10

11

12

13

14

15

16

17

RECENT ACCELERATED WASTAGE OF THE MONTE PERDIDO GLA CIER

IN THE SPANISH PYRENEES

Lépez-Moreno, J.I%; Revuelto, J, Rico, 1%, Chueca-Cia, F, Julian, A3, Serreta,
A.% Serrano, E>, Vicente-Serrano, S.M!, Azorin-Molina, C.%, Alonso-Gonzalez,

E.! Garcia-Ruiz, IM}

1 Dept. Geoenvironmental Processes and Global @#&yenean Institute of Ecology,

CSIC, Campus de Aula Dei, P.O. Box 13.034, 50.0&8agoza, Spain.

2 University of the Basque Country, Department ofo@aphy, Prehistory and

Archeology, Vitoria, Spain
3 Dept. Geography. University of Zaragoza, Zarag&pain.
4 Dept. Graphic Design and Engineering. Universit¢aragoza, Huesca, Spain

5 Dep. Geography, University of Valladolid, Valldidip Spain.

Corresponding author: nlopez@ipe.csic.es



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Abstract

This paper analyzes the evolution of the Monte ider&lacier, the third largest glacier
of the Pyrenees, from 1981 to the present. We saddbe evolution of the glacier’s
surface area by use of aerial photographs from 18839, and 2006, and changes in ice
volume by geodetic methods with digital elevatiomdals (DEMs) generated from
topographic maps (1981 and 1999), airborne LIDAR1(® and terrestrial laser
scanning (TLS, 2011, 2012, 2013, and 2014). Wepné¢ed the changes in the glacier
based on climate data from nearby meteorologicaiosts. The results indicate an
accelerated degradation of this glacier after 198 a rate of ice surface loss that was
almost three times greater from 2000 to 2006 tloareérlier periods, and 1.85 times
faster rate of glacier volume loss from 1999 to ®@(fhe ice depth decreased by
8.98+1.80 m, -0.72+0.14 m w.e. yr compared to 1981 to 1999 (the ice depth
decreased 8.35+2.12 m, -0.39+0.10 m w.8).yFhis loss of glacial ice has continued at
a lower rate from 2011 to 2014 (the glacier dembréased by 1.93+0.4 m, -0.58+0.36
m w.e. yi'). These data indicated that two consecutive méylatbmalous wet winters
and cool summers (2012-13 and 2013-14) resultedh ideceleration in wastage
compared to previous 17 years, but were countetdmyethe dramatic shrinkage that
occurred during the dry and warm period of 201120Local climatic changes
observed during the study period seems do notcserfily explain the acceleration in
wastage rate of this glacier, because precipitagioth air temperature did not exhibit
statistically significant trends during the studgeliod. The accelerated degradation of
this glacier in recent years can be explained leystinong disequilibrium between the
glacier and the current climate and probably othetors affecting the energy balance
(i.e. increased albedo in spring) and feedback ar@sms (i.e. emitted heat from

recent ice free bedrocks and debris covered areas).
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1 Introduction

Most glaciers worldwide have undergone intensesattsince the cumination of the
Little Ice Age (LIA) believed to have been in thaednmi9th century, as indicated by
measurements of ice surface area and volume (Mireteal., 2013; Marshall 2014;
Marzeion et al., 2014 and 2015; Zemp et al., 20I4jis trend has apparently
accelerated in the last three decades (Serrarig 20a1; Mernild et al., 2013; Carturan
et al. 2013a; Gardent et al., 2014; Lopez-Morenal €2014). Thus, Marshall (2014)
and Zemp et al. (2015) noted that loss of globatigk mass during the early 21
century exceeded that of any other decade studesleral studies examined this
phenomenon in Europe. In the French Alps, gladieinkage has accelerated since the
1960s, mainly in the 2000s (Gardent et al., 2014).the Otztal Alps (Austria),
Abermann et al. (2009) calculated the loss of glaarea was -0.4% per year from 1969
to 1997 and -0.9% per year from 1997 to 2006. enGentral Italian Alps, Scotti et al.
(2014) compared the period of 1860-1990 with 190072 and reported an
approximately 10-fold greater average annual dsered glacier area during the more
recent period. Carturan et al. (2013b) also replotthat the rate of ice mass loss in the
long-term monitored Careser Glacier (Italian Algs)ying the period 1981-2006 (-1.3
m w.e. yi') was about twice that for the period of 1933 t64.9-0.7 m w.e. yr'). Over
the same period (1980-2010), Fischer et al. (2@a%ulated a very similar rate of ice
mass loss for the Swiss Alps (-0.65 m w.eY)ythat clearly exceeds the values

presented by Huss et al. (2010) for the 20th cgr(tlose to -0.25 m w.e. Y. In the
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Sierra Nevada of southern Spain, the Veleta Glatieing the LIA, evolved into a rock
glacier during the mid-20th century and has sufferarked degradation during the last

two decades (GOmez-Ortiz et al., 2014).

The Pyrenees host some of the southernmost glaoieisirope, and they have also
undergone significant retreat (Grunewald and Shkha#gr, 2010). In 2005, these
glaciers had an area of 495 hectares (Gonzaledaraeal., 2008) and in 2008 they
had a total area of 321 hectares (René, 2013)e3i880, the different massifs have had
variable reductions in area covered by ice, witb986 reduction in the Vignemale
Massif and an 84% reduction in the Posets-Llarddassif (Gellatly et al., 1995; René,
2013). A total of 111 glaciers have disappearethénPyrenees from 1880 to 2005, and
only 31 actual glaciers (with ice motion) remairhefe has been a rapid glacial
recession since the 1990s, and many of these gddeiee imminent extinction. Chueca
et al. (2005 and 2008) reported that the ratesladfia shrinkage during the last two
decades of the 30century and the beginning of the*2dentury were similar to those
observed from 1860 to 1900, immediately after the @f the LIA. A similar conclusion

has been reached by Marti et al. (2015) for theo@s$lacier (French Pyrenees).

