Zaragoza 12/02/2016

Dear editor,

It is our pleasure to submit a deeply revised wersof the paper, now entitled:
“RECENT ACCELERATED WASTAGE OF THE MONTE PERDIDO @CIER IN
THE SPANISH PYRENEES?”, by J.l. LOpez-Moreno andesth

We want sincerely to thank to all of you by thehiguality of your edits and your

comments. We have followed all the comments raigethe reviewers that they were
mostly stylistic, or asking for some small clardion. It also includes some small
change in Figure 1 and 3. Below, you can find afly point answer to each question

received by reviewers, as well as the “tracked ghahversion of the manuscript.

Of course, we will be happy to continue discussing adding any improvement that

you can consider still necessary.

Looking forward to hear your kind reply,

Ignacio Lopez and co-authors



REVIEWER 1

Lépez-Moreno et al, (2016) provide a detailed vauchange/mass balance record for
Peridido Glacier. The record uses typical geodetethods, supplemented in recent
years by TLS measurements. The results are compatedal climate data. Given the
low probability that this glacier can survive begadime next few decades, this paper is
an important observational times series and snapshencourage the authors to
continue the TLS observations.

Answer: Thanks a lot for your time reviewing again the neumipt and your positive
comments. We really want to maintain the monitoofhthis glacier, and we are already
looking for a permanent funding to ensure the curity of our research

- 2-14: The mass loss cited for 2011-2014 is naselto equilibrium or that much of a
change from the previous period. -0.58+0.36 m w-4.; Possible reword

Answer: The sentence has been reworded as follows: “This @f glacial ice has
continued at a lower rate from 2011 to 2014 (tlazigk depth decreased by 1.93+0.4 m,
-0.58+0.36 m w.e. ¥b)",

- These data 15 indicated that two consecutive etykanomalous wet winters and
cool summers (2012-13 and 2013-14) resulted incaldeation in wastage compared to
previous 17 years, but were counteracted by theatia shrinkage that occurred during
the dry and warm period of 2011-2012.

Answer: Thanks, we have changed the sentence accordingly.

2-20: Reword: Local climatic changes observedmiuthe study period seems do not
sufficiently explain the acceleration in wastage raf this glacier, because precipitation
and air temperature did not exhibit statisticaligngficant trends during the studied
period.

Answer: Thanks, we have changed the sentence accordingly.

- 4-4: Reword: transitioned from an ice based gladuring the mid-20th century and
became a rock glacier.

Answer: Reviewer 3 also suggested changing this sentemtaeva have followed his
recommendation (very similar to yours, thanks)



- 4-7: remove “are”

Answer: Done, thanks

-4-14: reference

Answer: We have used the following reference: Grunewald, 8cheithauer, J.:
Europe's southernmost glaciers: response and a&dapta climate change. Journal of
Glaciology, 56 (195), 129-142, 2010.

- 4-25: accumulation area ratios

Answer: Changed

-5-18: avalanches, wind drifting and new rock expes. In the case of shrinking
glaciers the latter can be key.

Answer: we have changed the sentence taking into accaumtcpmments: “Moreover,
very small glaciers may develop and evolve for eaasunrelated to the regional long-
term, monthly or seasonal climatic evolution, sashavalanches, wind drifting and new
rock exposures. In the case of shrinking glacibeslatter can be key (Chueca et al.
2004; Serrano et al., 2011; Carturan et al., 2013c)

9-5. Without providing any evidence the short dvébehn events should not be
referenced.

Answer: We have removed the reference to potential effeféihn events.

10-17: “punctually values “? Does the mean consistalues?

Answer: We changed the sentence following the recommendafioeviewer 3.

12-10: It would be useful to have an image fromTh.S scan position.

Answer: We have stated in the revised version of the maipigbat the view from the
scan position is the same than the photos showigure 4.



12-13: Were the targets placed on ice or rock lmatveombination of these, how large
are they?

Answer: We specify now: “11 reflective targets of known ghaand dimension
(cylinders of 10x10 cm for those located closentB@0 meters, and squares of 50x50
cm for longer distances) were placed at the reéergoints on rocks at a distance from
the scan station of 10 to 500 m”.

- 13-18: Reword: May and October are transitionahths between accumulation and
ablation conditions depending on specific annuabdmns.

Answer: Changed, many thanks.

14-18: Reword... is in line with observations aethother meteorological stations

Answer: Changed, it was also suggested by Reviewer 3.

- 15-16: The trend may not be significant but ipegrs from Figure 3 that the mean
temperature when viewing the combination of staiail changed notably from the
1950-1983 period to the 1983-2014 period. If thés de easily reported and has
occurred it would be worth noting.

Answer: We stated this in the following sentence, thdtas been modified following
the recommendation of reviewer 3: “Figure 3 shows interannual evolution of
temperature and precipitation series for a lonigee slice (1955-2013). They illustrate
that climate observed during the main studied pe(i®83-2013) is not necessarily
representative of the longer climate series. Thhs, 1955-2013 period exhibits a
statistically significant [§<0.05) warming during the ablation period, and the
accumulation exhibited positive tau-b values bdtriht reach statistical significance.”

- 16-24: such areas increase ablation throughegrestention of solar energy.

Answer: Probably, this is the main cause, but we are naoimditions to affirm this
point as we have not yet enough data to fully ustded the mass and energy balance of
the glacier. We hope to have more data in the yeaats in this regard.



18-22: The AAR of only 54 also suggests the caowlit were not that good.

Answer: We indicate in the revised manuscript: “Nonethelesing this year, large
areas remained stable (AAR was 54%) and some araas exhibited noticeable ice
losses (more than 1.5-2+0.4 m in the upper andrgleeiers).”

- 19-8: remove the negative sign from in front &3l

Answer: removed

- 20-5: Since you have indicated limited snowfdilacge, you cannot say...”sharp
decline of snow accumulation”

Answer: We have slightly modified this sentence as followGlimatic analyses
suggest that the recent acceleration in the wastatiee Monte Perdido Glacier cannot
be only explained by an intensification of climatarming or by a decline of snow
accumulation”.

-20-14: This does not agree with earlier statenoénick of significant trend. “Such
changes have been also detected in the three tetupeseries analyzed for this study
during the period 1995-2013”

Answer: There was a mistake in the period, the period 8518013, it has been
changed in the revised manuscript.

-22-5: Reword, but much lower than most retreagjlagiers in the Alps (Carturan et al.,
2013b), such as Ossoue Glacier.

Answer: We have changed it accordingly to reviewer 3, whggested a deeper
rewording of the sentence

23-22: will survive longer

- Answer: Changed.



REVIEWER 3

This manuscript is an extensive revision of anieadubmission, and | am asked to
assess whether the revision responds adequategnionents by previous reviewers.
The short answer is Yes, in that requests for moagtatment of local and regional
climatic forcing have resulted in the incorporatimindata from more weather stations
and additional detail about the North Atlantic dlaton. Moreover the detailed
comments of the earlier reviewers, M. Pelto an@&rturan, have also been attended to
carefully.

My own view, like that of Dr. Pelto, is that this & potentially and actually valuable
study of a small glacier using field and remotessayn methods. The work is

documented in detail and has been carried outdardance with prevailing norms. The
annual balances obtained by terrestrial laser &ogniare well described and

information about this relatively new method is emhe. The mass-balance
measurements themselves are intrinsically valualihe. authors conclude that more
rapid mass loss in the 2000s, in spite of the dlonforcing remaining essentially

constant, is due to the glacier being so far frauildrium that occasional years of

mass gain do not suffice to slow the loss ratepidiothis another way, the climate has
left the glacier so far behind that it is no longapable of “catching up”. Appropriately

tentative suggestions are made to account for tleeleration of loss, including

significant late-winter warming, increasing glaceope and increasing coverage by
thin debris. These would all be suitable subjeatdurther investigation.

