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Abstract 21 

Small glaciers are one of the best indicators of climatic variations and their 22 

short-term effects. Located in the Spanish Pyrenees, the Maladeta is one of 23 

these glaciers. Its systematic observation began in the 1980s, being one of the 24 

few Pyrenean glaciers with a tongue-shaped front. This study presents the evo-25 

lution of the Maladeta glacial tongue over a decade (2010-2020) through multi-26 

ple geomatic techniques. Surveys have ranged from Total Stations and Global 27 

Navigation Satellite Systems devices to massive data capture techniques such 28 

as Terrestrial Laser Scanners or Unmanned Aerial Vehicles photogrammetry. 29 

The aim is to analyse in detail the loss of surface area and thickness of the 30 

glacier and its transition from being a glacier with a tongue partially determined 31 

by climate to a topoclimatically determined cirque glacier. The results reveal a 32 

tongue retreat of over 5 m/yr and area losses of over 0.2 ha/yr, along with ice 33 

thickness and volume losses of -1.7 m/yr and over -21 x103 m3/yr, respectively. 34 

If this trend continues, the tongue, and possibly the Maladeta glacier, could dis-35 

appear by the end of the 2030s.  36 

Keywords 37 

Glaciology, Global Change, Monitoring, Geomatics, Terrestrial Laser Scanning 38 

(TLS), Photogrammetry, Unmanned Aerial Vehicle (UAV), Pyrenees  39 



 

2 

1. Introduction 40 

Mountain glaciers are considered one of the best indicators of climate and 41 

environmental changes, and small glaciers (surface area less than < 0.5 km2) 42 

are particularly appropriate for understanding short-term climatic variations and 43 

their effects (Fischer, 2018). Nevertheless, the involved processes and the 44 

relationships among glacier size, climatic and topoclimatic factors are not 45 

always straightforward in smaller glaciers, as the local topography is highly 46 

influential (Colucci, 2016; Fischer, 2018; Gachev, 2022; López-Moreno et al., 47 

2019; Sommer et al., 2020). 48 

The glaciers of the Pyrenees are all small, dominantly cirque glaciers and they 49 

are located at high elevation (González-Trueba et al., 2008; Rico et al., 2017; 50 

Serrano, 2022; Vidaller et al., 2021). During the Little Ice Age (LIA), there were 51 

over a hundred glaciers, of which 83% have now disappeared (González-52 

Trueba et al., 2008; Oliva et al., 2018; Serrano & Martín-Moreno, 2018). The 53 

maximum glacial expansion during the LIA is not well known, although previous 54 

studies point to a maximum extension between the end of the 17th and the 55 

middle of the 18th century (1680-1750), coinciding with the Maunder minimum 56 

(Serrano and Martín, 2018; Oliva et al., 2018), when the most extensive glacier 57 

was the Aneto with 236 ha (González-Trueba et al., 2008).   58 

The retreat and disappearance of small glaciers shows diverse processes 59 

involving basal fusion, collapses, gradual covering by clasts, and relict glacier 60 

ice conserved for long periods on the glacial cirques. Topographic factors may 61 

delay their disappearance since remaining ice bodies are located in glacial 62 

cirques sheltered from high solar radiation, fed by avalanches, and often 63 

covered by debris that protects them from insolation (González-Trueba et al., 64 

2008; Rico, 2019; Vidaller et al., 2021). During the later stages of degradation 65 

the changes in the surface of Pyrenean glaciers have been small because of 66 

the influence of local topoclimatic factors (Carturan et al., 2013; Fischer, 2018; 67 

Huss & Fischer, 2016; López-Moreno et al., 2006; Rico, 2019). 68 

In the Pyrenees, temperature increases have been estimated between 0.9 ºC 69 

and 1.2ºC since the LIA (Feuillet & Mercier, 2012; Serrano et al., 2002; OPCC, 70 

2022), corresponding to an increment of approximately 0.02°/yr between 1951 71 

and 2010 (Deaux et al., 2014). The air warming leads to the rise in the 72 

Equilibrium Line Altitude (ELA), which in the Maladeta massif, where the highest 73 

peaks reach between 3100 and 3400 m a.s.l., is above 3150 m a.s.l. (WGMS, 74 

2015). The annual losses in thickness reveal the imbalance of Pyrenean 75 

glaciers under current climatic conditions (Chueca et al., 2007; Del Rio et al., 76 