Most studies agree that global warming is respda$ds the observed glacier shrinkage
and the recent acceleration of this shrinkage. Tmperature increase has been
particularly strong since the 1970s in most moumtanges of the world (Haeberli and
Beniston, 1998; Beniston et al., 2003; Nogués-Bretval., 2008; Gardent et al., 2014).
Global warming has increased the equilibrium littgumles (ELAS) and reduced the
accumulation area ratios of glaciers, so that myttiers are not in equilibrium with
current climate (Mernild et al., 2013) and manyhem cannot survive for much longer
(Pelto, 2010). In the case of the Pyrenees, thaarair temperature has increased by a

minimum of 0.9°C since the end of the LIA (Dessand Blcher, 1998; Feulliet and

4
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Mercier, 2012). More recently, Deaux et al., (201dported an increase of 0.2°C
decadé for the period between 1951 and 2010. This expl#ie ~255 m increase in

the elevation of the ELA of the glaciers of the Rtidta Massif since the end of the
LIA, which is currently close to 2950 m a.s.l. (&ea et al., 2005). The decreased
accumulation of snow, and the increase on air teatpee during the ablation season
are thought to be the principal causes of recexttigfl decline in the southern (Spanish)

side of the Pyrenees (Chueca et al., 2005).

Glaciers are very good indicators of climate chadge to their high sensitivity to

anomalies in precipitation and air temperature {@iak and Brewer, 2004, Fischer et
al., 2015). However, it is not always easy to de&thla direct relation between annual
fluctuations of climate and the changes in arearaads of a particular glacier. This is
is difficult because only glaciers of small sizespend rapidly to changes in annual
snowfall and snow/ice melt, whereas mid and lalgeigrs respond much more slowly
(Marshall, 2014). Moreover, very small glaciers nigvelop and evolve for reasons
unrelated to the regional long-term, monthly orseeal climatic evolution, such as
avalanches, wind drifting and new rock exposuneghé case of shrinking glaciers the
latter can be key (Chueca et al. 2004; Serranb,&2(d1; Carturan et al., 2013c). Local
topography also has a considerable effect on theld@ment of ice bodies, and can
cause notable variations in the ELAs of differelaicgers in the same region (Reinwarth
and Escher-Vetter, 1999; Carrivick and Brewer, 200dpez-Moreno et al., 2006).

Moreover, many studies of recent changes in gla@ramined the evolution of the area
of glaciated surfaces or glacier lengths. Theseamaters respond to climate
fluctuations, although this relationship is alsdeefed by geometric adjustments
(Haeberli, 1995; Carturan et al., 2013a). Thusedlirmass-balance estimations or

geodetic methods that determine changes in icem@lprovide better information on
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the relationship between glacier changes and dlinetanges (Chueca et al., 2007;
Cogley, 2009; Fischer et al., 2015). In the Pyrené®ere are very few estimations of
ice volume loss (Del Rio et al., 2014; Sanjosd.ef@14; Matrti et al., 2015), although
abundant research has examined recent changeaaitgt surface areas (Chueca et
al., 2005, Lopez-Moreno et al. 2006; Gonzalez-Tauetal., 2008). Annual estimates of
glacier mass fluctuations based on the glacioldgmethod were only performed on the
Maladeta Glacier (Spanish Pyrenees) and on theu@sstacier (French Pyrenees), and
these indicated the mean glacier thinning was -1dumng the last 20 years on the
Maladeta Glacier, and -22 m on the Ossoue Glagiem(llas et al., 2008; René, 2013;
Marti et al., 2015). Other studies in the SpanisheRees compared digital elevation
models (DEMs) derived from topographic maps of 128H 1999 in the Maladeta
Massif (Chueca et al., 2008) and the Monte Per@itiwier (Julian and Chueca, 2007),

and reported losses of -0.36 m w.€ and of -0.39 m w.e. ¥, respectively.

This paper focuses on the recent evolution of thentel Perdido Glacier, the third
largest glacier in the Pyrenees. We document clzaimgthe glacier surface area from
1981 to 2006 and provide updated information orundtric changes by comparing
DEMs derived from topographic maps of 1981 and 1@@8ian and Chueca, 2007), a
new DEM obtained in 2010 from Airborne LIDAR, anduf successive Terrestrial
Laser Scanning (TLS) surveys that were performathduhe autumns of 2011, 2012,
2013, and 2014. We examined these data in connegith data on precipitation, snow
depth, and air temperature from the closest melegical station. Identification of

changes during recent years in this region is @aeily important because in the 21st
century snowfall accumulation has been higher hedémperatures slightly cooler than
in the last decades of the "20associated to a persistently positive North Attan

Oscillation index in the beginning of the 21st cept(Vicente-Serrano et al., 2010;
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Buisan et al., 2015). Thus, the most recent respofishe remnant ice bodies to this
climatic anomaly is as yet unknown. Moreover, tRailability of annual TLS data in
recent years permits detailed examination of tHatiomship between changes in

climate and glaciers.

