacements are observed in 2014–2016 and 2016–2019 than in 2012–2014. The reason for these lower values for 2012–2014 is that in 2013 the rock glacier was covered by snow and a period of just one year had to be considered, whereas 2014–2016 and 2016–2019 are periods of two “snow-free” years.



The interpretation of Figure 8a is that the dynamic of the period 2012–2014 is generally homogeneous throughout the rock glacier with values of subsidence between −3 cm and −50 cm (soft orange colour). Additionally, Figure 8b,c for 2014–2016 and 2016–2019, indicate that for the rock glacier as a whole subsidence is greater than −50 cm (dark orange and red colour); therefore, in these periods there was a great loss of volume, which is in accordance with the data in Table 1 and Figure 5. Lastly, Figure 8d indicates the loss of volume for the 7 year period (2012–2019).



The uncertainty of the coordinates obtained using TLS is ±3 cm, which is the error in the measurement itself using TLS and is backed up by the GNSS data. The yellow colour on the graphs indicates that there is no variation between measurements in the rock glacier and therefore this data is within the ±3 cm of uncertainty.





5. Discussion


In the analysis of the general behaviour of the rock glacier, it was detected that depending on area (frontal, central, or back) the displacements of the steel rods behaved differently. Some steel rods representative of each area were selected (front: point #2, central: point #9, and back: point #22) (Figure 4). There is a slightly greater dynamic in the frontal area than in the centre, but where greater movement takes place is in the back part of the rock glacier. The fundamental reason for this is the topographic slope on which each of the sections is inscribed, since there is a direct relationship between slope and displacement, i.e., the greater the topographic slope, the greater the dynamic.



The general interpretation that can be made regarding the glacial dynamic is that it is of little value while the seasonal snow cover remains on the rock glacier uninterruptedly, as was the case in 2009–2010, 2010–2011, 2012–2013, and 2017–2018, judging by the values accumulated (Table 1). This is attributed to the rigid behaviour of the entire clast body (active layer) in response to the low temperatures of the whole glacier under the prolonged snow cover. In 2015, no measurements were made and so the dynamic between 2014 and 2016 (a period of two years) is much higher than that obtained in a normal annual period. The same happened in 2016–2019. In the summer of 2017, no measurements were made in spite of the glacier being free of snow, and in the summer of 2018, there was a seasonal snow cover. As a result, its behaviour is similar to that of the two-year periods in spite of being a period of three years.



In addition to the annual measurements in August, measurements were made in July of 2006, 2007, and 2008, the results of which are shown in Table 2. These are interpreted as a scarcity of dynamism between the end of August and the end of July of the following year (11 months that include the prenival, nival, and postnival period) (Figure 9), against the extraordinary dynamism from the end of July to the end of August of the same year (1 month centred on mid-summer), which makes up 50% of the total annual vertical displacement. This uneven behaviour reveals the relationship established between the presence/absence of the snow cover and the instability of the clast body. Behaviour is compact and rigid during the cold snowy season and less so during the season of the snowmelt and/or absence of snow. This is because movements only take place in summer (mainly in August), as long as the thermal wave of external radiation is strong enough to melt the snow on the ground and penetrate throughout the active layer to reach the ceiling of the underlying frozen mass (Figure 6), which degrades from −1.2 m depth [27]. Therefore, while the glacier is buried under the seasonal snow, its dynamic is null as revealed in the periods of over a year, during which the seasonal snow lasts throughout the summer. For example, in 2009–2012 its dynamic was similar to that of single-year periods, since the glacier was covered by snow in 2010 and 2011. Apparently, this does not fit the results in Table 2, but this is because the observation is made at the end of August and the time when the measurements are made does not coincide with the moment when the first snowfall takes place (mid-October), covering the glacier and preventing its temperature from rising to 0 °C. Similarly, the summer observation at the end of July does not coincide with the moment when the winter snow disappears, which is at the beginning of June) (Figure 9). If this coincidence in the topographic and climatic measurements were possible, the observed behaviour of the rock glacier would be that of a rigid, frozen, and immobile block.