2014; López-Moreno et al., 2019; Moreno, 2016; René, 2013; Rico et al., 2014; 77 

Vidaller et al., 2021). Climate models estimate a temperature increase of over 78 

1ºC by 2050 (Amblar et al., 2017) and point to the disappearance of a large 79 

proportion of European glaciers by the middle of the 21st century, including 80 

those of the Pyrenees due to their small size, southern location and 81 

unfavourable climatic factors, such as the decrease in snowfall and the increase 82 

in temperatures and summer radiation (Bonsoms et al., 2022; Del Rio et al., 83 

2014; López-Moreno et al., 2019; Marti et al., 2015).  84 
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During the final stages of degradation, climatic factors are less critical than 85 

topoclimatic factors in the evolution of the ice body (López-Moreno et al., 2006) 86 

and small glaciers can persist under conditions of climate imbalance, not 87 

responding directly to regional climatic changes (DeBeer & Sharp, 2009; 88 

Grunewald & Scheithauer, 2010; Hughes, 2009). Some authors point to faster 89 

variations of the smallest glaciers when the climatic factors are dominant 90 

(DeBeer & Sharp, 2009; Fischer, 2018; Fischer et al., 2016; Vidaller et al., 91 

2021). Therefore, it becomes crucial to know the processes of degradation and 92 

disappearance of small glaciers and their geomorphological and environmental 93 

responses to climate change. 94 

The application of geomatic techniques in studies related to the cryosphere is 95 

common, revealing their advantages and limitations (Colucci & Guglielmin, 96 

2015; Fischer, 2018; Fischer et al., 2016; López-Moreno et al., 2016, 2019; Rico 97 

et al., 2017; Martínez-Fernández et al., 2019, 2022). Models from classical and 98 

more recent techniques can be combined to generate valuable information on 99 

cryospheric processes. These records can cover a broad time range and 100 

complement recent high-resolution geometric data. In the case of the Maladeta 101 

glacier, its mass balance has been studied for decades using traditional 102 

methods (Eduardo Martínez de Pisón & Arenillas, 1988), but it is with the 103 

introduction of geomatic techniques that it has been possible to analyse in detail 104 

the evolution of the front. 105 

This study aims to analyse (i) the loss of surface area and thickness of the 106 

glacial tongue of the Maladeta between 2010 and 2020, (ii) the transition of a 107 

tongue glacier to a cirque glacier, and (iii) to assess the applicability and quality 108 

of the used geomatic techniques (Total Stations, Global Navigation Satellite 109 

System devices, Terrestrial Laser Scanners and Aerial Photogrammetry using 110 

Unmanned Aerial Vehicles (UAV). 111 

2. The Maladeta glacier 112 

The Maladeta glacier (42º39´N, 0º36´E, Figure 1) is located on the N slope of 113 
the peak of the same name (3308 m a.s.l.) within the massif of Maladeta, the 114 
highest in the Pyrenees (Aneto peak, 3404 m a.s.l.). Glacier is located above 115 
2895 m a.s.l., it has 700 m wide and 610 m long (according to orthomosaics 116 
CC-BY 4.0 scne.es 2021), and the surrounding substrate is granite. According 117 
to the World Glacier Monitoring Service (WGMS), it is a mountain glacier, 118 
simple basin and cirque with tongue.  119 

Its evolution has been monitored since the 1980s (Martínez de Pisón & 120 

Arenillas, 1988), and the glacial mass balance measured since 1991 (Arenillas 121 

et al., 2008; Cobos et al., 2017; García-García, 1997; Jiménez, 2016; Martínez 122 

de Pisón, E Navarro et al., 1997; E Martínez de Pisón et al., 1995; Martínez et 123 

al., 1997; Martínez & García, 1994; Mora et al., 2006; Moreno, 2016; WGMS, 124 

2015). 125 

The glacier developed during the LIA, in 1992, it divided into two parts and, at 126 

present, has lost around 85% of the LIA maximum area. A very fast retreat in 127 

the 1990s was followed by an increased mass loss in the 21st century (Chueca 128 

et al., 2003, 2005, 2007). The surface decrease was at a rate between 2.6 ha/yr 129 



 

4 

and 3 ha/yr from from 1993 to 2007 (Chueca et al., 2007; Jiménez, 2016; Rico 130 

et al., 2017), and it was accompanied by ice thinning and length shortening.  131 