2 Study area and review of the previous research ahe Monte Perdido glacier

The Monte Perdido Glacier (42°80"N 0°0215"E) is located in the Ordesa and Monte

Perdido National Park (OMPNP) in the Central Sgargrenees (Figure 1). The ice
masses are north-facing, lie on structural flatsela¢h the main summit of the Monte
Perdido Peak (3355 m), and are surrounded by aértidfs of 500-800 m in height
(Garcia-Ruiz and Marti-Bono, 2002). At the basehef cliffs, the Cinca River flows
directly from the glacier and the surrounding skypand has created a longitudinal

west-east basin called the Marboré Cirque (5.8 km

Researchers have studied glaciers in the Marbogu€isince the mid 19th century
(Schrader, 1874), and many subsequent studies eedmihe extent and made
descriptions of the status of the ice masses amdetitures of the moraines deposited
during the LIA (Gémez de Llarena, 1936; Hernandezkeco and Vidal Box, 1946;
Boyé, 1952). More recent studies have establisheddcation of moraines to deduce
the dynamics and extent of LIA glaciers (Nicola881 and 1986; Martinez de Pison
and Arenillas, 1988; Garcia Ruiz and Marti BonoQ20Martin Moreno, 2004) and
have analyzed environmental changes during the dda® through the study of
sediments in Marboré Lake (Oliva-Urcia et al., 20Had by dating of Holocene

morainic deposits (Garcia-Ruiz et al., 2014).
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The map of Schrader (1874), numerous old photogragid the location of the LIA
moraines (Garcia Ruiz and Marti Bono, 2002) inédic@tinique glacier at the foot of the
large north-facing wall of the Monte Perdido Mas@fonte Perdido, Cilindro and
Marboré peaks) (Figure 1). The map of Schrader 4L &listinguishes the Cilindro-
Marboré Glacier, with three small ice tongues tjoated in the headwall, from the
Monte Perdido Glacier, which was divided into thetéepped ice masses connected by
serac falls until the mid 20th century. The gladieat existed at the lowest elevation
was fed by snow and ice avalanches from the inteiates glacier, but disappeared after
the 1970s (Nicolas, 1986; Garcia-Ruiz et al., 20Thg two remaining glacier bodies,
which are currently unconnected, are referred te faper as the upper and lower
Monte Perdido Glaciers. The glacier beneath théend@ib and Marboré peaks has
transformed into three small and isolated ice pgc{Garcia-Ruiz et al., 2014). It is
noteworthy that Hernandez-Pacheco and Vidal Boxd§l%reviously estimated a
maximum ice thickness of 52 m for the upper glaam 73 m for the lower glacier. In
2008, 82% of the ice cover at the end of the LIA lafready disappeared. The upper
and lower ice bodies have mean elevations of 31EHnhth2885 m (Julian and Chueca,
2007). Despite the high elevation of the upperiglasnow accumulation is limited due

to the minimal avalanche activity above the glaeied its marked steepnesgl(°).

There has not been a direct observation of theentitocation of the ELA in the upper
Cinca valley, but studies at the end of the 20th lagginning of the 21st century placed
it at about 2800 m in the Gallego Valley, west ltd OMPNP (L6pez-Moreno, 2000),
and at about 2950 m in the Maladeta Massif, eagteoOMPNP (Chueca et al., 2005).
The mean annual air temperature at the closesionodbgical station (Goriz at 2250 m
a.s.l.,, 2.7 km from the glacier) is 5.03°C, althougis station is on the south-facing

slope of the Monte Perdido Massif. Assuming a lade of 0.55°C to 0.65°C every
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100 m, the annual 0°C isotherm should be roughB9&0 to 3150 m a.s.l. The climate
in this region can be defined as high-mountain Metinean. Precipitation as snow can
fall on the glacier any time of year, but most srseumulation is from November to

May, and most ablation is from June to September.

3 Data and methods

3.1. Comparison of DEMs

DEMs from different dates can be used to calcutasnges in glacier ice volume. This
technique is well established for the study of glecin mountainous areas (Favey et
al., 2002), and we have previously applied it imesal studies of the Pyrenees (Chueca
et al., 2004, 2007; Julian and Chueca, 2007). TWwasjsed three DEMs to estimate the
changes in ice volume in the Monte Perdido Gladiero DEMs (1981 and 1999) were
derived from topographic maps and one (2010) wasn frairborne LIDAR
measurements. All three DEMs have and cell siz&x@ m, and they were used in the
context of a geographic information system (GIS)rking under the European Datum

ED50 (UTM projection, zone 30).

The 1981 DEM was obtained from the cartography iphbtl by the Spanisimstituto
Geografico Naciona(IGN) (Sheet 146-1V, Monte Perdido; Topographictibbiaal Map
Series, scale 1:25000). This map was publishe®®@Y and its cartographic restitution
was based on a photogrammetric flight in Septeni®8d. The 1999 DEM was also
derived from cartography published by the IGN ($h&é46-1V, Monte Perdido;
Topographic National Map Series MTN25, scale 1:Z50@t was published in 2006
and its cartographic restitution was based on aqggnammetric flight in September

1999. The 2010 DEM was obtained from an airborreAR flight (MDTO5-LIDAR)

9
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made by the IGN in September of 2010 in the contéxhe National Plan for Aerial

Orthophotography (NPAO).

The Root Mean Squared Error (RMSE) for elevatiocueaacy calculated by the IGN
for their digital cartographic products at 1:250@le is = 1.5 m and = 0.2 m for their
LIDAR derived DEMs. To verify these accuracies wada a comparison of 2010-
1999, 2010-1981 and 1999-1981 pairs of DEMs insacg¢ace-free terrain placed near
the studied glaciers. The results showed good ageewith the accuracy indicated by
the IGN in almost all areas although larger veltmaors were identified in several
sectors of very steep terrain (with slope valuegallg > 65°) located in the Monte
Perdido glacial cirque (sharp-edged crests andpalgtiffs linked to the geological and
structural disposition of the area). In those sactdifferences between the DEMs
reached 10-15 m. As both Upper and Lower Monte iBerdlaciers are placed well
outside those areas and have smoother topograshidakes it might be assumed that
the altimetric data provided by the IGN has an appate consistency over glaciated

terrain.

