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Zaragoza 18/01/2016

It is our pleasure to submit a deeply revised wersof the paper, now entitled:
“RECENT ACCELERATED WASTAGE OF THE MONTE PERDIDO GICIER IN
THE SPANISH PYRENEES”, by Lopez-Moreno and others.

We want sincerely to thank to all of you by thehiguality of your edits and your
comments that have definitively helped us to impraviot our original submission. In
our opinion, the revised manuscript has gainedt @nlelarity, in the interpretation of
the results, in the presentation of the climatelian around the glacier and in the
quality of the text and the figures. The respomstet is mostly based on the responses
provided during the discussion process; but we lzalded new ideas provided by the
editor (concerning to include longer periods in #malysis and more discussion on the
accuracy of the used maps). Below, you can findoimtpby point answer to each
question received by reviewers, as well as theckid changes” version 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 Lépez and co-authors
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REVIEWER 1

INTERACTIVE COMMENT ON “ACCELERATED WASTAGE OF THEMONTE
PERDIDO GLACIER IN THE SPANISH

Pyrenees during recent stationary climatic cond#idy J. |. Lépez-Moreno et al.
M. Pelto (Referee)

General comment:Lopez-Moreno et al (2015) provide the most detadesessment of
areal, thickness, and volume changes on a Pyrghaasr. This is a crucial moment to
do so, as the glacier is losing volume so quicKlge use of DEM and TLS are an
excellent combination. | only have minor commentstbe glaciology. There is one
significant issue the over reliance on a single thexastation examined for seasonal
changes in either temperature or precipitationsTdihgle weak data set is used to
identify that ablation increase is not the reasamiricreased volume loss. This maybe
but until the data is stronger including use of SWEecipitation and temperature
records during the wet periods of spring and fatl aore than a single weather station
is used the conclusion is not justified. With betteeteorological data for more robust

analysis this will be a fine contribution.

Answer: We want to thank the supportive assessment ofwank, and also the
valuable comments to improve the manuscript. Weetsidnd the criticisms on using a
single meteorological station, even when this & dlosest to glacier, and it belongs to
the main network of the Spanish Meteorological AgerAs this comment coincides
with the ones of the other reviewer we have aatevo ways. First we have smoothed
the mention along the whole manuscript about tleeent stationary climate”, as this
cannot be completely confirmed with the availabktad (small detected monthly
changes in temperature and precipitation may initecchanges in the mass and energy
balance of the glacier that they are not fully gifexad even understood yet). It includes
a modification in the title of the revised versitrat is: “Recent accelerated wastage of
the Monte Perdido glacier in the Spanish Pyrene@sbur opinion it is shorter and
makes reference to the result that may be completeionstrated by our presented
analysis. In addition we have used another thréghhering stations for precipitation

(Canfranc, Pineta and Aragnouet) and temperatumaf(@c, Mediano and Aragnouet),
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and new and more robust statistical analyses tqaoenthe 1983-1999 and 2000-2010
period. Both of them had almost complete recordste period 1980-2013 and they
belong to the database of the Pyrenean Observafottye Climate Change (OPCC),
which carefully tested the quality and homogeneftthe data (Deaux et al., 2014). We
can now confirm that the results from Goriz are sistent with the other three
observatories, but the analyses reveals some morthhnges that needs of

consideration (see comments below).

1- Abstract: 5022-15-18: Data presented is notigefft to warrant the conclusion that
local climate change cannot explain the accelaratparticularly in light of the next

sentence, which notes recent changes can be exgblain

Answer: As mentioned before we have smoothed our stateneenthis issue along the
whole manuscript. Now in the abstract we state:cdloclimatic changes observed
during the study period seems not be enough taéxfie acceleration in wastage rate
of this glacier, because precipitation and air terajure has not exhibited generalized

statistically significant trends during the studpeatiod.”

2-5022-18-21: It is noted that the glacier shramkdcent years, but then the warming
since the Mid- 1800’s is used. Instead of the meent 0.2 C per decade noted in

paper.

Answer: We indicate in the abstract of the revised marnpisctin particular, the
average air temperature increased a minimum o€dr9this region since the end of the
Little Ice Age (LIA) in the mid-1800s” and then the introduction we have change the
paragraph as follows: “In the case of the Pyrentiesair temperature has increased a
minimum of 0.9°C since the end of the LIA (Dessand Biicher, 1998; Feulliet and
Mercier, 2012). More recently, Deaux et al., (201dported an increase of 0.2°C
decadé for the period between 1951 and 2010”. In my apinithe reported warming
rate for the 1951-2010 is not representative ofclimeate evolution in the region since
the end of the LIA, because it starts just beftwe father cold period of the 60°s and
70’s exacerbating the magnitude of the proposed(tats very well known that such

magnitude is highly dependent on the selected etiyoieriod).

