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Abstract 14 

Permafrost is an important component of the Pyrenean high mountains, including a wide 15 

range of geomorphological cryogenic processes. While there has been an increase in 16 

frozen ground studies in the Pyrenees, there are no specific studies about rock wall 17 

permafrost, its presence, distribution, regime or historical evolution. This work combines 18 

measured rock surface temperatures along an elevation profile of the north face wall of 19 

the Vignemale peak (main divide of Central Pyrenees) and temperature modelling for this 20 

mountain, in order to ascertain the presence of permafrost and to analyze its evolution 21 

since the mid-XX century. Results reveal that the entire rock face was affected by warm 22 

permafrost (> - 2ºC), as low as 2600 m a.s.l from 1961 to 1990. By 1981-2010, the limit 23 

of close to 0ºC permafrost rose to around 2800 m a.s.l and it has reached 3000 m a.s.l by 24 

present day. Conditions permit cold (< -2°C) permafrost on north faces above 3100-3200 25 

m a.s.l. The large expansion of warm permafrost suggests an imminent disappearance of 26 

permafrost in the Vignemale and in most of the peaks of the Pyrenees. 27 

Key words: Rock wall permafrost, temperature measurements, temperature modelling, 28 

climate warming, Vignemale peak, Pyrenees. 29 

1 Introduction 30 
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High mountain permafrost plays an important role in the precipitation of rock falls and 31 

other mass movements and has become an emerging field of research over the past decade 32 

1-3. Rock wall permafrost distribution is mainly determined by elevation (air temperature) 33 

and slope-shading (incoming short-wave solar radiation affected by cast shadows). These 34 

permafrost areas are exceptionally sensitive to climate change because of the direct 35 

contact with the atmosphere, relatively low ice content and multi-sided heat propagation 36 

into sharp and complex topographies 4. 37 

The Pyrenean high mountains occupy around 365 km2 and hold 132 peaks over 3000 38 

m a.s.l. Steep rock walls and north faces occupy a significant part of this environment 39 

such as in the massifs of Balaitous, Monte Perdido or Aneto-Maladeta among others.  40 

Studies have found that the lower limit of discontinuous permafrost in the region is around 41 

2700 m a.s.l, 5-7- which is  generally at a  higher elevation than other European mountain 42 

ranges 8-10  - and  continuous permafrost is only found above 3000 m a.s.l. However, there 43 

is a paucity of comprehensive rock wall permafrost studies in one of the lowest-latitude 44 

permafrost affected mountain ranges of the northern hemisphere 11. The rapid degradation 45 

of permafrost in this mountain range has the potential to trigger large slope and mass 46 

wasting processes with important socio‐economic impacts 5 as well as risks associated 47 

with mountaineering activities 12. 48 

The main aims of this study are 1) to verify the presence or absence of permafrost in the 49 

high-elevation north face of the Vignemale and 2) to reconstruct the historical evolution 50 

and degradation pathways of rock wall permafrost in this north face.  51 

2 Study Site 52 

The Vignemale Peak (3298 m a.s.l, 42°46'16" N / 0°08'33'' W) is located in the Vignemale 53 

massif (Pyrenees National Park, France; Fig. 1). A north-south oriented fault-system has 54 

created strong relief asymmetries, generating a deep glacial valley towards the north, 55 
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where rock walls of more than 800 m of vertical difference define a unique alpine 56 

landscape in this temperate mountain range. The north face of the Vignemale peak was 57 

first climbed in 1933 by Henri Barrio and Robert Bellocq, establishing the present-day 58 

route known as the North Face Classic route (D+, 800 m).  59 

The Vignemale north face shapes the glacial cirque located at the uppermost section of 60 

the Gaube valley. The wall experiences constant geodynamic processes including snow 61 

avalanches during winter and spring and rockfalls in the summer season. Local mountain 62 

guides and members of the Gendarmerie rescue team have reported an increase in rock 63 

falls during  the last decade 13.  64 

In the Pyrenees, mean temperature has increased by 1.3 ºC since 1955, with no significant 65 

changes in precipitation 14, accelerating the shrinkage of remaining glaciers, which are 66 

currently in a critical situation and likely to completely disappear 15-17. Mean annual 67 

temperature recorded at the summit of nearby Midi de Bigorre peak (2877 m a.s.l.) -68 

0.13ºC, very close to the 0°C isotherm. No direct observations of precipitation are 69 

available for the study area, but annual precipitation is estimated to exceed 2,000 mm yr-70 