The combined vertical RMSE for DEM differences wa&.5 m for 1999 minus 1981
and < 2.0 m for 2010 minus 1999. In the latter casaust be noted that different
geodetic methods (photogrammetrical and airborn®AR) were used in the
comparison and that this fact could alter the amcyof the elevation changes (Rolstad
and others, 2009). In any case, both these errers eonsidered precise enough for our
purposes as the ice-depth changes obtained innalysis were generally much higher
than these values. The estimation of ice volumengba was performed in ArcGIS
comparing, by cut and fill procedures, pairs ofcgga surface DEMs (1981-1999 and
1999-2010). The glacial perimeters associated gaith DEM date were retrieved from

aerial photographs (198Pirineos SurFlight, September 1981, scale of 1:30000, black

10



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

and white; 1999Gobierno de Aragofrlight, September 1999, scale of 1:20000, color).
There were no high quality flights for 2010, so @0&erial photographs were used
(PNOA2006 Flight, August 2006, scale of 1:5000,ocpl The 1999 and 2006
photographs were already orthorectified, but we kadcorrect the geometry and
georeference the aerial survey of 1981 by useefjforeferencing module of ArcGIS.
The reference for the control points was from thidaphotos and DEM data from
1999. The horizontal RMSE accuracy of the set otrab points ranged from 2.1 to 4.7
m, and was considered sufficiently precise forsiudy. The maximum horizontal error
was used to calculate the uncertainty of glacidriaeeas and their temporal changes.
This uncertainty was calculated using theffer tool in ArcGIS. This tool allowed
quantifying the area of the polygon generated with maximum horizontal error
around the perimeter of the glacier. A resamplingcedure using cubic convolution

was used to generate the final rectified images.

The most recent estimates of the evolution of theigr were from annual TLS surveys.
LIDAR technology has developed rapidly in recenarge and terrestrial and airborne
LIDAR have been used in diverse geomorphology ssjdincluding monitoring
changes in the volume of glaciers (Schwalbe e2@08, Carturan et al., 2013b). The
device used in the present study is a long-rangg (RIEGL LPM-321) that uses time-
of-flight technology to measure the time between ¢mission and detection of a light
pulse to produce a three-dimensional point cloothfreal topography. The TLS used
in this study employed light pulses at 905 nm (nieftared), which is ideal for
acquiring data from snow and ice cover (Prokop,82@xtnewald et al., 2010; Egli et
al., 2011), a minimum angular step of 0.0188° sarldeam divergence of 0.0468°, and

a maximum working distance of 6000 m.

11



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

When TLS is used for long distances, various s@ufeerror must be considered,
namely the instability of the device and errorsrfrgeoreferencing the point of clouds
(Reshetyuk, 2006). We used an almost frontal viéwhe glacier (same as for the
photos shown in Figure 4) with minimal shadow zomeshe glacier and a scanning
distance of 1500 to 2500 m. We also used indiregistration, also called target-based
registration (Revuelto et al., 2014), so that scaos different dates (September of
2011 to 2014) could be compared. Indirect registnatuses fixed reference points
(targets) that are located in the study area. flécteve targets of known shape and
dimension (cylinders of 10x10 cm for those locatkxser than 200 meters, and squares
of 50x50 cm for longer distances) were placed atrdference points on rocks at a
distance from the scan station of 10 to 500 m. ¢standard topographic methods, we
obtained accurate global coordinates for the tardpt use of a differential global
positioning system (DGPS) with post-processing. dlobal coordinates were acquired
in the UTM 30 coordinate system in the ETRS89 dattlihe final precision for the set
of target coordinates was +0.05 m in planimetry @ridd m in altimetry. A total of 65
reference points around the ice bodies (identiéiag®ctions of rocks and cliffs) were
used to assess measurement accuracy. Ninety patéme reference points had an
error lower than 0.40 m. Such 40 cm of error wassitered as the uncertainty (error
bars) to the calculated ice depth and mass logs.rdthe conversion of mean ice
elevation change to annual mass budget rates was ajaplying mean density of 900
kg m* (Chueca et al., 2007; Marti et al., 2015). Theuasgion of this value neglects
the existence of firn, with a lower density. Thésmostly true at the end of the study
period, but probably in the early eighties thisuasgtion is not completely true and firn

areas existed (i.e. according to Figure 3A). Unifoately, the lack of additional

12



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

information forced us to adopt this generalizattbat may slightly overestimate the

mass loss rate for 1981-1999.

3.2 Climatic data

The Spanish Meteorological Office (AEMET) providelimatic data from the Goériz
manual weather station, located at 2250 m a.s.thensouthern slope of the Monte
Perdido Massif. The absence of changes in instrtatien and observation practices in
the meteorological station since 1983, and theipribyx of the meteorological station to
the glacier (2.7 km), suggests that it accuratebords the climate variability over the
glacier. The climatic record consists of daily dafaair temperature, precipitation, and
snow depth. From these data, we derived annuassefimaximum and minimum air
temperatures for the main periods of snow accunamgiNovember-May) and ablation
(June-September), precipitation during the accutimiaseason, and maximum snow
depth in April (generally the time of maximum snaegg at this meteorological
station). The lack of detailed meteorological orssbalance data over the glacier made
it necessary to define the accumulation and thatialnl seasons in a subjective manner
based on our experience. We are aware that MayOataber are transitional months
between accumulation and ablation conditions depgrmh specific annual conditions..
However, we set these periods because June andmldeveare the months when
ablation and accumulation respectively become @gdlgezvident over the surface of the
glacier. The statistical significance of the lineamate trends was assessed by the non-
parametric correlation coefficient of Mann-Kenddds-b (Kendall and Gibbons, 1990).
Results obtained for Goériz were contrasted withséh&rom three other observatories

(see Figure 1) with precipitation (Pineta, Aragrtoaed Canfranc), and temperature

13
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(Mediano, Aragnouet and Canfranc) data for theogoei983 and 2013, and also for
1955-2013. The non-parametric Mann-Whitney U tésty(and Proschan, 2010) was
used to detect statistically significant differemda the medians of precipitation and

temperature when the periods 1983-1999 and 2000-afEL.compared.