3-5024-17: And many are in disequilibrium and carswvive (Pelto, 2010).
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Answer: Added, Thanks.
4-5025-20: is the mass change in m or m w.e.?

Answer: In that sentence, we are reporting losses in iickrbss, hence they are in m;

“these indicated the mean loss of ice thicknessMas during the last 20 years”.

5-5026-4: One station not sufficient, just becaiise closest does not make it best
either. There are other stations not far away sischorla and Bescos. These are lower
elevation but have good long records. Deaux eR@l%) examined the 1950-21010
period at a monthly scale with 66 stations andipietion at 139. Surely some of that

can be utilized. This topic is further discusselbie

Answer: As we mentioned before we have used the three tegmperature and
precipitation stations (from the suggested datgltassupport the results discussed with
Goriz. In the Methods section we have added “Initamig we analyzed the trends of
monthly series and for the accumulation and abiaperiods during the 1983-2013
period, available for three observatories (see feigy) with precipitation data (Pineta,
Aragnouet and Canfranc), and three for temperafiMediano, Aragnouet and
Canfranc). The non-parametric Mann-Whitney U té&ty(and Proschan, 2010) was
used to detect statistically significant differemde precipitation and temperature data
when the periods 1983-1999 and 2000-2010 are caupar

In the results section we have added a table Wwithrésults of the trend analyses and
indicating which stations and months have stasiflticsignificant differences between
the periods 1983-1999 and 2000-2010.

Table 1. Tau-b values of the trends for the period 1982-2013 for temperature and precipitation
in the analyzed stations. Asterisks indicate statistically significant trends (p<0.05). Bold
numbers inform of statistically significant differences in the medians of the period 1982-1999

and 1999-2010 according to the Mann-Whitney test.
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Aragnouet Canfranc Mediano ! Pineta Goriz

Tmx Tmn Precip! Tmx Tmn Precip! Tmx Tmn ! Precip ! Tmx Tmn  Precip
January 008 002 004 ! -003 -0.13 0.03 | 0.06 0.04}! 0.06 0.07 0.11 002
February 004 006 0.02 005 -0.01 -0.08 ! 003 -0.03} .39*% 004 002 0.00
March 011 011 014 | 003 -0.03 0.26 ;-0.02 0.03; 0.31 002 006 020
April 0.28* 0.25 0.08 | 024 019 -0.15 ] 002 0.12} 0.02 0.15 021 -0.17
May 023 024 0.31* i 0.3* 0.18 0.14 1-001 0.04 0.12 i 0.34* 0.33* 0.28*
June 0.28* 0.31* 0.14 | 0.35* 0.47* 004 | 009 -0.05: 0.10 i 0.31* 0.25*% -0.05
July -0.12  0.06 0.13 0.11 015 0.6 1-0.07 -0.211 0.15 | -0.07 -0.05 -0.11
August 007 013 -0.02 1 -002 001 0.03 i1-0.12 -0.251 0.32 0.10 0.07 -0.02
September 005 005 002 1 -006 -0.23 0.10 :-0.18 -0.231 0.10 0.01 -0.02 0.04
October 008 019 019 ! 006 004 0.14 ! 004 -0.14! 0.08 001 004 011
November -0.06 -0.06 0.18 ! -0.18 -0.23 0.10 !-0.08 -0.3*! -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 0.11  0.12 004 011 0.01 }-0.22 -0.22} 0.00 006 0.15 0.05

“Ablation period | 010 010 | 017 011 T 2026 026] 1013 o012 77T

And we have expanded the explanation of the evwiutif climate in the region with
data presented in the table. Thus we have addedhleTL shows that the evolution of
temperature in Gériz is line with the observedha three other meteorological stations
(Mediano, Aragnouet and Canfranc) with no statiyc significant trends for
maximum or minimum temperature, for the accumuiatimd ablation periods during
the period 1983-2013. At monthly basis, the foualgred observatories only detected a
statistically significant increase in May and Juaed a statistically significant decrease
in November and December for both, maximum and mmimn temperature. The Mann-
Whitney test did not reveal statistically signifitadifferences in the medians of the
series for the accumulation and ablation periodany observatory when the periods
1983-1999 and 2000-2010 were compared.” and “Mgritehd analysis (Table 1) only
found a significant increase of precipitation inr@during May, and relatively low tau-
b coefficients for the rest of the years. Very samresults are found for the other three
analyzed stations (Pineta, Aragnouet and Canfranit) no statistically significant
trends for the accumulation and ablation perioddy @ragnouet showed a statistically
significant increase in May, and Pineta during Mamdo statistically differences in the
median of precipitation during the accumulation abthtion seasons of the 1983-1999
and 2000-2010 periods in any of the analyzed melegical stations.”. In addition, we