The losses in thickness between 1994 and 2013 surpass -16 m, with mean 132 

losses close to -1 m/yr (Jiménez, 2016; WGMS, 2015), and between 2011 and 133 

2020, the thickness loss was estimated at -0.82 m/yr for a total of -7.4 m 134 

(Vidaller et al., 2021). 135 

The mass balance of the glacier varies annually, though mass losses are 136 

dominant, between -1.6 m w.e./yr and -2.4 m w.e./yr, whereas the years with a 137 

positive balance do not surpass 0.39 m w.e./yr. The glacier loses mass 138 

irregularly. It lost -0.45 m w.e./yr between 1991 and 2008; between 2008 and 139 

2020, this rate doubled with estimates for the period 2008-2016 of -0.9 m w.e./yr 140 

and -0.7 m w.e./yr between 2011 and 2020 (Jiménez, 2016; Moreno, 2016; 141 

Rico, 2019; Vidaller et al., 2021). 142 

The ELA was located over 2950 m a.s.l. in 2004 (Chueca et al., 2005) and in  143 

positive balances years, such as in 2013 and 2018, it was above 3060 m 144 

(WGMS, 2015) and 3130 m (Rico, 2019), respectively. In the years with 145 

negative balances, as in 2014, 2015, 2016, 2017, 2019, 2020 and 2021, the 146 

ELA was always above 3150 m a.s.l., and only three of the last 10 years have 147 

had a positive mass balance (WGMS, 2015, 2022).                     148 

The structure, morphology and dynamics of the glacier reveal two different 149 

environments: 150 

i) The cirque: upper sector represents 81% of the surface area of the glacier 151 

(2021). The accumulation zone is located over 3090 m a.s.l. elevation and has 152 

a moderate slope and transversal crevasses. The mean glacial flow between 153 

1991 and 2011 was 2.9-4.9 m/yr, whereas, in 2016, displacement was 2.4-3 154 

m/yr (Jiménez, 2016). Differences in ice flow rates generate crevasses of metric 155 

width across the central part. The glacier in the 1990s reached 50 m thickness 156 

(Martínez et al., 1997; Martínez & García, 1994), in 2008 the thickness was 40 157 

m (Jiménez, 2016) and in 2017 it was 26 m (Cobos et al., 2017). 158 

ii) The tongue: it is a small tongue representing 19% of the glacier surface area 159 

(2021). The elevation of the front has risen over the years, standing at 2790 m 160 

a.s.l. in 1994, 2870 m in 2013 (WGMS, 2015), and 2895 m in 2020. In the 161 

1990s, it had a slope of ≈28º and a length of ≈600 m, which has currently 162 

(2022) decreased to less than 250 m while its slope has increased to ≈32º. The 163 

ice front has a beveled morphology characteristic of retreating tongues. The 164 

tongue has transverse shear crevasses resulting from glacier thrust on 165 

stagnation ice, and debris carried by ablation processes partially covers it. A 166 

decrease in flow velocity is evident, from mean velocities of 3.7 m/yr between 167 

1991 and 2011, to 1.6 m/yr in 2016 (Moreno, 2016). Cavities due to basal 168 

melting are common, causing glacier hollowing and collapse processes. These 169 

processes contributed to the loss of thickness of over -34 m (-1.9 m/yr) between 170 

1994 and 2013 (WGMS, 2015). 171 

3. Materials and Methods 172 
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The advance of the geomatic techniques and their application in high mountain 173 

environments affected measurement strategies. The topographic data recorded 174 

in the present study consist of a compendium of nine years of annual 175 

measurements on Maladeta, where limitations have been logistical (personnel 176 

and equipment), physical (accessibility), temporal (daylight hours) and 177 

meteorological. During this period, four techniques or devices were used: Total 178 

stations (TS), Global Navigation Satellite System (GNSS) devices, Terrestrial 179 