Notwithstanding this favourable assessment, therestill scope for considerable
improvement in clarity, stylistic correctness amcthoval of typos, but if the authors can
satisfy the editor about the changes suggestedvbeleould not anticipate a need for
yet another review.

Answer: Authors sincerely thank the positive comments dr&deep review that the
reviewer has done on some technical questions ane fot of stylistic comments.
Some parts of the text were heavily modified after first revision, and the reviewer
has edited all this text in a very kind and explaeawvay.



Substantive Comments

- P2 L6, L9 The relation between the 1999 topog@apiap and the year 2000 that is
mentioned at L9 should be clarified.

Answer: It has been clarified and now it is stated “aft®99”

-L17 Rewording needed to clarify the emphasis.ll*stind “overall” should both be
deleted, and “were” should be “was”, but | do natlerstand why the mass-balance
clause begins with “but” when it seems to agreé& wie main deceleration clause.

Answer: The sentence has been modified and simplified olewfs: “These data
indicated that two consecutive markedly anomaloe$ winters and cool summers
(2012-13 and 2013-14) represented a deceleratiomastage compared to previous
years, with a mass balance near zero”.

-L23-24 | would suggest “by the strong disequiliibn”, and change “climatic
conditions” to “climate”.

Answer: The sentence has been changed accordihglye accelerated degradation of
this glacier in recent years can be explained leystinong disequilibrium between the
glacier and the current climate and probably other...

-L8-9 Do you know that the LIA “ended” in the mi®th century? Unless you have
firm data, e.g. from lichenometry, | would say ‘legkd to have been in ...”. And
strictly the LIA culminated rather than ended then.

Answer: Thanks, now the sentence states: “Most glacierddwade have undergone
intense retreat since the culmination of the Littke Age (LIA) believed to have been in
the mid 18" century, as indicated by measurements of ice caidaea and volume”.

- P4 L25 “accumulation area ratios”. An “accumuwdatablation ratio” could only be the
ratio of the accumulation area to the ablation ,andach would range inconveniently
between 0 and infinity (as would be nearly tru¢hef Antarctic Ice Sheet).

Answer: Changed to “accumulation area ratios”.



- P7 L4 Delete “short”. (You do not yet know thaisi over, the two years of slight mass
gain being insufficient to establish the point.).

Answer: We have removed “short”

-L10 The longitude and latitude of the glacier wbbe useful information here.

Answer: We agree, and we have added this information

-P9 L1 “a.s.l., 2.7 km from the glacier)”.

Answer: Changed as indicated

-(As at P13 L10.) L19 | do not understand “unifiedrking under”, but a separate
sentence should probably be given to the seledifothe datum ED50. At P12 L14
there should be an explanation of how 2 the DGPs#tipns referred to ETRS89 were
reconciled with the rest of the work done in ED50.

Answer: Reviewer was right that the tesuggestedthat one of the datum, was
converted into the other, when really the two asedywere done using a different
datum. This does not affect at all to the presergsdlts as we do not compare directly
the data 1981-2010 with the one collected from 2@12014. To clarify this, we have
slightly modified the text as follows: “All threeEMs have and cell size of 2x2nand
they were used in the context of a geographic mé&tion system (GIS), working under
the European Datum ED50 (UTM projection, zone 30).

-P10 L6 Replace “late summer of 2010” with the éxtate if it is known.

Answer: We have indicated now that it was in September @102 this is all
information provided by IGN.

- P11 L14 More information is needed. It is not ioloe how to calculate uncertainty in
area given only an uncertainty in position.

Answer: We have added this information in the manuscripte’ maximum horizontal
error was used to calculate the uncertainty of igtemed areas and their temporal
changes. This uncertainty was calculated usingbtliter tool in ArcGIS. This tool
allowed quantifying the area of the polygon gerestawith the maximum horizontal
error around the perimeter of the glacier’. We haliecked and repeated again the
procedure to calculate them and we realized thatetlwere some mistakes in the



numbers, in particular to calculate the error afahrchanges in two different periods,
when the individual errors for each date must mersad. This has been corrected

-L19-20 This sentence is incoherent and does nat gnhough information. Replace it
with a proper explanation of how you calculated thecertainties in the rates of
elevation and mass change.

Answer: We have modified the sentence as follows: “A tahB5 reference points
around the ice bodies (identifiable sections ofksoand cliffs) were used to assess
measurement accuracy. Ninety percent of the referpoints had an error lower than
40 cm. Such 40 cm of error was considered as thertainty (added as error bars) to
the calculated ice depth and mass loss rates.” ajge how is easier to be understood.

-P13 L2-3 This is an odd way of saying what needbd said. Perhaps “overestimate
the mass loss rate for 1981-1999.”

Answer: We agree that your suggestion makes the sentenad reasier to be
understood. “Unfortunately, the lack of additiomalormation forced us to take this
generalization that may slightly overestimate ttessnoss rate for 1981-1999".

- L13-14 What about October?

Answer: Few lines later we explain that October and May banconsidered as
transitional months.

-17 L17-18 “The greatest thinning was at ...”. Coesicationalizing the terminology;
we have had “depth loss”, “thickness decay” and filmss of thickness”. “Thinning”
would be clearer than all of these.

Answer: Despite we use still some different terminologyatmid repetitiveness, this
revised version uses “thinning” very often.

- P18 L1. The mixture of signed and unsigned ®ssed gains makes this section
especially hard to follow.

Answer: Now all losses and gains are signed to avoid cdmifu In this last version we
only not use signs when the numbers immediatelpviol word that informs of the
sign (i.e. a decrease of...)



-P19 L4 Clean up the garbled “0.070.08".
Answer: Done

-L10 Nine readers out of 10 will not know that niaye” is the French for
“bergschrund”, which is the almost universal techhterm.

Answer: Thanks, we have changed “rimaye” by “bergschryund”

-P21 L19-22 “is that increasing slope of the glesielue to greater thinning at lower
elevations, affects snow accumulation and consstainother ...”. But how does the
slope “affect” accumulation? Are the lower elevatieexperiencing greater ablation, in
which case the hypothesis is not about accumulati@nis more snow avalanching off
the glacier? Incidentally, there is nothing wronghwdistal” and “proximal”, but they
are more common in geomorphology, and most glagisi® have to pause to work out
which is which. (At least, | do.)

Answer: We added this paragraph as a suggestion of ottfeeakeviewers. We think
that it is true that the slope of the glacier hasreased, and it may affect to snow
accumulation. However, we have not yet any evidemcéow may affect and this is
why we propose this just as a hypothesis to coraiban the future. We have been
thinking some alternative to “distal” and we do fiotl an accurate terminology to refer
ths part of the glacier (“terminus™? “glacier sn@)tany suggestion will be very
welcome. Thanks.

-P22 L24 Delete “average”; you mean “total’. Charigecrease of glacier depth” to
“thinning”.

Answer: We have modified the sentence as follows: “Thusgliaeier thinning during
this three years period was 1.93+0.4 m, roughly-foneth of the loss from 1981 to
2000, and from 2000 to 2010.”