It must also be mentioned that from the first observation in 2001 a series of autonomous thermal sensors was installed (TinyTalk, UTL-1, and HOBO-Pendant) [29,30] at different depths: −0.05 m, −0.20 m, −0.50 m, −1.00 m, and −1.50 m, and temperature was recorded automatically at regular hourly intervals throughout the year. The results obtained from different monitoring surveys covering the 2001–2019 period provide clues of great geomorphological interest (Figure 9a) [27,31,32,41,64,65,66]. The information from the thermal records backs up those obtained using the periglacial dynamic (Table 1). The thermal data collected for the whole sedimentary body of the rock glacier points to the periods 2001–2002, 2003–2004, 2009–2011, and 2013–2014 as being the least warm of the period analyzed (2001–2019), and therefore those of least periglacial dynamic, whereas the warmest periods were 2004–2005, 2014–2015, and 2017–2019, making these the periods in which the greatest dynamic was detected (Table 1). This data record has determined the thermal rhythm of the ground at the heart of the rock glacier, where it follows a pattern of behaviour characterized by four repetitive episodes through the topographic year (from the start of September to the end of August of the following year) [30,31,65] (Figure 9b):




	
A long cold episode with negative temperatures and the ground permanently frozen beginning in mid-October and lasting until mid-June.



	
A short episode with positive but very moderate temperatures and unfrozen ground, which is estimated to last for around 40 days, coinciding with the second half of summer (mainly August).



	
Two very short episodes that act as a transitional period between the two previously described, during which ground temperatures change from positive to negative around the middle of October and vice versa around the middle of June.








This thermal influence is not so significant in the dynamic of glaciers at other European latitudes, where they behave very stably over the years [67]. The general dynamic of the Corral del Veleta rock glacier was compared with that of other glaciers in the Pyrenees (Posets) [22,68,69] and the Alps (Doesen) [67]. These latter rock glaciers were chosen as being representative of their geographical area and having very similar behaviours to those of other rock glaciers studied in the same areas, e.g., the Argualas and Maladeta rock glaciers in the Pyrenees [21] and Hinteres Langtankar, Weissenkar, and Goessnitzkess in the Alps (Austria) [70,71].



If we analyze the mean dynamic behaviour of each of the rock glaciers between 2001 and 2009 (Figure 10), the relationship revealed between horizontal displacement and subsidence in the Doesen rock glacier is 1 to 0.36 (its horizontal dynamic is approximately three times greater than the vertical dynamic). This relationship in the case of the Posets rock glacier in the Pyrenees is approximately 1 to 0.59 (its horizontal dynamic is almost double that that of its subsidence). In the Corral del Veleta rock glacier, this relationship between horizontal displacement and subsidence is 1 to 2.40; therefore, it has a relationship almost inverse to that of the Doesen rock glacier. The presence of negative altimetric movement (sinking), so pronounced in the case of Corral del Veleta, is associated with ongoing degradation of the frozen mass (relict glacial ice and permafrost) upon which the body of the rock glacier lies [27]. In addition, horizontal displacement is shown to be lesser and sinks more the further south the geographical position of the rock glacier (Figure 10).



Up to this point, it has been the dynamic “advancing” behaviour of the rock glacier that has been analyzed, but its retreat must also be considered. This matter appears to be contradictory, but glacial retreat is measured in terms of the loss of surface, which can be determined by measuring the glacial perimeter, using GNSS where there is no appreciable change. This retreat can also be determined through the evolution of points on the front of the rock glacier (Figure 7). Points that initially had behaviour similar to any other point on the rock glacier may lose their dynamism after some years and therefore no longer form an active part of it. Therefore, the frontal retreat taking place in the rock glacier is checked.



The geophysical survey in 2009 indicated a frozen mass thickness of around 10 m (Figure 6), but since then the total station and GNSS have established a mean loss in thickness throughout the rock glacier of 2.3 m. At the end of August 2019, therefore, the Corral del Veleta rock glacier should have a thickness of 7.7 m. With this thickness and mean losses in the future similar to the annual mean since 2014 of −0.45 m, in 17 years (2036) the rock glacier would become inactive. However, if global climate change predictions prove to be correct, the time it takes to reach this state may be shorter and the inactive state could come sooner.