Laser Scanners (TLS) and aerial photogrammetry (AP) using UAVs (Table 1). 180 

Information on the perimeter and surface area of the glacier tongue was 181 
extracted from the techniques mentioned above. Each technique had different 182 
characteristics regarding range, precision and sampling density (Figure 2). In 183 
the first years, GNSS devices were used in defining the perimeter of the front in 184 
addition to TS equipment to determine ice surface changes (Rico, 2019). This 185 
latter equipment was the most commonly used on Maladeta during the years of 186 
monitoring. In 2017, TLS systems were incorporated to monitor the retreat of 187 
the front and the loss of thickness. TLS data were georeferenced in the local 188 
reference system established for TS surveys in 2010. The incorporation of the 189 
TLS and AP in the 2019 measurement campaign led to the abandonment of TS 190 
use in 2020. In 2019, GNSS devices were employed with two aims. Firstly, to 191 
provide support for the TLS and AP surveys, and secondly, to transform the 192 
local reference system to an absolute one for the joint analysis of the 193 
measurements collected over the 10 years of monitoring. Detailed information 194 
on the equipment used and the data collection process can be found in 195 
Appendix 1. 196 

Despite the use of multiple techniques to monitor the geometry of the glacier 197 

tongue, the quantification of the retreat and loss in thickness of the surface is 198 

presented through the topographic data that can provide more meaningful 199 

geometric information about the glacier. In this way, TLS and later AP 200 

techniques replaced TS and GNSS devices, although the latter continued to be 201 

used to support the surveys. 202 

The glacier tongue degradation processes were quantified using direct 203 

measurements and derived products, orthoimages and digital elevation models 204 

(DEM) from the topographic surveys. The front retreat was determined by 205 

computing distances and surfaces between the perimeters defined by the 206 

measurements and orthoimages. Simultaneously, the thickness loss was 207 

derived from the subtraction of DEMs generated from different interpolation 208 

methods based on the acquired data. A detailed description of the methods 209 

used to quantify the retreat and thickness loss of the glacier tongue can be 210 

found in Appendix 2. 211 

Due to the influence of survey quality on the quantification of glacier 212 

degradation, comparisons were made between perimeters and elevation 213 

models obtained from different geomatics techniques (TS, TLS and AP) in a 214 

single campaign. In this way, the reliability and drawbacks of the annual losses 215 

presented was established. The assessment of the surveys quality and the 216 

uncertainty of the quantified glacier tongue losses can be found in Appendix 3. 217 

Furthermore, due to the absence of meteorological stations near the Maladeta 218 
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glacier (the closest one with continuity in data collection is about 50 km to the 219 

northwest and at a significantly lower elevation), daily solar radiation was used 220 

as a significant factor to explain glacier behaviour and potential changes in 221 

mass balances. In this sense, the radiation data obtained by Bonsoms et al. 222 

(2022) allowed the detection of anomalous years from the correlation of annual 223 

radiation with thickness and surface losses. 224 

4. Results 225 

A summary of the results (Table 2) and events to be described in this section is 226 

presented. The ice surface area measured on the Maladeta glacier tongue in 227 

2010 (1.97 ha) disappeared between 2019 and 2020. Furthermore, in six years, 228 

between 2010 and 2016, the entire volume of ice present in the 2010 glacial 229 

tongue was lost (121 x103 m3). While the longitudinal retreat of the glacier 230 

between 2010 and 2020 varied between 2.3 and 7.9 m/yr. 231 

4.1. Loss of surface area 232 

The perimeter defined in the seven years of geomatic measurements varied 233 
according to the field surveys and techniques used (Table 3, Figure 3). The 234 
normalised surface area loss (area loss considering the perimeter ratio 235 
measured in the 2010 campaign) between annual surveys presents maximums 236 
of -0.37 ha/yr in 2011-2012 and 2018-2019 and minimums of -0.13 ha/yr on 237 
average between 2012 and 2017 (Table 3). This surface area loss coincides 238 
with maximum mean retreats of the tongue close to 8 m between 2019 and 239 
2020 and minimums of 2.3 m between 2017 and 2018. The evolution of the 240 
surface area of the glacier front (taking as a reference the surface of the tongue 241 
measured in 2010) shows an approximate loss of 11% per year from 2010 to 242 
2020 (Figure 3.B). Whereas in 2020, 78% of the total surface area of the tongue 243 
existing in 2006 had already disappeared (close to 6% of annual loss; Figure 244 
3.A). Between 2010 and 2020, this evolution meant a difference in the elevation 245 
of the front of 54 m (Figure 3; 2020 AP DEM as elevation reference). 246 