- L25 The text keeps switching between m of thidenehange and m w.e. of mass
change. The earlier numbers in this paragraphlbaneags changes, and now the reader
suddenly has to change back to thinking in unitéenfth. In other parts of the text,
both units are presented, which makes for difficedtding in a different way (too much
indigestible information). Along with consistenteu®f minus signs, | think that
presenting changes in just one unit would imprdserhanuscript greatly. The obvious



choice would be m of thickness change, given thatdensity is only assumed (as in
most other geodetic studies).

Answer: We presented the changes in both units becausasirequired by one of the
reviewers. | can wait he editor’s decision to peacén a definitive direction. My
opinion is that presenting both units (even whergsnzhange is estimated with some
rough assumptions) may benefit the comparison asthilable literature that presents
both units. In that part of the discussion we hastded the mass change to the glacier
thinning data.

-P23 L1 As far as | can tell from section 3.1, naaswements were made in 2000, so |
do not know what this sentence is about.

Answer: our mistake. It has been changed by “1999”

- L10-12 Delete “As mentioned before, also”, andrale “must” to the more cautious
“may also”. Your conjectures are persuasive, butlyave no actual evidence.

Answer: Thanks, we have changes as follows: “The feedbfoks decreased albedo
and increasing slope of the glaciers may also lbgimy a key role in the recent
acceleration of the glacier wastage.”

Figure 1 The UTM zone of panel a should be mentanghe caption. The eastings in
Figure 5 are ~492 km greater than those of Figurandl this must be explained (and
corrected if it is an 3 error). (The scale of a Upkdjection is true at eastings of ~320
km and ~680 km, so the zone chosen for Figuresbghbtly “worse” than that of Figure
1. But the error is negligible.)

Answer: Thanks for detecting this mismatch. The study a@sgast in the change of
UTM band. We have unified the coordinates of baglres, by modifying the ones in
figure 1.
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Table 1 Give Table 1 its correct number, and chdmderm of” to “are”. Table 2 The
errors that end with a decimal point need a foltaywlecimal digit. The caption should
explain the integers that appear in the third Bwpropagation of the errors in area the
errors in area change should be much larger thasetbiven. For example for 1986 to
1999 the upper-glacier error in area change shioeil$l0.36, not £0.06. This illustrates
why a more complete description and justificatidnttee error analysis needs to be
provided. (See P11 L14 and P12 L19-20 above.) Hhie should be expanded to give
all of the thickness changes (or mass changesufpyefer) as well as all the area
changes. After all, you yourself assert (corredihygt mass change measurements “give
better information” than measurements of area ogtle change (P6 L2). This would
allow some space to be saved in the text on PI7parhaps even on P18-19.

Answer: This table was wrong because page orientation diwaite been “landscape”
instead of “portrait” and numbers were distorted. b&tter description of error
estimation has been provided and we hope it wilhbe easy to be understood for
readers. In our opinion we prefer to maintain thlde devoted to provide data only for
surface changes, as there are 3 other figuresmirigrof ice depth changes. Years of
information on ice depth changes are differenhtisé with surface information and we
think it may result in a confusing table. Of coynae are completely open to reconsider
this point.

Stylistic Comments

Answer: All stylistic comments have been closely followddithors really thank the
big effort for improving the readability of the mascript

Figure 2. Spelling of “accumulation” should be eated in panels a, ¢c and e. Figure 3
“at the stations”. Change “inform of” to “give”.dlicize p in “p

Answer: Figure 2 has been corrected, and the captiongoir&i3 accordingly modified.
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Abstract

This paper analyzes the evolution of the Monte iderGlacier, the third largest glacier
of the Pyrenees, from 1981 to the present. We ssddbe evolution of the glacier’'s
surface area by use of aerial photographs from 188349, and 2006, and changes in ice
volume by geodetic methods with digital elevatioodsls (DEMs) generated from
topographic maps (1981 and 1999), airborne LIDAR1® and terrestrial laser
scanning (TLS, 2011, 2012, 2013, and 2014). Wepnt¢ed the changes in the glacier
based on climate data from nearby meteorologiGiosis. The results indicate an
accelerated degradation of this glacier a@801999 with a rate of ice surface loss
that was almost threéimes greater from 2000 to 2006 than for earliefgos, and 1.85
times faster rate of glacier volume loss from 1892010 (the ice depth decreased by
8.98+1.® m, -0.72+0.14 m w.e. ¥) compared to 1981 to 1999 (the ice depth
decreased 8.35+2.12 m, -0.394Drh w.e. yi). This loss of glacial ice has continued

a lower ratéfrom 2011 to 2014 (the glacier depth decreased.®3+D.4 m, -0.58+0.36

m w.e. yi'). These data indicated that two consecutive markauynalous wet winters

and cool summers (2012-13 and 2013-14) resultech ideceleration in wastage

compared to previous 17 vears, but were countatdmjethe dramatic shrinkage that

occurred during the dry and warm period of 2011228kse-data-indicated-thattwo

during—the—dry—and-warm—peried—of2011-2012. :. dloclimatic changes observed

during the study period seems do not sufficiend{pl@in the acceleration in wastage

rate of this glacier, because precipitation andeaiperature did not exhibit statistically
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significant trends during the studied peried-Lodahaticchanges-ebserved-during the

statistically-sighificant-trends-during-the-studaetiod. The accelerated degradation of

this glacier in recent years can be explained thg strong disequilibriumthe—tack of

eguilibrivmbetween the glacier and the curreliwratic-conditiensclimatand probably
other factors affecting the energy balance (i.eréiased albedo in spring) and feedback

mechanisms (i.e. emitted heat from recent icelfestrocks and debris covered areas).

Keywords: Glacier shrinkage, climate evolution, geodetic hods, terrestrial laser

scanner (TLS), Pyrenees

1 Introduction

Most glaciers worldwide have undergone intenseattsince thend cuminatiorof the

Little Ice Age (LIA) believed to have been in-the mid 18 century, as indicated by
measurements of ice surface area and volume (Mireteal., 2013; Marshall 2014;
Marzeion et al.,, 2014 and 2015; Zemp et al.,, 20T4)is trend has apparently
accelerated in the last three decades (Serrarq 2041; Mernild et al., 2013; Carturan
et al. 2013a; Gardent et al., 2014; Lopez-Morenal.et2014). Thus, Marshall (2014)
and Zemp et al. (2015) noted that loss of globatigt mass during the early %21
century exceeded that of any other decade stud@esleral studies examined this
phenomenon in Europe. In the French Alps, gladienkage has accelerated since the
1960s, mainly in the 2000s (Gardent et al., 2014)the Otzal Alps (Austria),

Abermann et al. (2009) calculated the loss of glaarea was0.4% per year from 1969

3
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to 1997 and0.9% per year from 1997 to 2006. In the CentrdialtaAlps, Scotti et al.
(2014) compared the period of 1860-1990 with 190072 and reported an
approximately 10-fold greater average annual deered glacier area during the more
recent period. Carturan et al. (2013b) also repattat the rate of ice mass loss in the
long-term monitored Careser Glacier (Italian Algsying the period 1981-2006 (-1.3
m w.e. yi'') was about twice that for the period of 1933 t694.8-0.7m 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 cgrtiose to -0.25 m w.e. Y. In the

Sierra Nevada of southern Spain, the Veleta Gladigting the LIA, evolved into a

rock glacier during the mid-20th century and haesed marked degradation—which

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

The Pyrenees host some of the soutimeost glaciers of Europere and they have also

undergone significant retregtGrunewald and Scheithauer, 20100 2005, these

glaciers had an area of 495 hectares (Gonzéaledaraeeal., 2008) and in 2008 they
had a total area of 321 hectares (René, 2013)e 3i880, the different massifs have had
variable reductions in area covered by ice, witB9bo 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 disappeareithénPyrenees 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 gideiee imminent extinction. Chueca
et al. (2005 and 2008) reported that the rateslasfigy shrinkage during the last two

decades of the 0century and the beginning of the2dentury were similar to those
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observed from 1860 to 1900, immediately after tine @ the LIA. A similar conclusion

has been reached by Marti et al. (2015) for the@ssSlacier (French Pyrenees).