5
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have added a new Figure that shows the evolutideroperature and precipitation in
neighbor stations for the period 1955-2013, whatmjits to frame better the climate
fluctuations around the glacier in a longer timees| Thus we comment this Figure as
follows: “In addition, Figure 3 shows the interaahwevolution of temperature and
precipitation series for a longer time slice (12%8-3). They illustrate that climate

observed during the main studied period (1983-204.3)ot necessarily representative
of longer climate series. Thus, the 1955-3013 plearhibit a statistically significant

(p<0.05) warming during the ablation period, and #tcumulation exhibited positive
tau-b values but not reaching statistically sigmifice. Precipitation during the
accumulation period did not exhibit statisticalligrsficant trends during the period

1955-2013 in any of the three analyzed observatbrie
6- 5027-12: do not need “currently” twice in thisd.
Answer: Changed

7-5028-5: The statement that most of the precipitabccurs in spring and autumn also
indicates the importance of reporting temperatuhanges during these months

specifically. Are these part of your ablation seaspaccumulation season?

Answer: September and April are very wet and we have pabtto include it in the
ablation and accumulation period respectively. N&Rywlso wet some years and this
could be a transitional year depending on weatladitions. See more discussion

about this in the next question

8-5031-17: Define the ablation and accumulatiors@eaGiven that the ablation season

can expand in length using a limited frame mayh®osufficient for temperature.

Answer: We think this is a bit tricky question but it stdwot affect seriously the

presented results or main findings. The lack ofemetlogical data “in situ” or series of
spring mass balance makes very difficult to acalyatefine the length of the

accumulation and ablation periods that logicallyiesafrom one year to the other. May
is also characterized by high precipitation. A ggadtion fall as snow, but some rainy
events may occur at this time of the year. May khdwe considered as a transitional
year between accumulation and ablation conditi@pedding of the year, but is in June
when ablation over the glacier is normally evidéhttober is also a transitional month,

6
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and it may still continue with some ablation (degliag of the year), or it begins some
accumulation. But again, in a normal year is in &ober when accumulation clearly
dominates at the elevation of the glacier. We hasted the trend analyses considering
other possible combinations of months belongingadoh period, and no change have
been found in order to show stationary precipitatimd temperature conditions during

the accumulation period.

In section 3.1., we have added this explanatiohe“Tack of detailed meteorological or
mass balance data over the glacier made necessdsfibe the accumulation and the
ablation season in a subjective manner based oaxparience. We are aware that May
and October are transitional months between acationl and ablation conditions
depending of the specific annual conditions. Howewe set these periods because is
June and November when ablation and accumulatiogererally evident over the
surface of the glacier”. In the discussion we nemthat observed temperature trends in
May and June may lead to shorten the accumulatoiogh and increase the length of

warm season with lower albedo.

9-5029-16: It would be useful to see the locatibthe scan station and the fixed points

on the glacier. These could be added to currentdi§ for the reference points anyway.

Answer: They have been added to Figure 1, as they falifiary from the glacier. The
reference points (reflectors) were located at aimar distance of 400 meters, to
ensure they were scanned at high resolution, engarigood estimation of the central

point of the reflectors.

10-5032-10: Use a deviation in precipitation nagrjwwet”. Also note here mild winter
and cool ablation season. This may indicate impegaof accumulation season

temperature changes.

Answer: We agree, now we specify: “Thus, mid-Septemberl2l mid-September
2012 was one of the warmest recorded years (edlyetiging the ablation period, 96th
and 74th percentiles for maximum and minimum teafpge respectively) and with a
rather dry accumulation period (27th percentild)eTperiod of 2012 to 2013 had an
accumulation period that was more humid than awe(agth percentile) and the coolest

recorded summer (1st and”laercentiles for maximum and minimum temperatures
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respectively), and the accumulation period of 2G4%32014 was very wet (*7‘8
percentile) and around average, with air tempeeatwell average (22th and 48th
percentiles for maximum and minimum temperaturapeetively) during the ablation

months.”