Table 3 and Figure 3 are based on Figures SM1 and SM2 (Supplementary 247 
Material). Detailed information on the loss of surface area with each geomatic 248 
technique used for defining the tongue perimeter between 2010 and 2020 can 249 
be found in the latter figures. 250 

4.2. Loss of thickness 251 

The surface observed over nine years showed variations in the size of the area 252 

analysed and the thickness values (Table 4, Figure 4). As in the case of the 253 

perimeter measurements of the glacier tongue, the AP techniques (2019-2020) 254 

facilitated the analysis of a greater surface area, covering more than 3.5 ha 255 

(Table 4). Whereas in the TLS surveys (2017-2018), the surface studied was 256 

smaller, at around 0.7 ha. Despite the reduction in the area analysed, the 257 

difference in mean thickness between 2017 and 2018 was -1.3 m. A similar 258 

value to the losses detected in other years (Table 4, Figure SM3). In the period 259 

studied, the thickness decreases in 2011-2012 stands out at -4.2 m, 260 

accompanied by volume losses of -51,547 m3 (normalised volume, Table 4). 261 

The lowest differences in thickness, of -0.3 m, were found in 2012-2013, 262 

coinciding with minor snow accumulations on the tongue due to recent 263 

precipitations. The loss of -1.3 m/yr of thickness observed from the 264 
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photogrammetric flights of 2019 and 2020 allowed determining a difference in 265 

total ice volume of -46,679 m3, representing a normalised volume of -16,454 m3. 266 

In 2020, the ice extent of the tongue measured in 2010 had already 267 

disappeared, so the normalised volume determined between the 2010 tongue 268 

and the 2020 outcropping substrate was taken as a reference to determine 269 

mean volume loss rates of 17% per year (Figure 4). 270 

The data in Table 4 are derived from Figures SM1 and SM2. Detailed 271 
information on annual thickness loss with the different geomatic techniques can 272 
be found in them, together with ground elevation differences using terrain 273 
profiles in Figure SM3. 274 

5. Discussion 275 

5.1. Loss of surface area and thickness in the glacier tongue 276 

The loss in thickness of the glacial tongue from 2010 presents maximum values 277 
of over -25 m (-2.5 m/yr; Figure 4; Figure SM3) with mean values of -17 m over 278 
a period of 10 years (-1.7 m/yr; Table 2). These values are consistent with the 279 
thickness losses of the glacier, estimated at -1.7 m/yr between 1994 and 2008 280 
(Jiménez, 2016), -1 m/yr between 1994 and 2013 (WGMS, 2015) and -1.55 281 
m/yr between 2008 and 2017 (Cobos et al., 2017). Moreover, the -1.7 m/yr of 282 
mean thickness lost in the tongue (Table 4) reveals a moderate increase in the 283 
rate of loss concerning the -1.56 m/yr in the period 2010-2014 (Rico, 2019). The 284 
increase in the rate of thickness loss between 2010 and 2020 stands out 285 
despite small snow accumulations (2012-2013, Table 4) and points to a more 286 
significant loss at the front of the glacier than in the higher areas. If it is 287 
considered that the portion of the ice measured in 2010 has disappeared, the 288 
range between -1.7 m/yr and -2.5 m/yr would fit the losses that occurred in the 289 
terminus ramp of the glacier before its final ablation. This thickness loss is in 290 
line with the rates recorded in other small glaciers, with changes between -0.5 291 
to -5 m/yr (Fischer, 2018; Sommer et al., 2020). This fact shows the high 292 
variability of the changes in small glaciers and the high rates of ablation of the 293 
Maladeta glacier, which denotes its imbalance and rapid shrinkage. 294 

The longitudinal retreat between 2010 and 2020 (5.3 m/yr; Table 2), doubled the 295 

reported values for the period 1991-2011 (Jiménez, 2016; Moreno, 2016). 296 

These rates are in accordance with those reported in Rico (2019), in which 297 

retreats of the front was determined of 2.5 m/yr for the period 2010-2014 and of 298 