Most studies agree that global warming is respdm$dy the observed glacier shrinkage

and the recent acceleration of this shrinkage. Tmperature increase has been

particularly strong since the 1970sstrong-since-the-end-of-the-dnd-also-sinece-the

1970sin most mountain ranges of the world (Haeberli Bediston, 1998; Beniston et

al., 2003; Nogués-Bravo et al., 2008; Gardent et 2014). Global warming has
increased the equilibrium line altitudes (ELAs) aeduced the accumulatiailation
arearatios{AARSs) of glaciers, so that most glaciers are not in ldzrium with current
chimatic—conditionsclimat€Mernild et al., 2013) and many of them cannowiser for
much longer (Pelto, 2010). In the case of the Rygenthe annual air temperature has
increasedy a minimum of 0.9°C since the end of the LIA (Dessend Biicher, 1998;
Feulliet and Mercier, 2012). More recently, Deatiale (2014) reported an increase of
0.2°C decadeé for the period between 1951 and 2010. This expldire ~255 m
increase in the elevation of the El#of the glaciers of the Maladeta Massif since the
end of the LIA, which is currently close to 2950ams.l. (Chueca et al., 2005). The
decreased accumulation of snow, and the increasm air temperature during the
ablation season are thought to be the principaseawf recent glacier decline in the

southern (Spanish) side of the Pyrenees (Chueaig 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

fluctuations of climate and the changes in areamass 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 lalgeiers respond much more slowly

5
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(Marshall, 2014). Hewever—establishing—a—directatienship—between—annual

Marshall—2014) Moreover, very small glaciers may develop and ewdbr reasons

unrelated to the regional long-termmonthly or seasonal climatic evolution, such as

avalancheswind drifting and new rock exposures. In the casshoinking glaciers the

latter can be keyand-shew-aceumulation-due-to-\(@htleca et al. 2004; Serrano et al.,

2011; Carturan et al., 2013c). Local topography &las a considerable effect on the

development of ice bodies, and can cause notablatioas in the ELAs of different
glaciers in the same region (Reinwarth and EschegteY, 1999; Carrivick and Brewer,
2004; Lopez-Moreno et al., 2006). Moreover, mangigts of recent changes in glaciers
examined the evolution of the area of glaciatedases or glacier lengths. These
parameters respond to climate fluctuations, althabgs relationship is also affected by
geometric adjustments (Haeberli, 1995; Carturaralet2013a). Thus, direct mass-
balance estimations or geodetic methods that deteroihanges in ice volume provide
better information on the relationship between iglachanges and climatic changes
(Chueca et al., 2007; Cogley, 2009; Fischer eRall5). In the Pyrenees, there are very
few estimations of ice volume loss (Del Rio et 2014; Sanjosé et al., 2014; Marti et
al., 2015), although abundant research has examaoett changes of glaciated surface
areas (Chueca et al., 2005, Lépez-Moreno et al6;2G@nzalez-Trueba et al., 2008).
Annual estimates of glacier mass fluctuations bawethe glaciological method were
only performedin—on the Maladeta Glacier (Spanish Pyrenees) andhe Ossoue
Glacier (French Pyrenees), and these indicatedhtten glaciedepth-lossthinningvas

-14 m during the last 20 yeaosn the Maladeta Glacier, an@2 m oin the Ossoue
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Glacier (Arenillas et al., 2008; René, 2013; Mantial., 2015). Other studies in the
Spanish Pyrenees compared digital elevation m@@&s/s) derived from topographic
maps of 1981 and 1999 in the Maladeta Massif (Chetcal., 2008) and the Monte
Perdido Glacier (Julian and Chueca, 2007), andrtegpdosses of -0.36 m w.e. yand

of -0.39 m w.e. YT, respectively.

This paper focusesin the recent evolution of the Monte Perdido Glacike third
largest glacier in the Pyrenees. We document clsaimgthe glacier surface area from
1981 to 2006 and provide updated information orumtric 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 performeathduhe autumns of 2011, 2012,
2013, and 2014. We examined these data in connewttb data on precipitation, snow
depth, and air temperature from the closest metagical station. Identification of
changes during recent years in this region is @ddrly important because in the 21st
century snowfall accumulation has been higher hadeémperatures slightly cooler than

in the last decades of the™@ssociated to a persistently positive North-astetito

persistentpositive-conditions-ef-the-NeAtantic Oscillation index in the beginning of

the 21st century (Vicente-Serrano et al.,, 2010;s8wiet al., 2015). Thus, the most
recent response of the remnant ice bodies to ghistclimatic anomaly is as yet
unknown. Moreover, the availability of annual TL&al in recent years permits detailed

examination of the relationship between changesiiimate and glaciers.

2 Study area and review of the previous research dhe Monte Perdido glacier
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The Monte Perdido Glacié#2°4050"N 0°0215"E) is located in the Ordesa and Monte - | cédigo de campo cambiado )

B [ Con formato: Inglés (Estados Unidos) ]

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

west-east basin called the Marboré Cirque (5.8 km

Researchers have studied glaciers in the Marborgu€isince the mid 19century
(Schrader, 1874), and mamgxt subsequerdgtudies examined the extent and made
descriptions of the status of the ice masses amdetitures of the moraines deposited
during the LIA (Gomez de Llarena, 1936; Hernandaekeco 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 Pisdn
and Arenillas, 1988; Garcia Ruiz and Marti BonoQ20Martin Moreno, 2004) and
have analyzed environmental changes during the déak through the study of
sediments in Marboré Lake (Oliva-Urcia et al., 20HBd by dating of Holocene

morainic deposits (Garcia-Ruiz et al., 2014).

The map of Schrader (1874), numerous old photograahd the location of the LIA
moraines (Garcia Ruiz and Marti Bono, 2002) indieatinique glacier at the foot of the
large north-facing wall of the Monte Perdido Mas@donte Perdido, Cilindro and
Marboré peaks) (Figure 1). The map of Schrader 4L&istinguishes the Cilindro-
Marboré Glacier, with three small ice tongues fjoated in the headwall, from the
Monte Perdido Glacier, which was divided into thetepped ice masses connected by
serac falls until the mid 20th century. The gladleat existed at the lowest elevation

was fed by snow and ice avalanches from the intdiatee glacier, but
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dissapeareddisappearafter the 1970s (Nicolas, 1986; Garcia-Ruiz et2014). The

two remaining glacier bodies, which are currenthcannected, are referreg-to this

paper as the upper and lower Monte Perdido Glaclérs glacier beneath the Cilindro
and Marboré peaks has transformed into three smallisolated ice patches (Garcia-
Ruiz et al., 2014). It is noteworthy that Hernan&exrheco and Vidal Box (1946)
previously estimated a maximum ice thickness ofrbfor the upper glacier and 73 m
for the lower glacier. In 2008, 82% of the ice aoaethe end of the LIA had already
disappeared. The upper and lower ice bodies haam elevations of 3110 m and 2885
m (Julian and Chueca, 2007). Despite the high &tavaf the upper glacier, snow
accumulation is limited due to the minimal avalamelttivity above the glacier and its

marked steepness40°).