1 18. Most of the Vignemale massif is covered by snow for seven to nine months (from 71 

October-November to the following late May-early July), although climate warming has 72 

reduced the duration of cover 19. However, the north face of the Vignemale peak remains 73 

mostly free of snow due to the steep (mean slope of 70º) topography of the alpine rock 74 

walls. 75 
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 76 

Figure 1. Study area (A) and the Vignemale North Face with the location of temperature 77 

loggers (B).  78 

3 Material and Methods 79 

3.1 Rock Surface Temperature time series 80 

In September 2013, we equipped the north face of the Vignemale (3298 m a.s.l.) with 81 

four temperature loggers following an altitudinal profile spanning 2617-3196 m a.s.l 82 

(Tab.1).  We placed Ibutton DS1923 temperature and humidity loggers at approximately 83 

5 cm depth and sealed the borehole with synthetic silicone. These loggers have a 84 

temperature measuring range from -20 to + 85 ºC and a technical precision of ± 0.5 ºC 20. 85 

Temperature data were recorded every four hours (Tab. 1). Sensors were replaced in 86 

September 2014 and finally retrieved in October 2016. 87 

 88 

Logger name Vig_1 Vig_2 Vig_3 Vig_4 

Time frame 1 

(dd.mm.yyyy) 

08/09/2013 - 

26/07/2014 

08/09/2013 - 

26/07/2014 

08/09/2013 - 

25/04/2014 

08/09/2013 - 

25/04/2014 

Time frame 2 - - 02/09/2014 -l 

02/04/2016 

02/09/2014 - 

02/04/2016 

Coordinates 42° 46.604'N 

0° 8.596'W 

42° 46.551'N 

0° 8.697'W 

42° 46.511'N 

0° 8.770'W 

42° 46.470'N 

0° 8.850'W 

Elevation 

 

2617 m a.s.l 2803 m a.s.l 2983 m a.s.l 3196 m a.s.l 

Aspect NE (45º) NE (45º) NE (45º) N (0º) 
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Table 1. Operational time frame and description of location of the installed loggers. 89 

Loggers Vig_1, Vig_2, and Vig_3 were place at a maximum elevation of 2983 m a.s.l 90 

and below the elevation of the Ossoue glacier plateau on the opposite south side of the 91 

massif. Vig_4 is located at 3196 m a.s.l on the summit ridge and well above the Ossoue 92 

glacier plateau. The two lowest loggers (Vig_1 and Vig_2) registered data for 11 months 93 

(failure due to exposure to extreme conditions) and the highest two sensors (Vig_3 and 94 

Vig_3) covered 2.5 years including a gap of 1.5 months (Tab. 1; Fig. S1). 95 

1.1 Prediction of rock surface temperature evolution with air temperature 96 

In the absence or limited accumulation of debris or snow, rock surface temperature (RST) 97 

is closely coupled with air temperature (AT), particularly on north faces where the effect 98 

of incoming shortwave solar radiations is negligible. Therefore, it is possible to model 99 

RST history based on AT time series 4,21 .These predictions can then be used to evaluate 100 

whether past conditions were favorable to the formation of permafrost. We formulated 101 

three linear regression models per sensor to predict RST time series using temperature 102 

data from nearby Lourdes (Météo France 420 m a.s.l) and Goriz (2200 m a.s.l.) weather 103 

stations (Tab.S2): 104 

-  All year Lourdes: calibrated with the Lourdes AT and all RST measurements:  105 

- Winter Lourdes: calibrated with Lourdes AT from mid-September to mid-May and 106 

corresponding RST 107 

-  Summer Goriz: calibrated with Goriz AT from mid-May to mid-September and 108 

corresponding RST 109 

The Winter Lourdes and Summer Goriz linear models were combined (hereafter called 110 

the Lourdes-Goriz (L-G) regression) to predict year-round RST and better represent 111 

measured RST during summer (Fig. S2). However, for Vig_2 the regression with Goriz 112 

was insignificant (Tab. S2) and was thus ignored for the following data processing. 113 
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Summary statistics of models’ errors at various time aggregations (daily, monthly, and 114 

annual) given in Table S3 show that bias between predicted and measured mean annual 115 

RST (MARST) is lower for Vig_3 and Vig_4 when considering the Lourdes-Goriz 116 

regression. Standard deviations for daily and monthly values are also improved.  117 

Two RST time series were formulated per logger for Vig_1, Vig_3 and Vig_4 using the 118 