11-5032-25: Significant thinning even in the highesgjions of the glacier, indicate the

lack of a persistent accumulation zone, and thagtacier cannot survive (Pelto, 2010).
Answer: This comment is included in the revised manuscript

12-5034-23: If possible it would be ideal to reptiie AAR for the three years

somewhere on this page.
Answer: We have added this information to that paragraph

13-5035-13: This statement needs to be reexamimeeddta presented are not sufficient
to show that the acceleration in mass loss camnmeixplained by recent climate change.
That may be the case, but not based on this dagh-58 Must define ablation season
and must examine the period from April-October g expansion in length of ablation
season, or shortening of accumulation season isrtanut. Figure 2 indicates warming
in the accumulation season that could be imporfBims could change the amount of
snowpack, SWE retained. Also this data is basedranstation, which is not robust,
and is not shown to match regional trends. Theeenzginy stations in this range, you
must utilize others to demonstrate a real trende Kay point is that a long term average
not always best measure. In the plot shown 8 d@flasyears have been notably above
the trend line, and only two are notably below. Ewerage of all these years, would
miss the important role that the trend of warm s@mamplay. The one really cold
summer will affect the average greatly, but as diakees not compensate on the glacier

for the warm summers.

Answer: As it was mentioned before we have smoothed thtersents about the
stationary character of the climate and its infleeeon glacier evolution. Moreover, we
present the results of the three other new stafimciaded in the analyses. Results are
presented in section 4.1 and basically indicate the other 3 stations exhibit very
similar temporal evolution than Gériz station. Wsoamention the individual months in
which we found statistically significant trends.€fl is an agreement that any of the 4

8
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stations show significant temporal trends for theuanulation and ablation periods but
all stations have shown an increase of Tmax anchTaoring May and June. This,
increase does not affect the temperature changddoaiccumulation period that is not
significant in any station, but it is true thatnitay lead lo less snowfall during May,
affecting to snow accumulation in the glacier, aslo to an earlier decay of snow
albedo on the glacier surface. This point is disedsin the revised version of the
manuscript. In the discussion we have modified skatence as follows: “Climatic
analyses suggest that the recent acceleration enwdstage of the Monte Perdido
Glacier cannot be only explained by an intensifaratof climate warming or by the
sharp decline of snow accumulation. Climate dat®8812014) of a nearby
meteorological station, and three other Pyreneateanglogical stations, suggests that
most of the year temperature has not exhibitedsstatly significant trends. The
Mann-Whitney test did not reveal statistical diffieces in temperature when the period
1983-1999 is compared to 1999-2010. Precipitatiotiné four analyzed stations during
the accumulation period and maximum annual snowhdepGoriz were also stationary
or slightly increased.”. The use of the Mann Whytibest to compare the median of the
two considered periods prevent the potential impafctthe presence of isolated
anomalous years in the long-term series, as § fased in the median; and ii) it also
takes into account the variance of the two subogsrito determine the statistical

significance of the differences.

Finally we added this paragraph in the discussidloreé research is needed to fully
assess the implications of the temperature incréeeeted in May and June in the four
analyzed meteorological stations. This change ctaad to less snow accumulation at
the end of the accumulation season and a longetiadlperiod, and an early rise of
albedo that may be affecting the mass and enertandea of the glacier (Qu et al.,
2014).

13-5035-24: Accumulation season precipitation m& best measure since increased
freezing level and rain rates can be importantti®darly true given comment in paper
note above that spring and fall are the wettesbger The maximum snow depth may
argue against this, but not in SWE, depth is ngb@d measure. It is noted on the next
page that Buisan et al (2015) had other evidenaaat snow days. This needs more
careful usage. They examine 38 stations all bel6@01m. The two closest to Perdido

9
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are Torla and Bescos which in their figure 12 haggative trends in snowfall. More

snow days does not necessarily mean greater SWheaend of the accumulation

season and further given the decline near Perdidgpioor reference. In the western US
the ratio of SWE to precipitation has declined ttuenore winter rain and melt events
(Mote et al., 2008).

Answer: As mentioned before, we have mentioned in thesegvimanuscript the
possibility to have an increase of precipitationrai® over the glacier that might be
relevant for the mass and energy balance of thaeglaspecially during May, when
precipitation and temperature have increased. Hewegiven the elevation of the
glacier (above 2750 m a.s.l.) much of the curreatipitation in May and the majority
of the precipitation during the fall season congirawrrently as snow. Previous studies
in the Pyrenees, highlight that the most sensiie@ation to detect significant changes
in the precipitation phase are found at lower giema(around 2200 m a.s.l.; Lopez-
Moreno 2005. Arctic, Antarctic and Alpine Researce think that it is realistic to
affirm that snowfall in the surroundings of the @& has remained stationary or even
slightly increased during the studied period, andan be inferred from the presented
data. Precipitation during the period November-Mags shown positive tau-b
coefficients (with no statistically significance@t0.05) in the four analyzed stations, as
well as the annual maximum snow depth in Goriis ttue that SWE would be a much
better information than snow depth, but in springet (when maximum depth is
generally reached) snow density in the Pyreneedstém be rather similar in both,
spatially and at interannual basis (Lopez-Morenoakt 2013; Water Resources
Management). We agree that an increase of snow df@gs not mean an increase in
total snow amounts, but it is another useful ingicgtogether the stationary evolution
of precipitation amounts) to think that accumulatiof snow has not changed
significantly over the last 30 years. Finally, atlavork of Buisan et al (in review),
based on a network of snow poles indicates thatonbt snow days, but also SWE
series have not changed significantly during sp(iatg April-Early May) in the central
Spanish Pyrenees. We are not sure if we shouldhisseeference since at this time the
paper is still in the reviewing process (submittedClimate Research). We wait for