There has not been a diresttimation observatioof the current location of the ELA in
the upper Cinca valley, but studies at the endhef2d and beginning of the 1

century placed it at about 2800 m in the Gallegtieyawest of the OMPNP (L6pez-
Moreno, 2000), and at about 2950 m in the Maladétessif, east of the OMPNP
(Chueca et al., 2005). The mean annual air temperatt the closest meteorological

station (Gériz at 2250 m a.s.2.7 km from the glacig¢iis 5.03°C, although this station

is on the south-facing slope of the Monte Perdidassif. Assuming a lapse rate of

0.55°C to 0.65°C every 100 m, the annual 0°C isottehould be roughly at 2950 to

The climate in this region can be defined as highuntain Mediterranean. Precipitation
as snow can fall on the glacier any time of yeat, most snow accumulation is from

November to May, and most ablation is from Jun8dptember.
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3 Data and methods
3.1. Comparison of DEMs

DEMs from different dates can be used to calcutanges in glacier ice volume. This
technigue is well established for the study of iglecin mountainous areas (Favey et
al., 2002), and we have previously applied it inesal studies of the Pyrenees (Chueca
et al., 2004, 2007; Julian and Chueca, 2007). Tivesysedhree3DEMs to estimate
the changes in ice volume in the Monte Perdido i@tadwo DEMs (1981 and 1999)
were derived from topographic maps and one (20183 Wwom airborne LIDAR
measurements. All three DEMs have and cell siz&xaf nv, and they were used in the
context of a geographic information system (G#8)d working-unified-weorkingindera
single-unigue-geodetie-datum (tBaropean Datum ED50UTM projection, zone 30).

The 1981 DEM was obtained from the cartography iphbtl by the Spanisimstituto
Geografico Naciona{IGN) (Sheet 146-1V, Monte Perdido; Topographidibiaal Map
Series, scale 1:25000). This map was publishe®®7 Bnd its cartographic restitution
was based on a photogrammetric flight in Septemi®8d. The 1999 DEM was also
derived from cartography published by the IGN ($h&46-1V, Monte Perdido;
Topographic National Map Series MTN25, scale 1:250@t was published in 2006
and its cartographic restitution was based on aoginammetric flight in September
1999. The 2010 DEM was obtained from an airborri@AR flight (MDTO5-LIDAR)
made by the IGN ihate-summerSeptembef 2010 in the context of the National Plan

for Aerial Orthophotography (NPAO).

The Root Mean Squared Error (RMSE) farrtical- elevationaccuracy calculated by

the IGN for their digital cartographic products1a?5000 scale is £+ 1.5 mand + 0.2 m
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for their LIDAR derived DEMSs. To verifghe-valdity-ofthese accuracies we made a
comparison of 2010-1999, 2010-1981 and 1999-198% pADEMs in areas of ice-free
terrain placedin—the—vieinity—efnearthe studied glaciers. The results showed good
agreement with the accuracy indicated by the IGMImost all areas althoudhrger
vertical errorshighervertical-altimetgrrors were identified in several sectors of very
steep terrain (with slope values usually > 65°ated in the Monte Perdido glacial
cirque (sharp-edged crests and abrupt cliffs linkedhe geological and structural
disposition of the area). In those sectors, diffees between the DEMs reached
punctualyvalyesin-the-range-00-15 m. As both Upper and Lower Monte Perdido
glaciers are placed well outside those areas aveldmaoothertopographical surfaces
a-smeethernatdnit might be assumed that the altimetric data ptediby the IGN has

an appropriate consistency over glaciated terrain.

The combined vertical RMSErthe-1981-1999 DEMs for DEM differences was § 2.

m for 1999 minus 1981 and < 2.0 m for 2010 minu89¥hs < 2.5 m-and-<2.0-m-for

the-1999-2010-comparisoin the latter case it must be noted that differgeodetic

methods (photogrammetrical and airborne LIDAR) wesed in the comparison and

that this fact couldhlter the accuracy of the elevation changes-diecbmbined-data

acecuraey(Rolstad and others, 2009). In any cédsgh these errors were consideredboth

combined-vertical RMSE-were—consideqmeécise enough for our purposes as the ice-
depth changes obtained in our analysis were gépenaich higher than these values.
The estimation of ice volume changes was perforimmedtcGIS comparingby cut and

fill procedures pairs of glacier surface DEMs (1981-1999 and 12090).The glacial
perimeters associated with each DEM date wereeketti from aerial photographs
(1981:Pirineos SurFlight, Septemberl981, scale of 1:30000, black and white; 1999:

Gobierno de Aragorirlight, Septemberl999, scale of 1:20000, color). There were no
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high quality flights for 2010, so 2006 aerial phgraphs were used (PNOA2006 Flight,
August 2006, scale of 1:5000, color). The 1999 2606 photographs were already
orthorectified, but we had to correct the geomatrgl georeference the aerial survey of
1981 by use of the georeferencing module of ArcQilge reference for the control
points was from the orthophotos and DEM data frd®®91 The horizontal RMSE
accuracy of the set of contrgboints ranged from 2.1 to 4.7 m, and was considered
sufficiently precise for our study. The maximum ikontal errorvalde-was usedo

calculate the uncertainty of glacierized areas—atcutate—errorbars—to—estimated

glaciated—areaand their temporal changeBhis uncertainty was calculated using the

buffertool in ArcGIS. This tool allowed-to-guantifyqudging—thatcalculated the area

of the polygon generated with the maximum horizbateor around the perimeter of the

glacier.A resampling procedure using cubic convolution wsed to generate the final

rectified images.

The most recent estimates of the evolution of taeigr 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 betwees ¢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 (rie&ared), which is ideal for
acquiring data from snow and ice cover (Prokop,82@xiinewald et al., 2010; Egli et
al., 2011), a minimum angular stepdth of 0.0188°, a laser beam divergence of

0.0468°, and a maximum working distance of 6000 m.
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When TLS is used for long distances, various s@uafeerror must be considered,
namely the instability of the device and errorsrirgeoreferencing the point of clouds

(Reshetyuk, 2006). We used almostfrontal view of the glacier(same as for the

photos shown in Figure 4yith minimal shadow zones in the glacier and a siten

distance of 1500 to 2500 m. We also used indiregistration, also called target-based
registration (Revuelto et al., 2014), so that scaom different dates (September of
2011 to 2014) could be compared. Indirect registnatises fixed reference points
(targets) that are located in the study aféaus;11 reflective targets of known shape

and dimensior(cylinders of 10x10 cm for those located closemtl280 meters, and

squares of 50x50 cm for longer distanees)are \ptaeed at the reference poiria

rocksat a distance from the scan station of 10 to 50@sing standard topographic
methods, we obtained accurate global coordinatethéotargets by use of a differential
global positioning system (DGPS) with post-proaggsiThe global coordinates were
acquired in the UTM 30 coordinate system in the E8R datum. The final precision

for foer-the set of target coordinates was +0.05-m-tbbaj-target-coordinate-was-0-05 m

in planimetry and 0@ m in altimetry.A total of 65reference points arounetrvarant

elements-of-the-landsecape-surrounding ice bodies (identifiable sections of rocks and

cliffs) were used to assess measurement accuraugtyNpercent of the reference points

had an -elevation—differenceerrdower than0.40 em—and-there—was—no—apparent

apred Such 40 cm ofleviations

error was considereds the uncertainty-{to-adetror bar$ to the calculated ice depth

and mass loss rates. The conversion of mean icati&le change to annual mass budget
rates was done applying mean density of 900 Ry(@hueca et al., 2007; Marti et al.,
2015). The assumption of this value neglects thetence ofa-firn, with a lower

density. This is mostly true at the end of the gtpdriod, but probably in the early
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eighties this assumption is not completely true fiamdareas existed (i.e. according to

Figure 3A). Unfortunately, the lack of additionaférmation forced us tadopttakethis

generalization that may slightlyrderestimate-the-aceeleration-in-icetoss—ratemglu

DO period. overestimate the mass

loss rate for 1981-1999.