14 m/yr between 2012 and 2016. The differences have been linked to the 299 

method used for determining the distance between the fronts (in this study, 300 

mean distances throughout the perimeter of the tongue are presented). The 301 

retreat reflects the rapid ablation of the glacier terminus favoured by the 302 

increase in temperatures and, therefore, in the ELA, which has lain above the 303 

elevation of the glacier the 80% of the years since 2012. 304 

The surface area of the glacier reduced at a rate of -2.6 ha/yr between 1993 305 

and 2000 and by -3.5 ha/yr between 2002 and 2007 (Chueca et al., 2007; 306 

Jiménez, 2016; Rico et al., 2017). Nevertheless, the results from monitoring the 307 

tongue between 2010 and 2020 reveal a normalised loss rate between -0.2 and 308 

-0.3 ha/yr (Table 2). In order to evaluate the rates of glacier loss presented in 309 

other studies (1993-2000 and 2002-2007) and the rates of loss of the tongue 310 
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presented in this study (2010-2020), the loss of surface area in the whole 311 

glacier and in the tongue was correlated. The perimeter of the entire glacier 312 

front was extracted using an orthomosaic (0.5 m/pix) from 2006 (date chosen 313 

because of the absence of snow; Figure 3.A). Given the rate of loss of the 314 

glacier tongue and a perimeter of about 2350 m obtained from the orthomosaic, 315 

the area lost on the entire glacier would amount to -0.9 ha/yr, far from the -3.5 316 

ha/yr reported for the 2002-2007 period. These results would indicate a slower 317 

disappearance of the glacial tongue than the periphery of the upper part of the 318 

glacier.  319 

The retreat of the entire glacier may point to the importance of topoclimatic 320 

factors, as previously proposed for temperate mountains (Colucci & Guglielmin, 321 

2015; Fischer, 2018; Gachev, 2022) and in the Pyrenees (Rico et al., 2017; 322 

Vidaller et al., 2021). This fact corroborates that small glaciers housed in 323 

shaded sites, without avalanche input and at moderate elevation (< 3000 m 324 

a.s.l.), such as the Maladeta glacier, present very rapid shrinkages with a 325 

tendency towards their disappearance. These contrast with those that have 326 

avalanche inputs and are located at a higher elevation, where the dominant 327 

topoclimatic factors favour  the permanence of glaciers (DeBeer & Sharp, 328 

2009). 329 

The analysis of the evolution of the surface area and volume of the Maladeta 330 

glacier tongue since 2010 notes that volume loss is 1.7 times faster than the 331 

disappearance of surface area (Figure 3; Figure 4). This fact show how the 332 

small glaciers degradation is characterised by a more significant loss of 333 

thickness than surface area (Rico et al., 2015, 2017; Vidaller et al., 2021). The 334 

analysis seems to confirm that thickness loss will affect not only cirque glaciers 335 

with sizes less than 10 ha but also small glaciers of larger extent. 336 

High-resolution digital elevation models (5.8 cm/pix) have revealed the current 337 

position of the front of the glacier at 2895 m a.s.l. (2020; Figure 3.B), 25 m 338 

above that estimated in 2013 (WGMS, 2015). The 2015 elevation estimated by 339 

the WGMS has been rejected, as it has no concordance either with prior or 340 

posterior data. While between 1994 and 2010, an ascent of 3.1 m/yr was 341 

estimated (WGMS, 2015), in the following decade, 2010-2020, the mean was 342 

5.3 m/yr (Table 2; Figure 3). A gradual ascent in the front elevation is also 343 

observed since it rose by 4.7 m/yr between 2010 and 2017, and 7 m/yr between 344 

2017 and 2020 (Figure 3). Hence, over the last 10 years the elevation shows a 345 

clear trend, with some very significant annual rises (e.g. 2019-2020, an ascent 346 

of 21 m). 347 

The analysis presented in this study, with the application of several geomatic 348 

techniques such as GNSS, TS, TLS or AP, has been useful in the study of the 349 

Maladeta glacier tongue as it has been in other studies linked to the cryosphere 350 

(Colucci & Guglielmin, 2015; Fischer, 2018; Fischer et al., 2016; López-Moreno 351 

et al., 2016, 2019; Martínez-Fernández et al., 2019, 2022; Rico et al., 2017). 352 