All year Lourdes regression from 1950 to 2018 and the Lourdes-Goriz regression from 119 

July 1981 to 2018 (Fig. 2). For Vig_2, only one time series was formulated with the All 120 

year Lourdes regression (the regression with Goriz was insignificant). All RST time 121 

series began in 1950 and ended in 2018, except the times series predicted with the 122 

Lourdes-Goriz regression, which began in 1981 when the Goriz station started recording. 123 

Measured RST replaced reconstructed RST when available in each of these time series.  124 

 125 

Figure 2. Evolution of the mean annual RST as predicted with the different regressions.  126 

“L” after Vig_x is the time series reconstructed with Lourdes AT, while “LG” is the 127 

time series reconstructed with the Lourdes-Goriz regression. The “reconstructed” and 128 

“measured” symbols represent the mean annual rock surface temperature (MARST) for 129 

the full hydrological year that is available with measurements. 130 

1.2 Thermal modelling  131 
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We use the CryoGRID2 model 22 to asses permafrost evolution and characteristics at 132 

depth. We forced the top of the profile with the RST time series and at each time step, the 133 

profile at time n-1 is used as an input for calculating the temperature profile at time n. We 134 

applied a thermal conductivity of 2.5 W m-1K-1, which is a standard value for limestone 135 

23 (main Vignemale massif´s material). We ran simulations with different porosity values 136 

to test the sensitivity of our model to this poorly known parameter: 1% and 5% along the 137 

entire bedrock profile. While the former value is standard for compact limestone, the latter 138 

accounts for bedding that could increase the bulk porosity. Similar characteristics are 139 

considered for Vig_4 that lay in the Devonian schist combining carbonate and pelitic 140 

rock. 141 

The temperature-depth profile of alpine rock wall is partly controlled by lateral heat fluxes 142 

resulting from variable energy balances between opposite faces 4. For Vig_1, Vig_2 and 143 

Vig_3, no bottom heat flux was included in run simulations. However, Vig_4, the 144 

opposite south slope corresponds to a gently inclined plateau that is approximately 200 145 

m away and is suspected to have a significant influence on the near surface thermal 146 

regime. In the absence of measurements on the south face (due to sensors failure), we 147 

determined a bottom heat flux based on assumptions formulated from previous studies on 148 

rock wall permafrost 21,24,25. We thus perform several runs for Vig_4 accounting for no 149 

basal heat flux and a heat flux corresponding to an 8°C difference with the opposite south 150 

face (0.1 W. m²) to provide a range of possible extreme values.  151 

Before each simulation, the 10 first years predicted using the Lourdes regression (1950-152 

1960) were run to initialize the thermal profiles. The spatial resolution of the simulated 153 

thermal profile was 0.1 m between the surface and 1 m depth, 0.2 m between 1 and 5 m 154 

depth, 0.5 m between 5 and 10 m depth and 1 m down to 30 m depth. 155 

2 Results  156 
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2.1 Permafrost evolution since the 1950s  157 

The predicted MARST for the period 1961-1990 shows that permafrost may have been 158 

present within the entire rock face and mostly characterized by warm permafrost (> -2°C), 159 

except at the extreme elevations (above 3100 m a.s.l) where cold permafrost (<-2ºC) is 160 

suggested (Tab. 2; Fig. 3). At Vig_2 and Vig_3, heat transfer simulations suggest that the 161 

coldest conditions were between 1970-1980. During the period 1981-2010, predicted 162 

MARST suggests that permafrost was no longer present at Vig_1 and simulated 163 

temperature profiles show a deepening of positive temperature (> 0ºC) from the 2000s, 164 

reaching a depth of > 20 m at present (Fig. 3). However, simulations using higher ice 165 

content value (5% porosity) or other RST predictions (Fig. S3) suggest that close to 0°C 166 

permafrost still persists (Fig. S3). At the elevations of Vig_2 and Vig_3, MARST was 167 

close to 0°C during the last period and simulations show that close to 0°C permafrost 168 

subsists down to 30 m depth at Vig_2, independent of the simulation forcing data or ice 169 

content. At Vig_3, close to 0°C temperature goes deeper since the years 2010s. 170 

Permafrost is present at location of Vig_4 (Tab. 2; Fig 3.) but is substantially affected by 171 

the incoming heat flux from the opposite south face, which induces rather warm 172 

permafrost conditions. Without this incoming heat flux, the conditions would likely favor 173 

cold permafrost. (Fig. S3). 174 

 175 

Table 2. MARST during two  periods and the measurement year 2014-2015. 176 

 Vig_1 Vig_2 Vig_3 Vig_4 

MARST 1961-

1990 (°C) 