3.2 Climatic data

The Spanish Meteorological Office (AEMET) providelimatic data from the Goriz
manual weather station, located at 2250 m a.s.thensouthern slope of the Monte
Perdido MassifGivennoThe absence changes in instrumentation and observation
practices in the meteorological station since 198Bd the proximity of the
meteorological station to the glacier (2.7 kraliggests that it accurately records the
climate variability over the glacier. The climatiecord consists of daily data of air
temperature, precipitation, and snow depth. Fragedidata, we derived annual series of
maximum and minimum air temperatures for the mairigols of snow accumulation
(November-May) and ablation (June-September), pitation during the accumulation
season, and maximum snow depth in April (genettaklytime of maximum snowpack
at this meteorological station). The lack of det@imeteorological or mass balance data
over the glacier madenecessary to define the accumulation and the ablagasogsin

a subjective manner based on our experience. Waveaeethat May and October are

transitional _months between accumulation and aslatonditions depending on

specific_annual conditions-that—May—and—Octeber—aemsitionalmonths—between

nnual

conditions.However, we set these peridascause June and November are the months
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when ablation and accumulation respectively becgamerally evidentbecause-is-June

videntover the surface of

the glacier. The statistical significance of theelr climate trends was assessed by the
non-parametric correlation coefficient of Mann-Kalté tau-b (Kendall and Gibbons,

1990). Results obtaingdr Goériz were contrasted with those from thredsSigriz—were

contrasted—with—thre@ther observatories (see Figure 1) with precipitatPineta,
Aragnouet and Canfranc), and temperature (MediAragnouet and Canfranc) data for
the period 1983 and 2013, and also for 1955-20h8. rfon-parametric Mann-Whitney
U test (Fay and Proschan, 2010) was used to detisittically significant differences
in the medians of precipitation and temperaturenwthe periods 1983-1999 and 2000-

2010 are compared.

4. Results

4.1. Climatic evolution and variability from 1983 © 2014

Figure 2 illustrates the high interannual varidpibf climateatin Goriz station since
1983. The average maximum air temperatatasGoriz during the snow accumulation
and ablation seasons had no significant trends, tait-b values close to 0 (Figs 2a and
2b). The range between the highest and lowest g&egaasonal anomalies during the
study period exceeded 3°C and 4°C during the adationu and ablation periods,
respectively for maximum and minimum temperaturése average minimum air
temperatures had very weak increases in both sgabahthese were not statistically
significant ¢ < 0.05). The interannual air temperature range \eager for the
accumulation period (~5°C) than for the ablationique(~2.5°C). Table 1 shows that

the evolution of temperaturgin Gériz is line with tlate observedatin the three other
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meteorological stations (Mediano, Aragnouet andf@ac) They do not exhibit—with

Ao statistically significant trends for maximum ormimum temperatureforneither

aceumulation-nerablation-periodsaring the period 1983-2018+0n amonthly basis,

the four analysed observatories ordgtected exhibiteca statistically significant

increase in May and June; and statistically significant decreasef maximum and

minimum _temperaturin November and Decembépbeoth—maximum—-and-minimum

temperature The Mann-Whitney test did not revedl statistically significant
differences in the medians of the series for thriailation and ablation seasansat

any observatory when the periods 1983-1999 and-20Q0 were compared.

Precipitation atin Goriz during the accumulation period also exhibitstrong
interannual variability, with a range of ~ 600 mon1500 mm (Fig. 2€). The trend line
had a slight increase, but this was not statidyicignificant. Similarly, maximum snow
accumulation during April varied from less than &@ to 250 cm, and there was no
evident trend during the study period (Fig. 2f). ¥tdy trend analysis (Table 1) only
found a significant increase of precipitatiorat Goriz during 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 Canfraviit) no statistically significant
trends for the accumulation and ablation perioddy @ragnouet showed a statistically
significant increase in May, and Pineta in Marcb. $tatisticallysignificantdifferences

in the median of precipitation during the accunialatind ablation seasons of the 1983-
1999 and 2000-2010 periods-were found atany of the analyzed meteorological

stations.

In addition, Figure 3 shows the interannual evolutdf temperature and precipitation
series for a longer time slice (1955-2013). Thaystrate that climate observed during

the main studied period (1983-2013) is not necédgsapresentative othe longer
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warming during the ablation period, and the accatmh exhibited positive tau-b

values bubut did not reach statistical significarceneotréagistatistically-significance

Precipitation during the accumulation period did eahibit statistically significant

trends during the period 1955-2013 in any of thedtanalyzed observatories.

Figure 2 also shows that the last three yearsyfich we have TLS measurements of
annual glacier evolution, had extremely variabladitions. Thus, mid-September 2011
to mid-September 2012 was one of the warmest redoyears (especially during the
ablation period, 96th and 74th percentiles for mmn and minimum temperature
respeectively and with a rather dry accumulation period (27incpntile). The period of

2012 to 2013 had an accumulation period that waeerhomid than average (59th
percentile) and the coolest recorded summer (Ist.8h percentiles for maximum and

minimum temperatures respectively), and the accation period of 2013 to 2014 was

very wet (78' percentile) andlightly cooler than-areunaverage respectively, with air

temperatures around or below the average (22t atidpercentiles for maximum and

minimum temperature respectively) during the abfatnonths.

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 waoelonger united (they became
disconnectedetweenfroml973andio1978), and they exhibited a convex surface and a
significant ice depth with noticeable seracs hagdiom the edge of the cliffs. Both ice

bodies were heavily crevassed, with evidence ofriotion over the whole glacier. The
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photograph of 2011 shows that the two ice bodiesfarther separated, as well as
showing a dramatic reduction in ice thickness, fiestéd by the concave surface, the
disappearance of almost all seracs, and the raifdae 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 nbdshese two ice bodies. Moreover,
there are rocky outcrops in the middle of the loglacier and areas that are partially

covered by debris deposits from several crevagsexh falls in the upper areas.

Table 2 shows the surface area of the ice in 12839, and 2006. From 1981 to 1999
the glacier lost 4.5+0.19 ha (1.5+0.06 ha in thparmlacier and 3.0£0.13 in the lower
glacier), corresponding to an overall rate of 028% ha yi*. From 1999 to 2006, the
glacier lossest5.4+0.24 ha (2.0+£0.09 ha in the upper glacier add0.15 ha in the
lower glacier), corresponding to an overall rateDaf7+0.23 ha yt, more than three

times the rate of the previous 18 years.