Moreover, the combined analysis of the elevation models generated in the 353 

campaigns of 2019 and 2020 demonstrates that the thickness and volume lost 354 

quantification are similar using any of the techniques (Appendix 3). That is 355 

mainly due to the geometric characteristics of the surface of the glacier, which 356 
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favour the generation of similar DEMs despite the different levels of detail of the 357 

measurements. According to this study, the elevation models derived from 358 

different techniques may affect the volume determined by around ±7% between 359 

two surveys. Nevertheless, these same techniques present diverse limitations 360 

concerning the extension of the surface surveyed (Tables 3 and 4) or the 361 

derivable products (e.g. orthoimages from TLS scans; Appendix 2). 362 

Monitoring the glacier tongue has shown that the values in determining the 363 
perimeter should be used cautiously. The variability of the surveys generated 364 
from each technique resulting from the sampling distance, the resolution of the 365 
products, the accessibility to the study area and the accuracy and properties of 366 
the equipment have affected the obtained perimeters (Appendix 2). An error of a 367 
subjective nature, resulting from the researcher responsible for defining the 368 
perimeter, must be added through direct observations or cartographic products. 369 
In the monitoring work on the tongue, it has been shown that these issues may 370 
affect around ±80% of the area determined between two consecutive years 371 
(2019-2020; Table 3). Nevertheless, this inconsistency in the perimeter 372 
definition would only affect ±7% of the surface area loss in the 10 years of 373 
study. It is precisely this uncertainty in the perimeter definition that affects the 374 
determination of the annual retreat of the tongue (Appendix 3) and thus, the 375 
definition of the elevation of the front (Figure 3.B). In some years, no variation 376 
appears, while elevation changes are significant in others. 377 

5.2. Transition from a tongued to a cirque glacier 378 

The ablation rates and disappearance of the ice seem to be related to the rate 379 
of summer radiation estimated by Bonsoms et al. (2022). High levels (>170 W 380 
m2) bring about a shortening of time the snow cover remains and a longer 381 
duration of the period of surface ablation (Bonsoms et al., 2022). In the glacier 382 
of the Maladeta, there is a high positive correlation between the high incidence 383 
of summer radiation and the high negative mass balances, except for 2014 and 384 
2020, in which high radiation rates correspond to a positive and negative 385 
moderate mass balance, respectively (Figure 5, Table 5). 386 

On the glacier tongue, there is also a positive correlation between the loss of 387 

thickness and surface area during 2010-2020 period except in the 2014, 2017 388 

and 2020 years (Figure 5). The three years represent an important anomaly 389 

with greater loss of surface than thickness that implies a lower correlation. This 390 

corroborates the correlation found for the same period between the decrease in 391 

area and thickness for the whole glacier between 2011 and 2020 (Vidaller et al., 392 

2021). Nevertheless, once more, there is an exception. The year 2019-2020 did 393 

not show any correspondence between a high loss of surface area and 394 

thickness (Table 5). Years with notable rises in the front elevation are also 395 

reflected, such as the interval of 2012-2017 and 2019-2020 (Figure 3B). The 396 

exception recorded in both the climatic behaviour (radiation/mass balance) and 397 

the response (thickness/surface area/elevation of the front) permits the 398 

affirmation that there are years in which the response of the glacier is not driven 399 

by climatic control. 400 

In the Pyrenees, the daily radiation rate has doubled, which has meant that 401 

snowmelt, and thus the ablation period, is about one month earlier in the 2000-402 

2020 interval than in 1959-1980 (Bonsoms et al., 2022; López-Moreno et al., 403 
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2020). Together with the progressive rise of the ELA and the decrease of the 404 

accumulation area, daily radiation is one of the most significant factor in 405 

explaining the gradual increase of the glacier ablation with the advancing years. 406 

A clear increment can be seen in the retreat rates of the glacier front, and in the 407 

equalisation of the loss of surface area and thickness (Cobos et al., 2017; 408 

Vidaller et al., 2021), although there is great variability in the mass balances 409 

and radiation (Jiménez, 2016; WGMS, 2021). If this trend continues, the loss of 410 

the glacier tongue and the transition to a cirque glacier of less than 10 ha will 411 

occur in approximately 12 years. Therefore, by the end of the 30s of the 21st 412 

century the tongue will no longer exist.  413 

The high degree of variability of the tongue retreat implies a changeable trend. 414 