reviewers and editor comments.

10
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14-5037-8: Again what have been the AAR during mécgears. The loss of ice

thickness across the glacier indicates that themot a persistent accumulation zone.
Pelto (2010) observed that this is a symptom olaaigr that cannot survive, there can
be years be with accumulation, but if the many dband the retained snowpack of

good years is lost in bad years, then in fact muulation persists.

Answer: We have added this comment in the discussionaseas follows: “The
accumulation area ratio for the 2011-2014 period %%, and during a warm and dry
year the loss of ice thickness almost affects thwlev glacier (AAR<4%) affects
indicate that there is not a persistent accumulatime. Pelto (2010) observed that this
is a symptom of a glacier that cannot survive,dhmm be years with accumulation, but
if the many do not and the retained snowpack ofiggars is lost in bad years, then in

fact no accumulation persists.”

15-5037-28: This is dependent on initial ice thieks too, if the eastern part is not
thicker than the west it may not last longer. Agdeen the stated lack of avalanching, a
remnant may not last much longer, as this is th&edy reason (Hoffman and Fountain,
2007).

Answer: The west part of the glacier is supposed to beatlgtthe thickest (according

the GPR survey, unpublished). This is now mentidndtle paragraph.
16-References: Buntgen et al (2008) not citedh te

Answer: There was a mistake for spelling the name, theensnBiingten, it has been

corrected in the revised manuscript.
17- Figure 3: Top photograph overexposed a bitobophotograph underexposed, both
could be adjusted to better view glacier surface.

Answer: The picture of 1981 is rather old and the quatitgot the best, but still is very
informative of the dramatic change in the glaciering the last decades. Following
your recommendation, we have adjusted the expaositml we think we have improved

the visualization.

11
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REVIEWER 2

Interactive comment on “Accelerated wastage of theMonte Perdido Glacier in the
Spanish Pyrenees during recent stationary climaticonditions” by J. I. Lépez-Moreno et

al.

Luca Carturan (Referee)
luca.carturan@unipd.it
General comments

In their paper, Lépez-Moreno et al. provide an sssent of the area and thickness change rates
of Monte Perdido Glacier in the last three decattegarticular, they quantify the accelerated
wastage of the glacier at the beginning of the ZEsttury, compared to the last two decades of
the 20th Century. Moreover, they compare the oleskbehaviour of the glacier with the time
series of meteorological variables recorded by atler station close to the glacier. The main
result of the paper is potentially interesting, daese the Authors affirm that the observed
behaviour of the glacier cannot be explained byctimatic conditions recorded at the weather
station, implicitly claiming for a current non-liaeresponse of the glacier. In particular, they
say that during years with ‘favourable’ climaticctitions the glacier is no more able to recover
ice losses occurred during ‘unfavourable’ yearsmin opinion, the statements of the Authors
are not adequately supported by the data and @salyged in this paper. | mainly refer to i) the
use of only one weather station, which cannot besicered sufficient for detecting possible
irregularities and inhomogeneities in the seriesl & to the focus in the period from 1983 to
2014, neglecting previous decades (years from 1850980). As detailed in the specific
comments, it is not clear if the current ‘favouedbyears are comparable to the 1960s and
1970s, when the glaciers in that area were closalenced-budget conditions. In the case that
the current ‘favourable’ years were warmer than®e0s and 1970s, why they should bring to
mass gain and recover on the glacier? Moreover Allors should hypothesize possible
reasons for this (speculated) peculiar behaviotheflacier, as for example positive feedbacks
during glacier shrinking. The local increase in thebris cover and the appearance of a small

rock outcrop look insufficient for explaining theserved accelerated wastage.