Comparison of the elevation of the glacier's swfaderived 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 rnthan lower glacier (8.35+2.12 m
overall); thus, the mean rate of glacibi aythinningias 0.34+0.11 m and
0.48+0.11 m yf (0.46+0.11 m yt overall, or 0.39+0.1 m w.e. V), respectively.
Moreover, the changes in glacier thickness hadiaplag¢terogeneity. No sectors of
either glacier had increased thicknesses, but semmedl areas of the lower glacier
remained rather stationary, with declines in thegsless than 5 m. The largest losses
of glacier thickness were in the lower elevationd avestern regions of the upper and
lower glaciers, with decreases that exceeded 2Hmadn3& m respectively. During the

1999-2010 period, thess-efice-thicknessthinningas 7.95+1.8 m in the upper glacier
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and 9.13+1.8 m in the lower glacier (8.98+1.8 mrallg corresponding to rates of
0.72+0.16 m and 0.81+0.16 m'y(0.8+0.16 m yt overall, or 0.72+0.14 m w.e. VJ,
respectively. The spatial patternieé-lessesthinningesembled the pattern from 1981-
1999, but areas of noticeable glacier losses ae fdund eastward. The smallest
decreases are found in the higher elevation péartiseolower glacier and the proximal
area of the upper glacier, probably due to mostcéiffe shading of these areas, and the

greatest decreases in the distal and central-agsiets of both ice bodies.

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@®b@-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-Septemifd22vas very dry during the
accumulation period and very warm during the ataperiod. These conditions led to
dramaticdeclines-ef-glacier-depthglacier thinnjngith an average decrease of 2.1 £0.4
m (2.08+0.4 m in the upper glacier and 2.12+0.4nnthie lower glacier). Ice thinning
affected almost the entire glacier (the accumutaticea ratio, AAR, was 3.5%), and
was particularly intense in the western sectorthefupper and lower glaciers, where
loses were more than#).4 mm The few scattered points indicating depth inczean
the middle of the lower glacier are likely to beorfr the motion of the existing

crevasses.

Conditions were very different from 2012 to 2013thwa rather wet accumulation

period and very cool ablation period. These coondiled to changes that contrasted
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sharply with those of the previous year, in thajéaareas of the glacier had increased
ice thickness. Most of these increases did notexkdel.5+0.4 mm and most were in
the highest elevation areas of both ice bodies.elmtess, during this year, large areas
remained stable (AAR was 54%) and some areas exfghited noticeable ice losses
(more than 1.5-2t0.4 m#in the upper and lower glaciers). Despite the kxte
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 thparmlacier and 0.38+0.4 m in the
lower glaciers). Very similar conditions occurred R013-2014, with very wet
accumulation months and below average air temperaturing the ablation period.
Again, there were large areas with moderate inese#&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+0.th he upper glacier and

0.07:08t0.4 m in the lower glacier).

The overall result of a very negative year (20112)Jor glacier development followed
by two years (2012-2013 and 2013-2014) of anomagbmsitive conditions led to a net
average ice loss 01.93+0.4 m (0.58+0.36 m w.e.¥); with some regions experiencing
losses greater than#8).4 mm Only the areas of the eastern part of the loviecigy
that were at high elevations (around tiergschrundrimayeexhibited some elevation
gain during this period (accumulation area ratié\RA for the three years was 16%),
and this was typically less thar®.4 mm Interestingly, the areas with greatest and
lowest ice losses during 1981-2010 were similathtise with the greatest and lowest
ice losses during 2011-2014, indicating a consistpatial pattern of glacier shrinkage

over time.
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5. Discussion and conclusions

The results of this study indicate that the reeamtution of the Monte Perdido Glacier
was similar to that of many other glaciers worldevidMarshall, 2014, Vincent et al.,
2013), especially those in Europe (Gardent eall4; Abermann et al., 2009; Scotti et
al., 2014; Marti et al., 2015) where glacier shagk& began—at—the—endafter the
culminationof the LIA and has clearly accelerated after 20@0re specifically, the
annual loss of area of the Monte Perdido Glacies thieee-times greater from 2000 to
2006 compared to the 1981-1999 period; andgtheier thinnin i i SS
from 1999 to 2010 was doubleeratethat observedbserved from 1981 to 1999.
Acceleration in glacier shrinkage has been alswrted forin the Ossoue Glacier
(French Pyrenees), where mass baledmgineduring the period 2001-2013 (-1.45 m
w.e. yr); is 50% greater compared to the period 1983-2014nf-w.e. yr'), (Marti et
al., 2015). Climatic analyses suggest that thenteaeceleration in the wastage of the
Monte Perdido Glacier cannot be only explained by istensification of climate
warming or bythe-sharpalecline of snow accumulation. Climate data (19834} of a
nearby meteorological station, and three other i&ae meteorological stations,
suggests thatluring most of the year temperature has not exhibitedisttally
significant trends. The Mann-Whitney test did newveal statistical differences in
temperature when the period 1983-189%ascompared to 1999-2010. Precipitation in
the four analyzed stations during the accumulagieriod and maximum annual snow
depthin-at Gériz were also stationary or slightly increasetevidus studies of the
Pyrenees and surrounding areas showed that airetatpe has significantly warmed
throughout the ZDcentury, especially after the relatively cold pdrfrom the 1960s to
the mid-1970s (Lopez-Moreno et al., 2008; El Kenaivgl., 2012; Deaux et al., 2014).

Such changes have been also detected in the #mgeetature series analyzed for this
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study during the period £95-2013. At the same time, there was a regionalifsignt
decline of snow accumulation from mid-March to {ajeril/early-May from 1950 to
2000 in the Pyrenees (Lépez-Moreno, 2005). Themeds of decreasing precipitation
and milder air temperatures during winter and eapsing were related to changes in
the North Atlantic Oscillation (NAO) index duringis period (Lopez-Moreno et al.,
2008). Most recent studies that used updated dsgabgincluding data of the 21

century) confirmeda-that a shift towards more negative NAO has affitche recent

evolution

moest-recent-evelutionf temperature and precipitation over the Pyrengésis, no

temporal trends of either variable are found neanfd Perdido since the 1980sno

eakvhen the

study period starts in the 1980s and the effeth®fcold and wet period of the 1960s to
1970s is removedFhus,-Vicente-Serrano et al. (2010) found that the ineeda
occurrence of very wet winterstter- duringthe 2000s was associated with frequent
strong negative NAO winters. In agreement, Buidaal.e(2015) indicated that for the
period of 1980 to 2013 the overall number of snaysdin the Pyrenees remained
stationary and even slightly increased in sometiogs. In a most recemtésearchstudy
Buisan et al. (under review) has reported statpi@havior or slight increases e
available-series-ednow water equivalergeries—availabléor the period 1985-2015 in
the central Spanish Pyrenees. Macias et al. (28ugport the view that southern
Europe and some other regions of the world havengute clear moderations of the
warming trends that were reported at the end of 26e century. Nonetheless, it is
necessary to bear in mind that the longest climad@ords 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
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the periodspanningsince the end of the LIA (Bungten et al., 2008; Deat al., 2014;

Marti et al., 2015). More research is needed tdy faksess the implications of the
temperature increase detected in May and Juneeirfair analyzed meteorological
stations. This change could lead to less snow aglation at the end of the
accumulation season and a longer ablation periudiaa early rise of albedo that may
be affecting the mass and energy balance of thaegl§Qu et al., 2014). Another
hypetesishypothesthat should be considered in future research é@tsider the effect

of increasing slope of the glaciers, due to higtidckness loss in the distal parts.
Increasing slopes are expected to affect snow aglation on the glaciers and might

constitute another feedback mechanism to explamebent evolution of the glacier.