The variability present in the behaviour of the Maladeta glacier is also observed 415 

in other small glaciers located in mountains at temperate latitudes, where 416 

topoclimatic and climatic factors are involved and the ELA is located above the 417 

elevation of the glacier flow (Fischer, 2018; Gachev, 2022; Sommer et al., 418 

2020). The existence of processes such as glacial lake outburst floods (Serrano 419 

et al. 2018) or collapses and the coincidence with high rates of glacial retreat 420 

point to the high instability of the glacier. These differentiated behaviours of the 421 

glacier allow the establishment of two different dynamics in the shrinkage 422 

process of the glacier of the Maladeta: 423 

i) Surface ablation: processes associated with high summer radiation that 424 

generate high negative balances with substantial losses in thickness but 425 

moderate retreats of the front. The main processes are melting and runoff, 426 

sublimation and evaporation on the glacier surface. These processes were 427 

dominant in 2012, 2015, 2017 and 2019, and an increase in their activity over 428 

time has been detected. Nevertheless, they took place every year studied and 429 

are one of the main factors causing the shrinkage of the glacier. 430 

ii) Collapses: a process detected under moderate, positive or negative balances 431 
of mass that causes small losses in thickness but a pronounced loss in length. 432 
These have been detected for the years 2014, 2018 and 2020. This is a 433 
process identified in the field, in ice without deformation by flow and with the 434 
presence of subglacial water and air circulation. Both water and air favour 435 
melting, sublimation and runoff at the base of the ice. Following the snow melt, 436 
relatively warmer subglacial air currents initiate ascending or descending air 437 
flows along subglacial conducts. They can melt or sublimate the ice at its base, 438 
enlarging the hollows of the interior of the glacier (Figure 6). Coinciding with 439 
high indices of radiation, water flow and instability, the ceiling of the ice 440 
collapses. These processes generate the sudden retreat of the glacier, when 441 
the ice blocks falls onto the substrate and the quickly melts after detachment. 442 
The retreat processes by collapse occur at intervals of 2 to 4 years and 443 
generate sharp retreat sandwiched between periods of gradual retreat, 444 
accelerating the glacier shrinkage. 445 

Both processes combined involve great variability in the behaviour of the glacier 446 
and the high instability of the system. These are essential characteristics of 447 
small glaciers in temperate mountains. 448 

6. Conclusion 449 
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The Maladeta glacier is a small one now transitioning from being a glacier 450 

moderately influenced by climatic conditions to its dependency on topoclimatic 451 

factors. The periodic and detailed monitoring of the glacier tongue for 10 years 452 

(2010-2020) has made it possible to determine an annual increase in the rates 453 

of loss of ice thickness and surface area, along with the ascent of the front. The 454 

present study shows that ablation rates are significant in the glacier tongue. 455 

This fast loss of the tongue implies the transformation of the glacier into a cirque 456 

glacier over approximately a decade. Despite this trend, it has been found that 457 

the reduction of the glacier surface area is faster in the cirque than in the 458 

tongue, which points to the gradual disappearance of the entire ice body 459 

throughout its length and at any elevation. Such behaviour could lead to the 460 

extinction of the glacier in a period close to that of the tongue. 461 

The glacier front is dominated by a substantial decrease in ice thickness and 462 

the disappearance of about 80% (2020) of the existing tongue in 2006. The 463 

glacier tongue denotes the absence of deformation, with relict folds, shear faults 464 

and subglacial ablation. It is a dominant process in which subglacial ablation 465 

with the generation of large cavities is followed by collapse processes and the 466 

disappearance of large portions of the glacier, such that periods of intense and 467 

moderate retreat alternate. These are largely related to years with high summer 468 

radiation and high negative mass balances throughout the glacier, which in the 469 

front are manifested as collapse processes rather than part of the internal 470 

dynamic of the ice. The variability in the ablation and retreat rates of the glacier 471 

and the diversity of processes involved in the disappearance of the glacier 472 

tongue, such as collapses, glacial lake outburst flood, and supraglacial and 473 

subglacial runoff, point to its high instability. 474 

The technologies applied facilitated the periodic observation over 10 years, 475 
which has helped to deepen knowledge of the glacier evolution and, above all, 476 
of the change rates during the ice ablation and shrinkage. Nevertheless, the 477 
technological changes, from TS to TLS and finally AP, show the suitability of the 478 
most recent techniques, with optimal precision and resolution for continuously 479 
monitoring the evolution of medium-sized and very small glaciers. Aerial 480 
photogrammetry using UAVs provides extensive models of high precision and 481 
resolution that avoid errors arising from the spatial interpolation of points on the 482 
glacier surface while reducing laborious fieldwork, often subject to unforeseen 483 
and potentially dangerous events. 484 
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