In addition to the behaviour of some elements or the volumetry of the rock glacier of Corral del Veleta, other experiments have also been carried out, such as the five profiles of the terrain using GNSS, and these same profiles using “Restitutor” photogrammetry, TLS, and UAV. This study is useful for checking the precision of the digital elevation models (DEM), and a comparison was made of the five profiles (Figure 5a). Specifically, the MDEs of the photogrammetry were tested using the Restitutor programme, TLS, and UAV for the measurements from 2019 under the consideration that the data collected in the field with GNSS have acceptable precision (±3 cm). Figure 11 shows these comparisons with profile 2, in which the errors are of ±30 cm using the photogrammetric technique, and so the precision of the model is more than acceptable for the purposes of drawing up a photogrammetric cartography on a 1:1500 scale. Although the maximum uncertainty of the data collected by TLS is ±3 cm and by UAV is ±4 cm, it should be pointed out that there are areas from which information is not collected, owing to their being occluded among the rocks, with the logical result being that they fail to be measured. There are differences of ±15 cm between the real model taken in the field with GNSS and that obtained using TLS or a UAV.



Since carrying out the analytical restitutions in 2003 and later the automatic digital restitutions using “Restitutor” in 2008, through to the present use of MDEs obtained by UAV, the precisions of the MDEs have improved considerably and their production costs have fallen greatly.




6. Conclusions


Several geomatic techniques (topography, photogrammetry, GNSS, TLS, and UAV) were applied on the Corral del Veleta rock glacier to determine its dynamic and evolution. The present study describes the methodological use and adaptation of these techniques to the geomorphological and orographic challenge to provide an accurate description of the rock glacier. This paper may be of use to other geomorphological researchers as a reference regarding the use and methodological adaptation of geomatic techniques to similar situations (e.g., glaciers, volcanoes, dunes, beaches, ravines, etc.). Now that this research is complete, we are in a position to state that there is no single perfect applied geomatic technique for each situation, but rather the techniques that resolve the circumstances of each case that arises may be diverse and complementary.



In our case, the use of the different geomatic techniques described has facilitated relevant and decisive data on the morphodynamic evolution of the Corral del Veleta rock glacier between 2001 and 2019. The methods applied have enabled an assessment of the rate of degradation of the relict glacial ice and permafrost on which it lies with great precision (±1 cm, ±2 cm…), at the same time providing data relevant to improving our understanding of the physical temporal behaviour of the active layer.



Dynamic monitoring throughout the study period has clearly revealed that relict glacial masses and permafrost trapped at depth are now subject to a continual process of degradation. The consequence of this degradation is observed in the repeated and visible subsidence on the surface of the blocks that comprise the rock glacier. The interpretation of these observations is that this degredation is the result of the succession of cascading physical processes initiated by the external radiation that incides on the ground, particularly since the rock glacier became free of snowcover and as the melt waters flow over the active layer. The degradation of these frozen masses takes place over a few weeks in summer (in August) and is further accelerated by the fact that the snow has tended to remain on the summits of Sierra Nevada for a shorter time. Similarly, there is a predominance of degradation in vertical movements, which leads to collapse and comes in response to the gradual melting of the underlying frozen bodies.