4. Results

4.1. Climatic evolution and variability from 1983 o 2014

Figure 2 illustrates the high interannual variapilof climate at Goriz station since
1983. The average maximum air temperatures at Glaning the snow accumulation
and ablation seasons had no significant trend$, taii-b values close to 0 (Figs 2a and
2b). The range between the highest and lowest g&esaasonal anomalies during the
study period exceeded 3°C and 4°C during the adetiou and ablation periods,
respectively for maximum and minimum temperaturése average minimum air
temperatures had very weak increases in both sgeabahthese were not statistically
significant ©<0.05). The interannual air temperature range wagel for the
accumulation period (~5°C) than for the ablationique (~2.5°C). Table 1 shows that
the evolution of temperature at Goriz is line witlat observed at the three other
meteorological stations (Mediano, Aragnouet and f@ae). They do not exhibit
statistically significant trends for maximum or nmmum temperature during the period
1983-2013. On a monthly basis, the four analyseseatories only exhibited a
statistically significant increases in May and Juared statistically significant decreases
of maximum and minimum temperature in November &wtember. The Mann-

Whitney test did not reveal statistically signifitadifferences in the medians of the

14
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series for the accumulation and ablation seasoméatobservatory when the periods

1983-1999 and 2000-2010 were compared.

Precipitation at Goriz during the accumulation péralso exhibited strong interannual
variability, with a range of ~ 600 mm to 1500 mmg(R2e). The trend line had a slight
increase, but this was not statistically significarsimilarly, maximum snow
accumulation during April varied from less than &0 to 250 cm, and there was no
evident trend during the study period (Fig. 2f). ifdy trend analysis (Table 1) only
found a significant increase of precipitation atri@@uring May, and near zero tau-b
coefficients for the most of the months. Very sanilesults are found for the other three
analyzed stations (Pineta, Aragnouet and Canfrantt) no statistically significant
trends for the accumulation and ablation perioddy @ragnouet showed a statistically
significant increase in May, and Pineta in March. $tiatistically significant differences
in the median of precipitation during the accumolatind ablation seasons of the 1983-

1999 and 2000-2010 periods were found at any ohtiadyzed meteorological stations.

In addition, Figure 3 shows the interannual evolutof temperature and precipitation
series for a longer time slice (1955-2013). Théystrate that climate observed during
the main studied period (1983-2013) is not necdgseepresentative of the longer
climate series. Thus, the 1955-2013 period exh#igatistically significantp&0.05)
warming during the ablation period, and the accatnuh exhibited positive tau-b
values but did not reach statistical significanéeecipitation during the accumulation
period did not exhibit statistically significanetrds during the period 1955-2013 in any

of the three analyzed observatories.

Figure 2 also shows that the last three yearsyfoch we have TLS measurements of

annual glacier evolution, had extremely variabladitons. Thus, mid-September 2011

15
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to mid-September 2012 was one of the warmest redoyears (especially during the
ablation period, 96th and 74th percentiles for mmaxn and minimum temperature) and
with a rather dry accumulation period (27th perientThe period of 2012 to 2013 had
an accumulation period that was more humid thamamee (59th percentile) and the
coolest recorded summer (1st and™1percentiles for maximum and minimum
temperatures respectively), and the accumulatioiogh@f 2013 to 2014 was very wet
(78" percentile) and slightly cooler than average rethpely, with air temperatures

around or below the average (22th and 48th petesnfior maximum and minimum

temperature respectively) during the ablation menth

4.2 Glacier evolution from 1981 to 2010

Figure 4 shows two photographs of the glacier takdate summer of 1981 and 2011.
A simple visual assessment shows the fast degoadatithe glacier during this 30 year
period. In 1981, the upper and lower glaciers weoelonger united (they became
disconnected between 1973 and 1978), and they igadhila convex surface and a
significant ice depth with noticeable seracs hagdiom the edge of the cliffs. Both ice
bodies were heavily crevassed, with evidence ofrioéon over the whole glacier. The
photograph of 2011 shows that the two ice bodiesfarther separated, as well as
showing a dramatic reduction in ice thickness, mested by the concave surface, the
disappearance of almost all seracs, and the ratfeat from the edges of the cliffs.
Crevasses are only evident in the eastern patieofawer glacier, indicating that the
motion of the glacier has slowed or stopped in nebshese two ice bodies. Moreover,
there are rocky outcrops in the middle of the lowkacier and areas that are partially

covered by debris deposits from several crevassexk falls in the upper areas.
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Table 2 shows the surface area of the ice in 19839, and 2006. From 1981 to 1999
the glacier lost 4.5+£0.19 ha (-1.5+0.06 ha in thper glacier and -3.0+0.13 in the lower
glacier), corresponding to an overall rate of -&@®81 ha yt*. From 1999 to 2006, the
glacier losses were 5.4+0.24 ha (-2.0£0.09 ha éenuipper glacier and -3.4+0.15 ha in
the lower glacier), corresponding to an overaleraf -0.77+0.23 ha {r more than

three times the rate of the previous 18 years.