Lourdes -0.5 -1 -1.95 -3.6 

Lourdes -Goriz -0.4 × -1.8 -3.35 

MARST 1981-

2010 (°C) 

Lourdes 0.03 -0.4 -1.25 -2.8 

Lourdes -Goriz 0.5 × -0.85 -2.5 

MARST 2014- 

2015 

Measurement  × × 0.21 -1.56 
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 177 

 178 

Figure 3. Bedrock temperature predicted with the best-fitted RST (with the Lourdes-Goriz 179 

regression for Vig_1, Vig_3 and Vig_4 and with the Lourdes regression for Vig_2), with 180 

a 1% porosity value and with a 0.1 W.m-1 bottom heat flux for Vig_4. 181 

2.2 Active layer patterns 182 

The active layer thicknesses (ALT) at Vig_3 (5.5 ± 1.2 m depth) and Vig_4 (3 ± 0.2 m 183 

depth) during summer 2015 are the only ALT values reported because they were forced 184 

with measured RST. The ice content (porosity value) causes the greater differences in the 185 

active layer thickness value at the relatively warm Vig_3, where latent heat processes 186 

strongly affect the thermal dynamics (Fig. S4).  187 

3 Discussion 188 

Results of this study present the first evidence of rock wall permafrost in the Pyrenees at 189 

42°N. Rock wall permafrost distribution during the period 1961-1990 was similar to that 190 

which was found in north faces of the Mont Blanc massif (45°N) where the lowest 191 

occurrence on the north face was about 2400 m a.s.l. 21. ALT in 2015 for Vig_3 and Vig_4 192 

sensors (2983 m a.s.l and 3196 m a.s.l) showed similar values to the Aiguille du Midi site 193 

in the Mont Blanc massif 26. 194 
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Overall, our results are consistent with the classification described by Serrano et al. 6,7 195 

.Our data show that permafrost may subsist at lower elevation (2600 m a.s.l) in fractured 196 

areas with higher ice content bedrock (MARST value of -0.5°C) coinciding with the upper 197 

limit of the infraperiglacial belt. Currently, close to 0°C permafrost has been identified 198 

on the Vignemale North face at 2800 m a.s.l, and up to 3000-3100 m a.s.l (periglacial 199 

belt). The upper section of the Vignemale north face, above 3100-3200 m a.s.l, has 200 

favorable climate conditions that enable the occurrence of cold (< -2°C) permafrost on 201 

the north face where no heat flux from a surrounding sun-exposed face significantly 202 

warms the subsurface. The main limitations in the interpretation of results are related to 203 

the temperature sensor quality (± 0.5 ºC), errors in RST reconstruction, which does not 204 

account for local and complex meteorological processes, as well as structural and thermal 205 

parameters used for thermal modelling.  206 

The distribution of permafrost since the 1960s on the rock face has shown profound 207 

changes. During the 1961-1990 period, the entire rock face may have been affected by 208 

permafrost. By 2010, there was no longer permafrost up to 2600 m a.s.l and close to 0 ºC 209 

permafrost had receded up to 2800 m a.s.l. Since 2010, close to 0 ºC permafrost has 210 

receded to at least 3000 m a.s.l and cold (< -2°C) permafrost is only found in shaded areas 211 

above 3100 m a.s.l. These results confirm a progressive degradation of permafrost during 212 

the last decades as a consequence of increasing air temperatures 14 .Additionally, the rapid 213 

wastage and thinning of the Ossoue glacier 18,could potentially impact the energy balance 214 

of the south and east face and increasing the heat flux reaching the north face and 215 

intensifying permafrost degradation in the upper sections. The warm character of 216 

permafrost (> -2ºC up to 3000 m a.s.l) suggests an imminent disappearance of permafrost 217 

in the Vignemale, as well as in most of the peaks of the Pyrenees where elevations are 218 

lower than 3100 m a.s.l. These findings highlight the need to systematically study rock 219 
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wall permafrost in the Pyrenees, as this would be an effective baseline for assessing 220 

climate change impacts in a relatively low-latitude, but still permafrost-affected mountain 221 

range, including hazards assessment, geotechnical and land planning concerns. Land 222 

planning in the high elevation areas of the Pyrenees must incorporate the current state of 223 

rock wall permafrost state and its future evolution in order to implement mitigation 224 

measures.  225 

Conclusions 226 

This study combines RST measurements, meteorological records, statistical analysis, and 227 

numerical thermal modelling to provide the first evidence of rock wall permafrost in the 228 