The mass loss rates presented in this study fodifferent periods -0.391+0.1 and
0.72+0.14 m w.e. yrfor 1980-1999 and 1999-2010 periods respectialg)similar to
the reported by Chueca et al., (2007) and Mardl.ef2015) for the Maladeta massif (
0.36 m w.e. yf for the 1981-1999 period; an@.7 m w.e. yr-1 for the 1991-2013). The
most recent mass balance values obtained for theteMBerdido Glacier are more
similar to those reported for the Swiss Alps (Fecét al., 2015), or the best preserved
glaciers in some areas of the Italian Alpsr{@an et al., 2013 a); bigwer than those

of the fastest retreatingmuch-lower-to-the-moskedingglaciers in the Alps (Carturan

et al., 2013b) othe-enethateportedn-for the Ossoue Glacier (French Pyrenees, -1.45

compared-to-the than on the French sidelatay be explained by the location of the

remnant ice bodiesin Southern side of the range, confiriesh the most elevatednd

the least exposed locations—and—the—besttopograpations—(higher—snow
accumulation—and-—radiation-shildirm) their respective cirques (Lépez-Moreno et al.,

2006). Oppeositelyln contrastthe Ossue glaciesti—has maintained a considerable
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glacier tongueon an eastward slopeir—an—easting—slojme this context, the only

explanation for the rapid degradation of the Mdm¢edido Glacier after 1999 is that the
progressive warming observed since the end of thfe Wwas responsiblesf-for a
dramatic reduction in the accumulation area rafi8R), and most of this glacier is
currenthrbelow the current ELA (at 3050 m a.s.l. during theee-yeaperiod 2011-
2014, Figure 6D). This leads to a clear imbalamhee is very likely to be exacerbated
by negative feedbacks. Because of this imbalaheeglacier cannot recover ice losses
during periods with favorable conditions (high aocuation and/or little ablation in the
frame of the 1983-2014 period). This hypothesistiengly supported by our detailed
TLS measurements from the last four years. In @adi, these TLS data showed that
two consecutive anomalously positive years (201268 2013/14), compared to a

period with unfavourable conditions for the glasjedid not allow recovery of the

losses from a negative year (2011/12). Thus therage—decrease—dilacier

thinningdepthduring this three years period was 1.93+0.4008+0.36 m w.e. V), - {

Con formato: Sin Superindice /
Subindice

roughly one-fourth of the loss from 198126601999 and from2666- 199%0 2010.
The accumulation area ratio for the 2011-2014 plenias 16 %, and during a warm and

dry year the loss of ice thicknesgnestaffectsalmostthe whole glacier (AAR<4%)

affects-indicateindicatinthat there is not a persistent accumulation z8edo (2010)
observed that this is a symptom of a glacier tlaanot survive There can be years
with mass gain, but there is loss in most yearsthesk-can-be-years-with-aceumulation,
butif-the-many-do-neotarttie retained snowpack of good years is lost inyeads, then
in fact there is no cumulative accumulationin—faetaceumulation—persisthus, the

behavior observed for the Monte Perdido glacieinduthe studied period is very likely

explained by very negative mass balance yearsrthgtbe identified in Figure 2. Thus,

years with very high temperatures occurred aft€02(2003, 2005 and 2012), and in
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2005 and 2012 they were also characterized by lovewprecipitationAs-mentioned
before—also tfie feedbacks from decreased albedo and incredsipg of the glaciers
must may alsde playing a key role in the recent acceleratiotthef glacier wastage.
Obviously, this indicates that the future of the ri#to Perdido Glacier is seriously
threatened, even under stationary climatic combtioA ground-penetrating radar
(GPR) survey of the lower glacier in 2010 repoetiaximum ice depth close to 30 m
in the westernmost part of the lower glacier (udishled report), suggesting that large
areas of this glacier may even disappear withimtié few years. This process may be
accelerated by negative feedbacks such as thetreisenof rocky outcrops in the
middle of the glacier and the thin cover of debbisth of which may accelerate glacier
ablation by decreasing the albedo and increasieghissivity of long-wave radiation.
The highly consistent spatial pattern of ice loggethe last 30 years suggests that the
westeramost part of this glacier will disappear first; thasterrmost part will survive
longer as a small residual ice mass because of greatev swoumulation 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 (Lépez-Moreno et al., 2006).

The future long-term monitoring of the Monte PedliGlacier is likely to provide

important information on the year-to-yeasponse of its mass balance-te—+espense of

the-mass-balance-of this-glactera wide variety of climatic conditions, and wallow

detailed analysis of the role of positive and negdeedbacks in this much deteriorated
glacier. Thus, study of this glacier may serve asodel for studies of the evolution of
glaciers in other regions of the world that havmilsir characteristics now and in the

future.
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Figure captions

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

georeferencing and merging the different cloudgaiiits.

Figure 2. Interannual fluctuations and overall trends (gtiilines) of minimum and
maximum air temperatures during the accumulatich avlation periods, precipitation
during the accumulation period, and maximum snoptldeluring April based on data
from the Goriz meteorological station (1983 to 201Hoxplots 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 teimperatures during
the accumulation and ablation periods and pretipitaduring the accumulation period
in-atthe stations of Aragnouet, Canfranc, Mediano (@eipperature) and Pineta (only
precipitation) during the period 1955-2013. Numbefsrm-efgive the Tau-b values of

the trends. Asterisks indicate statistically sigpaiht trendsg<0.05)

Figure 4. Photographs of the Monte Perdido Glacier duringléte 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 ompewvison of DEMs.
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Figure 6. Changes in glacier elevation based on terrestsisér scanning from
September of 2011 to 2012 (Fig. 5A), 2012 to 2(Hi§ 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 inufgigs. Box: 25th and 75th
percentiles, black line: median, red line: averdges: 10th and 90th percentiles, dots:

5th and 95th percentiles.
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Table 12. Tau-b values of the trends for the period 1983-2fift3temperature and precipitation in the analyg&ations. Asterisks indicate
statistically significant trends (p<0.05). Bold noensinferm-efare statistically significant differences in the metiaof 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 0.08 002 004 | -003 -0.13 0.03 {006 0.04 0.06 0.07 0.11  0.02
February 0.04 0.06 0.02 005 -001 -0.08 | 0.03 -0.03 | 0.39*% | 0.04 0.02 0.00
March 0.11 0.11 o0.14 0.03 -0.03 0.26 |-0.02 0.03 0.31 0.02 0.06 0.20
April 0.28* 025 0.08 { 024 019 -015 002 012 @ 0.02 | 0.5 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 {0.31632* 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 0.01 0.03 | -0.12 -0.25 | 0.32 0.10 0.07 -0.02
September 0.05 005 002 | -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 0.01 0.04 0.11
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 | 010 011 012 [ 004 011 001 [-022 -022 | 000 | 006 015 _0.05

Ablation period 0.10 0.10 0.17 0.11 -0.26  -0.26 0.13 0.12
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1 Table 2.Surface area (ha), loss of surface area (ha), mmahrate of surface area loss (hd)yf the Monte Perdido Glacier.

2

Surface Area Loss of Surface Area
1981 1999 2006 1981-1999 1999-2006
Upper glacier (ha) 8.30+0.27 6.80+0.25 4.80+0.21 5010.47 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 yb) 0.25+0.07 0.77+0.17
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