Comparison of the elevation of the glacier’s sugfaderived from the DEMs (1981 to
1999 vs. 1999 to 2010) also indicates an acceleration atigt wastage over time
(Figure 5). During the 1981-1999 period, the icekhess decreased by an average of
6.20+2.12 m in the upper glacier and 8.79+2.12 nthanlower glacier (-8.35+2.12 m
overall); thus, the mean rate of glacier thinninasv@.34+0.11 m and 0.48+0.11 m'yr
(-0.4620.11 m VI overall, or -0.39+0.1 m w.e. V) respectively. Moreover, the
changes in glacier thickness had spatial heterdiyeido sectors of either glacier had
increased thicknesses, but some small areas oflotker glacier remained rather
stationary, with declines in thickness less tham5 The largest losses of glacier
thickness were in the lower elevations and westegions of the upper and lower
glaciers, with decreases that exceeded 25 m and 8&spectively. During the 1999-
2010 period, the thinning was 7.95+1.8 m in theaspglacier and 9.13+1.8 m in the
lower glacier (-8.98+1.8 m overall); corresponditay rates of -0.72+0.16 m and -
0.81+0.16 m yi (-0.8+0.16 m y* overall, or -0.72+0.14 m w.e. yy respectively. The
spatial pattern of thinning resembled the pattemomf 1981-1999, but areas of
noticeable glacier losses are also found eastvwdrd.smallest decreases are found in
the higher elevation parts of the lower glacier #meproximal area of the upper glacier,
probably due to most effective shading of thesasrand the greatest decreases in the

distal and central-eastern parts of both ice bodies
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4.3. Evolution of Monte Perdido Glacier from 2011 & 2014 from TLS

measurements

Figure 6 shows the differences in glacier depthwbeh consecutive annual scans
(September 2011-12, September 2012-13, and Sept@®bd-14) and the total change
from 2011 to 2014. Figure 7 shows the frequencyridigion of ice depth change

measured over the glacier for these periods.

The period of mid-September 2011 to mid-Septemifd22wvas very dry during the
accumulation period and very warm during the abhaperiod. These conditions led to
dramatic glacier thinning, with an average decreds2.1 +0.4 m (-2.08+0.4 m in the
upper glacier and -2.12+0.4 m in the lower glaciée® thinning affected almost the
entire glacier (the accumulation area ratio, AARaswW3.5%), and was particularly
intense in the western sectors of the upper aneri@haciers, where loses were more
than 4+0.4 m. The few scattered points indicatiegtd increases in the middle of the

lower glacier are likely to be from the motion bétexisting crevasses.

Conditions were very different from 2012 to 2013thwa rather wet accumulation
period and very cool ablation period. These coodg#iled to changes that contrasted
sharply with those of the previous year, in thagéaareas of the glacier had increased
ice thickness. Most of these increases did notexkde5+0.4 m, and most were in the
highest elevation areas of both ice bodies. Nohethe during this year, large areas
remained stable (AAR was 54%) and some areas exbited noticeable ice losses
(more than 1.5-2+0.4 m in the upper and lower gi&di Despite the excellent
conditions for glacier development from 2012 to 20the average increase of glacier
thickness was only 0.34+0.4 m (+0.32+0.4 m in tppar glacier and +0.38+0.4 m in

the lower glaciers). Very similar conditions ocadrin 2013-2014, with very wet
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accumulation months and below average air temperaturing the ablation period.
Again, there were large areas with moderate inee@s thickness (AAR was 41%,
sometimes exceeding 3 m), although there wereasélis with significant ice loss, with
an average depth decrease of 0.07£0.4 m (-0.08&xD.ih the upper glacier and -

0.07%£0.4 m in the lower glacier).

The overall result of a very negative year (20112dor glacier development followed
by two years (2012-2013 and 2013-2014) of anomagbmsstive conditions led to a net
average ice loss of 1.93+0.4 m (-0.58+0.36 m w'@), with some regions experiencing
losses greater than 6+0.4 m. Only the areas ogdélséern part of the lower glacier that
were at high elevations (around the bergschrunbijpérd some elevation gain during
this period (accumulation area ratio, AAR, for theee years was 16%), and this was
typically less than +2+0.4 m. Interestingly, theas with greatest and lowest ice losses
during 1981-2010 were similar to those with theaggst and lowest ice losses during

2011-2014, indicating a consistent spatial pattémglacier shrinkage over time.

5. Discussion and conclusions

The results of this study indicate that the reemiution of the Monte Perdido Glacier
was similar to that of many other glaciers worldevidMarshall, 2014, Vincent et al.,
2013), especially those in Europe (Gardent ekall4; Abermann et al., 2009; Scotti et
al., 2014; Marti et al., 2015) where glacier shag& after the culmination of the LIA
and has clearly accelerated after 2000. More dpeltyf, the annual loss of area of the
Monte Perdido Glacier was three-times greater f&000 to 2006 compared to the
1981-1999 period; and the glacier thinning froma892010 was double that observed

observed from 1981 to 1999. Acceleration in glasi@inkage has been also reported
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for the Ossoue Glacier (French Pyrenees), whers bm@ance during the period 2001-
2013 (-1.45 m w.e. y1) is 50% greater compared to the period 1983-2614nf w.e.
yr), (Marti et al., 2015). Climatic analyses suggésit the recent acceleration in the
wastage of the Monte Perdido Glacier cannot be erpjained by an intensification of
climate warming or by a decline of snow accumuftatiGlimate data (1983-2014) of a
nearby meteorological station, and three other riae meteorological stations,
suggests that during most of the year temperata® ot exhibited statistically
significant trends. The Mann-Whitney test did neweal statistical differences in
temperature when the period 1983-1999 was compard®99-2010. Precipitation in
the four analyzed stations during the accumulagieriod and maximum annual snow
depth at Goriz were also stationary or slightlyréased. Previous studies of the
Pyrenees and surrounding areas showed that airetatupe has significantly warmed
throughout the 20 century, especially after the relatively cold pdrfrom the 1960s to
the mid-1970s (L6épez-Moreno et al., 2008; El Kenatvgl., 2012; Deaux et al., 2014).
Such changes have been also detected in the #hmgeetature series analyzed for this
study during the period 1955-2013. At the same tithere was a regional significant
decline of snow accumulation from mid-March to {aferil/early-May from 1950 to
2000 in the Pyrenees (Lopez-Moreno, 2005). Theseds of decreasing precipitation
and milder air temperatures during winter and eagging were related to changes in
the North Atlantic Oscillation (NAO) index durindpis period (Lépez-Moreno et al.,
2008). Most recent studies that used updated dsgabgincluding data of the 21
century) confirmed that a shift towards more negaftNAO has affected the recent
evolution of temperature and precipitation over Byeenees. Thus, no temporal trends
of either variable are found near Monte Perdideesithe 1980s, when the study period