Pyrenees at 42 °N and the recent thermal evolution of an emblematic north face wall of 229 

the Pyrenees. During the late XX century, permafrost may have affected the entire 230 

Vignemale north face (as low as 2600 m a.s.l.) and it has progressively degraded and 231 

disappeared as consequence of an increase in air temperature of almost 1.5ºC since 1950. 232 

The lower limit of close to 0°C permafrost is currently likely between 2800 m a.s.l to 233 

3000-3100 m a.s.l, while permafrost may subsist at lower elevations (2600 m a.s.l) in 234 

fractured areas with higher ice content bedrock. Climate conditions allow for the 235 

occurrence of cold (< -2°C) permafrost above 3100-3200 m a.s.l. but warmer conditions 236 

may be found near the top (3298 m a.s.l) due to warm heat fluxes coming from the south 237 

face.  238 

This study is a preliminary step in demonstrating the interest to more systematically 239 

investigate rock wall permafrost in the Pyrenees with the aid of a robust and complete 240 

temperature sensor network. More robust monitoring would enable investigations of past 241 

and recent thermal dynamics in various topographical settings, permafrost distribution 242 

mapping, and determination of potential permafrost evolution in the near future according 243 

to available temperature projections. 244 
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Supplement 347 

 348 

Figure S1. Measured rock surface temperature time series aggregated in daily values 349 

 350 

Figure S2. Measured against predicted RST time series (monthly means). « Lourdes » is 351 

the linear regression fitted with all daily values of RST while « Lourdes-Goriz » are times 352 

series combining a linear regression with Lourdes data from mid-September to mid-May 353 

and a regression with Goriz from mid-May to mid-September. 354 
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355 

Figure S3: Modelled temperature at 15 m depth of each logger according to the various 356 

regressions and porosity value (5 and 1%) as well as without or with heat flux (hf). 357 

 358 

Figure S4. Focus on active layer thickness during years of RST measurements at Vig_3 359 

and Vig_4.  360 

 361 
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 Vig_3 Vig_4 

Measured (2014-2015) 0.21 -1.56 

Lourdes regression -0.5 -2.2 

Lourdes-Goriz regression -0.17 -1.9 

Table S1. Comparison between measured and predicted mean annual RST for the 362 

hydrological year 2014-2015. 363 

  Vig_1 Vig_2 Vig_3 Vig_4 

All year 

Lourdes 
R² 0.86 0.76 0.85 0.85 

Regression 0.8274x – 

10.38 

0.8314x – 

10.875 

1.0041x – 

13.888 

0.8837x – 

13.962 

Obs. pts* 332 332 942 942 

Winter 

Lourdes 

R² 0.84 0.75 0.81 0.80 

Regression 0.7072x – 

9.4018 

0.6608x – 

9.7221 

0.8097x – 

12.383 

0.7396x – 

12.85 

Obs. pts* 242 242 683 683 

Summer 

Goriz 

R² 0.75 0.32 0.88 0.83 

Regression 0.8621x – 

2.5535 

0.5595x + 

0.6494 

1.0053 – 

4.4072 

0.8635x – 

5.5722 

Obs. pts* 90 90 266 266 

 Table S2. Regression values between RST and AT. *Obs. pts is the number of available 364 

daily RST measurements for regression calibration. 365 

 Vig_1 Vig_2 Vig_3 Vig_4 

Lourdes L- 

G 

Lourdes L- 

G 

Lourdes L- 

G 

Lourdes L- 

G 

MARST 

difference 

between measure 

and prediction 

× × × × 0.71 0.38 0.64 0.34 

R² Month 0.97 0.98 0.96 × 0.95 0.98 0.94 0.97 

Day 0.86 0.9 0.76 × 0.85 0.92 0.85 0.9 

Mean 

error 

(°C) 

Month 0.19 0.02 0.29 × 0.39 0.33 0.9 0.58 

Day 0 -

0.02 

0 × 0 -

0.03 

0 -

0.02 

Standard 

deviation 

(°C) 

Month 0.7 0.57 0.94 × 0.6 0.86 0.79 0.78 

Day 1.8 1.6 2.58 × 2.48 1.83 2.19 1.74 

Table S3. Summary of predicted RST errors. 366 