In addition to these issues, | note that the papeften unclear and imprecise. The Authors do
not use the right terminology and in several calseg are too general and descriptive, whereas
they should be more specific and quantitative (evben they report the meteorological
anomalies). Sometimes it is difficult to understaviiich variables they refer to (e.g. absolute

minimum and maximum temperature, or seasonal agechglaily minimum and maximum
13
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temperature?). The assessment of DTMs accuracy beulmproved based on recent published
research. The non linear response of the glacielddoe pointed out by the application of a

mass balance model.

| suggest a major revision of the paper, and | sisangly recommend a complete review of the

paper by an English native speaker.

Answer: Authors really thanks the degree of detail of iinéew that has helped to improve the
presentation of the main ideas of our researchit As explained in detail in the answer to
reviewer 1, we have added more stations and nelysasaand more quantitative numbers to
present the recent climate evolution and climaticraalies in the region, and relate them with
the observed changes in glacier wastage. In additie realize that the statement of the
“accelerated glacier wastage under stationary tinm@nditions” was too strong and difficult
to be supported with the available data that dopsotit perform detailed energy and mass
balance. In this way we have changed the simplififedtitle of the manuscript to: RECENT
ACCELERATED WASTAGE OF THE MONTE PERDIDO GLACIER INHE SPANISH
PYRENEES, and smoothed some sentences regardirgirtrete-wastage relationships. What
we obviously maintain is that the glacier has dleaccelerated the degradation and there are
clear indicators (as reviewer 1 mentions) thatditeation of the glacier is critical. Moreover,
we have included more discussion suggested by feeibwers related with possible negative
feedbacks affecting the mass and energy balanteedjlacier. We thank some suggestions to
clarify some sentences and the detection of sonséakds. The paper was already edited by a
professional English editing service. We have wdnkéth them tens of times in the last decade
with very satisfactory results. Prior to the puétion of the discussion paper, the editor also
provided in a first round very useful suggestiomsniprove the accuracy of some of the used
terminology. Nonetheless, we have checked againmfweuscript and included all the useful

suggestions indicated by reviewers.
Specific comments

1-P. 5022, L. 3-7: Why not using also the 2010 L®ANd the ALS DTMs of 2011-2014 to

characterize the area loss after the last aeritbpdf 2006?

Answer: we did not use this information, because the awyuof aerial photographs and
LIDAR was different; and because there are aregwlighed bedrock that could be mixed with
the glacier surface attending to the hillshade. &kistence of some topographic shadows in the
edges of the glacier from the TLS view also preedrb use them. As, it can be noted in the

manuscript the information provided about arealngies is used to support the main ideas of
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the manuscript and to frame the most recent ewslubiut it is not the main body of our results.
For this reason, we think is valid to work with theesented data based only in available

ortophotos

2-P. 5022, L 11: please replace ‘doubling’ with #xact percent increase.
Answer: Done is 1.85 times faster rate of ice volume loss.

3-P. 5022, L 12: ...has decreased ‘by’ (also infdtlewing).¢

Answer: Done, thanks.

4-P. 5022, L 14: it appears that the volume loss Inas slightly decreased in the latest years;

please add few words for highlighting or commentimat.

Answer: we have commented this: “This loss of glacial iees continued from 2011 to 2014
(the ice depth decreased by 2.1+0.4 m, -0.64+0.36.en yr-1) despite of rather wet and cool

conditions, in comparison with the 1983-20125 p#rin two out of the three years.”

5-P. 5022, L 19: in my opinion the lack of equilibon between the glacier and the current
climatic conditions is not a sufficient explanatifor the accelerated degradation. The authors
should better explain what they mean, which factiesy refer to (e.g. decreased albedo,

elevation decrease, or other feedbacks)

Answer: We have modified the sentence as follows: “Theelkcated degradation of this
glacier in recent years can be explained by thie ddequilibrium between the glacier and the
current climatic conditions and probably other dast affecting the energy balance (i.e.
increased albedo in spring) and feedback mechanisensemitted heat from recent ice free

bedrocks and debris covered areas)”.

6-P. 5022, L 25: the two years 2012-13 and 2013+#4actually years of decelerated or null

wastage, compared to the average conditions giréhaous years.

Answer: We have combined this idea with the structurehef ¢riginal sentence as follows:
“These data indicated that two consecutive markadlymalous wet winters and cool summers
(2012-13 and 2013-14) represented a deceleratiovagtage compared to previous years, but

still the overall mass balance were near zero, sighificant losses of ice in some areas.”

7-P. 5023, L 15-17: please, mention that Cartutaal.g(2013b) reported that increase for the

long-term monitored Careser Glacier. Also checknfiean values reported in that work
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Answer: we state in the revised version “. Carturan e{2013b) also reported that the rate of
ice mass loss in the long-term monitored Caresaci&i (ltalian Alps) during the period 1981-
2006 (-1.3 m w.e. yt) was about twice that for the period of 1933 t698-0.7m w.e. yr).