starts in the 1980s and the effect of the cold watperiod of the 1960s to 1970s is
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removed. Vicente-Serrano et al. (2010) found thatibhcreased occurrence of very wet
winters during the 2000s was associated with fregggong negative NAO winters. In
agreement, Buisan et al. (2015) indicated thatHerperiod of 1980 to 2013 the overall
number of snow days in the Pyrenees remained s#agiand even slightly increased in
some locations. In a most recent study, Buisanl.e{uader review) has reported
stationary behavior or slight increases in snowewatjuivalent for the period 1985-
2015 in the central Spanish Pyrenees. Macias ef2all4) support the view that
southern Europe and some other regions of the vinanke undergone clear moderations
of the warming trends that were reported at theadride 28" century. Nonetheless, it is
necessary to bear in mind that the longest climaggords or dendroclimatological
reconstructions for the Pyrenees still point oetpleriod considered in this study (1980-
2014) as a very strong positive anomaly of tempeeaand a dry period compared to
the period since the end of the LIA (Biingten et 2008; Deaux et al., 2014; Marti et
al., 2015). More research is needed to fully asessmplications of the temperature
increase detected in May and June in the four aedlyneteorological stations. This
change could lead to less snow accumulation agrideof the accumulation season and
a longer ablation period, and an early rise of dbthat may be affecting the mass and
energy balance of the glacier (Qu et al.,, 2014)otAer hypothesis that should be
considered in future research is to consider tfecebf increasing slope of the glaciers,
due to higher thickness loss in the distal partstdasing slopes are expected to affect
snow accumulation on the glaciers and might cantstidnother feedback mechanism to

explain the recent evolution of the glacier.

The mass loss rates presented in this study fodifferent periods (-0.39+0.1 and -
0.72+0.14 m w.e. Vt for 1980-1999 and 1999-2010 periods respectivalg)similar to

the reported by Chueca et al., (2007) and Mardl.e2015) for the Maladeta massif (-
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0.36 m w.e. yi for the 1981-1999 period; and -0.7 m w.e. yr-1tfe@ 1991-2013). The
most recent mass balance values obtained for theteMBerdido Glacier are more
similar to those reported for the Swiss Alps (Fescét al., 2015), or the best preserved
glaciers in some areas of the Italian Alps (Cartweal., 2013 a); but lower than those
of the fastest retreating glaciers in the Alps {@@n et al., 2013b) or that reported for
the Ossoue Glacier (French Pyrenees, -1.45 m w'doy the 1983-2014). The smaller
rates on the Spanish side of the Pyrenees thaheoRrench side may be explained by
the location of the remnant ice bodies on Soutlstie of the range, confined to the
most elevated and the least exposed locationeinrdspective cirques (Lopez-Moreno
et al., 2006). In contrast, the Ossue glacier haisitained a considerable glacier tongue
on an eastward slope. In this context, the onlyiaation for the rapid degradation of
the Monte Perdido Glacier after 1999 is that thegpessive warming observed since the
end of the LIA was responsible for a dramatic réiducin the accumulation area ratio
(AAR), and most of this glacier is below the cutr&hbA (at 3050 m a.s.l. during the
three-year period 2011-2014, Figure 6D). This letada clear imbalance that is very
likely to be exacerbated by negative feedbacksaBse of this imbalance, the glacier
cannot recover ice losses during periods with falblar conditions (high accumulation
and/or little ablation in the frame of the 1983-2Qderiod). This hypothesis is strongly
supported by our detailed TLS measurements fromlasefour years. In particular,
these TLS data showed that two consecutive anomsiglpositive years (2012/13 and
2013/14), compared to a period with unfavourableddmns for the glaciers, did not
allow recovery of the losses from a negative yea@i1/12). Thus the glacier thinning
during this three years period was 1.93+0.4 m 8£0536 m w.e. yf), roughly one-
fourth of the loss from 1981 to 1999, and from 1992010. The accumulation area

ratio for the 2011-2014 period was 16 %, and duangarm and dry year the loss of ice
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thickness affects almost the whole glacier (AAR<4f#4gicating that there is not a
persistent accumulation zone. Pelto (2010) obsetivaidthis is a symptom of a glacier
that cannot survive. There can be years with masyg gut there is loss in most years
and the retained snowpack of good years is losianh years, then in fact there is no
cumulative accumulation. Thus, the behavior obskrfee the Monte Perdido glacier
during the studied period is very likely explainag very negative mass balance years
that may be identified in Figure 2. Thus, yearshwiery high temperatures occurred
after 2000 (2003, 2005 and 2012), and in 2005 &1i® 2hey were also characterized
by low winter precipitation. The feedbacks from @&sed albedo and increasing slope
of the glaciers may also be playing a key rolehia tecent acceleration of the glacier
wastage. Obviously, this indicates that the futofethe Monte Perdido Glacier is
seriously threatened, even under stationary clonadnditions. A ground-penetrating
radar (GPR) survey of the lower glacier in 2010orégd a maximum ice depth close to
30 m in the westernmost part of the lower glacigmp(blished report), suggesting that
large areas of this glacier may even disappeariwitie next few years. This process
may be accelerated by negative feedbacks suchea®dknt rise of rocky outcrops in
the middle of the glacier and the thin cover of ridghbboth of which may accelerate
glacier ablation by decreasing the albedo and asing the emissivity of long-wave
radiation. The highly consistent spatial patternceflosses in the last 30 years suggests
that the westernmost part of this glacier will gisear first; the easternmost part will
survive longer as a small residual ice mass beaafugeeater snow accumulation during
positive years and a lower rate of degradation. Wite glacier is restricted to this
smaller area, it is likely that its rate of shrigkawill decrease, as observed for other