The monitoring carried out on the same dates every year at the end of August reveals this to be a rock glacier in an accelerated process of destabilization, and that this is due to the fact that the frozen bodies that lie within are progressively degrading and having a sharp effect on its dynamism. There is a predominance of vertical movements over others, mainly horizontal dynamics. This leads us to put forward the hypothesis that if the current climatic conditions persist, within 17 years (2036) the Corral del Veleta active rock glacier may become completely inactive due to the disappearance of the frozen bodies on which it lies.
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Figure 1. Physical map of the Iberian Peninsula and the location of Sierra Nevada (Corral del Veleta rock glacier). 
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Figure 2. The Veleta and its rock glacier. (a) Panoramic view of the Veleta (viewed towards the east, photograph from August 2007). (b) Part of the Veleta rock glacier (eastern part of the base of the Veleta, 3100 m, photograph from August 2008). (c) Vertical panoramic view of the base of the Veleta (view from Picacho del Veleta at 3389 m, photograph from August 2006). 
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Figure 3. (a) Image (low quality) obtained using the total station with the position of the points measured on the front of the rock glacier. (b) Detailed image of point 29 in 2007, obtained with the total station. (c) The same point 29 in the year 2008. (d) Point 29 in the year 2009. 
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Figure 4. Displacement (horizontal and vertical) of the rock glacier (2001–2019). 
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Figure 5. (a) Positions of the topographic profiles and the geophysical profile on the automatic cartography (Restitutor) of 2008. (b) Evolution of profile P5 between 2004 and 2019. 
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Figure 6. Transversal electrical tomography of Corral del Veleta (August 2009). In blue, the thickness of the frozen bodies, with a mean value of 10 m. The rock glacier is situated over it [29]. 
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Figure 7. Displacements in the period 2005–2019 of points in the upper (point #12), central (point #34) and lower (point #54) parts of the front of the rock glacier. 
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Figure 8. Comparison of digital elevation models: (a) Period 2012–2014. (b) Period 2014–2016. (c) Period 2016–2019. (d) Whole period (7 years) 2012–2019. 
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Figure 9. Representation of the thermal record from thermometers placed at −0.05 m (surface), −0.20 m, −0.50 m, −1.00 m and −1.50 m from the surface. (a) The period of seven years from September 2006 to September 2013. (b) The annual period from September 2017 to September 2018. 
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Figure 10. Planimetric and altimetric comparison of mean displacement of the rock glaciers of Doesen in the Alps, Posets in Pyrenees and Corral del Veleta in Sierra Nevada. 
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Figure 11. Comparison of profile 2 (Figure 5a) obtained using GNSS on the ground and the 3D models (MDE) of digital photogrammetry with Restitutor, TLS, and UAV. 
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Table 1. Dynamic of steel rod 2 (located in frontal part of the rock glacier) in annual periods, and the total for the 18-year period of measurements (2001–2019).
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Period

	
Direction

	
Horizontal Displac.

	
Subsidence




	
Centesimal Graduation

	
Metres

	
Metres






	
2001–2002

	
194.0490

	
0.064

	
−0.246




	
2002–2003

	
196.7580

	
0.157

	
−0.384




	
2003–2004

	
210.2730

	
0.044

	
−0.115




	
2004–2005

	
201.2640

	
0.302

	
−0.654




	
2005–2006

	
176.6910

	
0.207

	
−0.468




	
2006–2007

	
203.5660

	
0.214

	
−0.482




	
2007–2008

	
178.2790

	
0.146

	
−0.454




	
2008–2009

	
165.5000

	
0.114

	
−0.266




	
2009–2010

	
SNOW (No data)

	
-

	
-




	
2010–2011

	
SNOW (No data)

	
-

	
-




	
2009–2012 (3 years)

	
165.9430

	
0.094

	
−0.186




	
2012–2013

	
SNOW (No data)

	
-

	
-




	
2012–2014 (2 years)

	
154.1460

	
0.065

	
−0.317




	
2014–2015

	
NO SNOW (No data)

	
-

	
-




	
2014–2016 (2 years)

	
153.9130

	
0.184

	
−0.891




	
2016–2017

	
NO SNOW (No data)

	
-

	
-




	
2017–2018

	
SNOW (No data)

	
-

	
-




	
2016–2019 (3 years)

	
149.6480

	
0.178

	
−0.845




	
2001–2019 (18 years)

	
180.3543

	
1.769 m

	
−5.308 m
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Table 2. Dynamic of steel rod 2 for 11 month periods (end of August-end of July) in consecutive years and periods of one month (August) [23].
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Period

	
Direction

	
Horizontal Displac.

	
Subsidence




	
Centesimal Graduation

	
Metres

	
Metres






	
August 2005–July 2006

	
166.4250

	
0.105

	
−0.240




	
July 2006–August 2006

	
187.0740

	
0.104

	
−0.228




	
August 2006–July 2007

	
208.9430

	
0.099

	
−0.227




	
July 2007–August 2007

	
198.8930

	
0.115

	
−0.255




	
August 2007–July 2008

	
180.7170

	
0.084

	
−0.246




	
July 2008–August 2008

	
175.0230

	
0.063

	
−0.208
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Table 3. Calculation of the volume loss of the rock glacier using data from the TLS.
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	Period
	Volume m3





	August 2012–August 2014
	−625.95



	August 2014–August 2016
	−1403.18



	August 2016–August 2019
	−2418.76



	August 2012–August 2019
	−4447.90
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