8-P. 5023, L 19: clearly exceeds (please checkedtsmwhere).
Answer: Changed

9-P. 5023, L 25: according to Grunewald and Scheith (2010) the southern-most glaciers of
Europe are not in the Pyrenees. Please reformafatealso rephrase because it sounds like the
glaciers underwent deglaciation. Grunewald, K., &hd&thauer, J. (2010). Europe's
southernmost glaciers: response and adaptationlinte change. Journal of Glaciology,
56(195), 129-142.

Answer: We have slightly modified the sentence: “The Pgemnhost some of the southern-

most glaciers of Europe, and they have also undergmnificant retreat.”
10-P. 5023, L 26: these glaciers had a ‘total’ area
Answer: Changed

11-P. 5024, L 15: the AAR is not the ‘accumulatiisiation ratio’. Please report the correct
terminology (e.g. Cogley et al., 2011). Cogley,.JR Hock, L.A. Rasmussen, A.A. Arendt, A.
Bauder, R.J. Braithwaite, P. Jansson, G. KasenBller, L. Nicholson and M. Zemp, 2011,
Glossary of Glacier Mass Balance and Related TetliB;VIl Technical Documents in
Hydrology No. 86, IACS Contribution No. 2, UNESCER, Paris.

Answer: Yes, we are aware that AAR means “accumulation aagio”, it was a mistake that

has been corrected. Thanks for providing informmato this publication.

12-P. 5024, L 17: the annual air temperature osaea air temperature?; P. 5024, L 19: in six
decades it makes an increase of 1.2°C, whichgetahan the 0.9°C total increase since the end

of the LIA. Please clarify.

Answer: The revised manuscript states: “In the case oPyrenees, the annual air temperature
has increased a minimum of 0.9°C since the enldeoEIA (Dessens and Biicher, 1998; Feulliet
and Mercier, 2012). More recently, Deaux et al01¢) reported an increase of 0.2°C decade-1
for the period between 1951 and 2010.” As, we erpthto reviewer 1, this dissagreement is
because each study uses different stations andt@searming rate is very dependent on the
selected study period. Thus, the 1950-2010 staitts ame of the coldest periods of the 20th
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century, followed by the very warm late eighties anineties, and the warm 2000-2010 period.

Thus, the warming rate for this period is very ghar

13-P. 5024, L 27, to P5025, L. 1: | agree that ahateal (or length) changes cannot be directly
related to annual climatic fluctuations, but annclenges in mass actually are directly related
to annual climatic fluctuations. That's one of thain reasons why the annual mass balance of

glaciers is measured. Please clarify and rephrase.

Answer: We think that the phrase is not wrong nor uncléaimply informs that often is not

easy to directly relate glacier mass changes Miittate due to the inertia of glaciers of medium
and large size, and the problems to relate changaass or geometry with climatic series (due
to other local factors as topography, avalanchey, ©f course, we do not want to mean that is
not possible to relate climate and changes in ttegacteristics of the glaciers (area, length,

mass, etc).

14-P5025, L. 3: please specify what you mean withmatic' changes. Maybe temperature

changes? Avalanche and wind-borne snow accumulatitrally depends on climate.

Answer: We have changed “climatic changes” by “climatioletion”. Yes, regional frequency
and magnitude of avalanches depends on climatewbuthink that its effects on the mass
balance of specific glaciers depend on local togplgic characteristics. We think that that

sentence reflects properly that idea.

15-P5025, L. 4: consider adding Carturan et &Q18) Carturan L., G.A. Baldassi, A.

Bondesan, S. Calligaro, A. Carton, F. Cazorzi, @lldbFontana, R. Francese, A. Guarnieri, N.
Milan, D. Moro, P. Tarolli. 2013. Current behaviand dynamics of the lowermost Italian
glacier (Montasio Occidentale, Julian Alpseografiska Annaler: Series A, Physical
Geography95(1), 79-96.