Pyrenean glaciers (Loépez-Moreno et al., 2006).
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The future long-term monitoring of the Monte PedliGlacier is likely to provide

important information on the year-to-year respoogéts mass balance to to a wide
variety of climatic conditions, and will allow dé&d analysis of the role of positive and
negative feedbacks in this much deteriorated gladibus, study of this glacier may
serve as a model for studies of the evolution atigrs in other regions of the world

that have similar characteristics now and in tharki
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Figure captions

Figure 1. Monte Perdido study area and extent of ice covéneaend of the Little Ice
Age (according to the map of Schrader [1874]) am®008. Red square marks the
scanning positions, numbered points indicate thatipo of the fixed targets used for

georeferencing and merging the different cloudgaots.

Figure 2. Interannual fluctuations and overall trends (ginailines) of minimum and
maximum air temperatures during the accumulatich @bvlation periods, precipitation
during the accumulation period, and maximum snopttdeluring April based on data
from the Goriz meteorological station (1983 to 201Boxplots at the right of each
panel show the interannual variability during thestrecent 3 years (2011/12, 2012/13,
and 2013/14) when terrestrial laser scanning measemts were available. Box: 25th
and 75th percentiles, bars: 10th and 90th peresntdots: 5th and 95th percentiles,

black line: median, red line: average.

Figure 3. Interannual fluctuations of minimum and maximum taimperatures during
the accumulation and ablation periods and pre¢ipitaduring the accumulation period
at the stations of Aragnouet, Canfranc, Mediandy(¢@mperature) and Pineta (only
precipitation) during the period 1955-2013. Numbgige the Tau-b values of the

trends. Asterisks indicate statistically significénrends (<0.05)

Figure 4. Photographs of the Monte Perdido Glacier duringléhe summer of 1981

and 2011.

Figure 5. Changes in glacier elevation the upper and lower Monte Perdido Glacier

from 1981 to 1999 and from 1999 to 2010 based ompesison of DEMSs.
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Figure 6. Changes in glacier elevation based on terreslaisér scanning from
September of 2011 to 2012 (Fig. 5A), 2012 to 2(Hig 6B), 2013 to 2014 (Fig. 5C),

and 2011 to 2014 (Fig. 5D).

Figure 7. Changes in glacier elevation over the whole gladower glacier, and upper
glacier for the same 4 time periods examined inufgg5. Box: 25th and 75th
percentiles, black line: median, red line: averdugges: 10th and 90th percentiles, dots:

5th and 95th percentiles.
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Table 1. Tau-b values of the trends for the period 1983-2fk3temperature and precipitation in the analyz&tions. Asterisks indicate
statistically significant trends (p<0.05). Bold nbens are statistically significant differences he tmedians of the period 1982-1999 and 1999-
2010 according to the Mann-Whitney test.

Aragnouet Canfranc Mediano Pineta Goriz
Tmx Tmn Precip { Tmx Tmn Precip{ Tmx Tmn | Precip{ Tmx Tmn Precip
January 0.08 0.02 0.04 | -003 -0.13 0.03 | 006 0.04 0.06 0.07 0.11 0.02
February 0.04 0.06 0.02 0.05 -0.01 -0.08 {003 -0030.39*; 004 0.02 0.00
March 0.11 0.112 0.14 0.03 -0.03 0.26 |-0.02 0.03 0.31 0.02 0.06 0.20
April 0.28* 0.25 0.08 0.24 0.19 -0.15 | 0.02 0.12 0.02 0.15 0.21 -0.17
May 0.23 0.24 0.31* | 0.30* 0.18 0.14 | -0.01 0.04 0.12 | 0.34* 0.33* 0.27
June 0.28* 0.31* 0.14 | 0.35* 0.47* 0.04 | 0.09 -0.05 0.10 | 0.32* 0.25* -0.05
July -0.12 0.06 0.13 0.11 0.15 0.16 {-0.07 -0.21 0.15 | -0.07 -0.05 -0.11
August 0.07 0.13 -0.02 ! -0.02 o0.01 0.03 {-0.12 -0.25 0.32 0.10 0.07 -0.02
September 005 0.05 0.02 { -006 -0.23 0.10 {-0.18 -0.23 0.10 0.01 -0.02 0.04
October 0.08 0.19 0.19 0.06 0.04 0.14 { 0.04 -0.14 { 0.08 001 004 011
November -0.06 -0.06 0.18 { -0.18 -0.23 0.10 | -0.08 -0.30*{ -0.02 | -0.11 -0.09 0.00
December -0.15 -0.10 -0.03 {-0.37* -0.42* 0.08 |-0.25 -0.23 0.13 |{-0.27* -0.23 -0.06
_Accumulation period | 0.10 011 012 | 004 011 001 |-022 -0.22 | 000 | 006 015 0.5
Ablation period 0.10 0.10 0.17 0.11 -0.26 -0.26 0.13 0.12

Table 2.Surface area (ha), loss of surface area (ha), mmagérate of surface area loss (hd)yf the Monte Perdido Glacier.

Surface Area Loss of Surface Area

1981 1999 2006 1981-1999 1999-2006
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Upper glacier (ha) 8.30+0.27 6.80+0.25  4.80+0.21 50%0.47 2.00+0.46
Lower glacier (ha) 40.10£0.59 37.10+0.62 33.70+0.54 3.0+1.21 3.40+1.16
Entire glacier (ha) 48.40+0.65 43.90+0.62 38.5080.5 4.50+1.23 5.40+1.20

Entire glacier (ha yh) 0.25+0.07 0.77+0.17
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