Answer: Thanks for the suggestion. It was added as Caretral. (2013b). Nice paper.
16-P5025, L. 7-10: please rephrase this periodlésity, in my opinion it is not clear enough

Answer: we have rephrased as follows: “Moreover, manyistudf recent changes in glaciers
examined the evolution of the area of glaciatedases or glacier lengths. These parameters
respond to climate fluctuations, although this tieteship is also affected by geometric
adjustments (Haeberli, 1995; Carturan et al., 2p13a

17-P5025, L. 12: the relationship between gladienges and climatic changes

18-P5025, L. 14: there are very few estimations@fvolume loss
17
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19-P5025, L. 19: and these indicated that the tosal of ice

20-P5025, L. 23: topographic maps of 1981 and 199%nd reported losses of -0.36 (please

correct also in the following)

21-P5026, L. 2: (TLS) surveys

22-P5026, L. 3: these data in connection with datarecipitation
23-P5026, L. 6: cooler than in the last decades

24-P5026, L. 7: it is unclear if the positive NA®dssociated to climatic conditions of the 21st

century (better to say the beginning of the 21stwrg) or last decades of 20th century
Answer (17-24):All the suggested changes have been done
25-P5026, L. 9: it is unclear in which years/pefiappened the climatic anomaly

Answer: we think that this sentence is properly linkeditie previous one. Thus, to insist that

we are talking of the beginning of the 21st centasults very repetitive.

26-P5026, L. 21: and many following (I'm not sur@at you mean) studies; -P5026, L. 21-22:

other characteristics. Which characteristics?

Answer: We changed by: “... and many next studies exantine@&xtent and made descriptions

of the status of the of ice masses and the featififd®® moraines deposited during the...."

27-P5027, L. 6: in which period?; -P5027, L. 8: @thivas composed of three; -P5027, L. 9-11:
unclear description. It is not clear when the gaspread into separate ice masses, which was
the relationship among these ice masses, and whieldisappeared after the 1970s (the lower,

| guess, or the intermediate?)

Answer: By the mid of the 20th century. The sentence sélse glacier that existed at the
lowest elevation was fed by snow and ice avalantioes the intermediate glacier, dissapeared

after the 1970s” We think is clear we are doingmrefice to the lower glacier.

28-P5027, L. 19-20: | do not understand. Why ‘miaihavalanche activity? From Figure 3 |
can argue that the avalanche activity is very éffedn redistributing snow, on both ice bodies.
Moreover, the current glacier looks steeper thamais in 1981, and therefore it could be more

prone to snow removal by avalanches, at leastrirequarts.

18



N o b WwN e

(o]

10

11
12
13
14
15

16

17
18

19

20

21
22
23
24
25

26
27
28
29
30
31
32

Answer: In the sentence we say that snow accumulatiohérupper glacier is limited. One
reason is because there is very small accumulatiem above the upper glacier, and it does not
receive avalanche channels. Moreover, as the revistates, this is currently a rather steep
glacier (around 40°) and it limits the snow accutioh by gravity. The sentence has been
modified as follows: “Despite the high elevation tbe upper glacier, snow accumulation is
limited due to the minimal avalanche activity abdive glacier over the ice body and its marked
steepness¢0°).”

29-P5027, L. 26-29: please argument (also repontafigrences) the reasoning about colder
(warmer) temperature in the north-(south-) facitapss. The location of the weather station

should be visible in the geographical setting nidgure 1) .

Answer: We have modified the paragraph as follows: “Assygma lapse rate of 0.55°C to
0.65°C every 100 m, the annual 0°C isotherm shbeldoughly at 2950 to 3150 m a.s.l,
although it might be slightly lower because theciga is north-facing, and the annual
temperature in Goériz might be enhanced by the oenage of féehn events.” The location of

Goriz and the other meteorological stations are vigible in a new pannel of Figure 1.
30-P5028, L. 3-5: The methods used for estimatmasot mentioned.

Answer: We have removed the precipitation estimation fartdbre lake, since Del Valle did

not mentioned the period and the methodology usettain such number.
31-P5028, L. 20: photogrammetric flight (also ie following);
Answer: Changed

32-P5029, L. 3-5: how these accuracies were ca@mffaAre these single-pixel (or single-point)
estimates? Please see the work of Rolstad e28D9] for considerations about area-averaged
error propagation. Rolstad, C., Haug, T., and Derfby Spatially integrated geodetic glacier
mass balance and its uncertainty based on getistdtianalysis: application to the western

Svartisen ice cap, Norway, J. Glaciol., 55, 666+&809.

Answer: Thanks for your comments. It has been very diffitmus obtain detailed information
on technical specifications of the IGN productsidfly, we think we have noticeably improved
the explanations in this regard. Taking into coesition this question we have modified the
paragraph as follows: “The Root Mean Squared HRMSE) for vertical accuracy calculated
by the IGN for their digital cartographic produets1:25000 scale is + 1.5 m, and + 0.2 m for
their LIDAR derived DEMs (single-point estimate$p verify the validity of these accuracies

we made a comparison of 2010-1999, 2010-1981 aff-1981 pairs of DEMs in areas of ice-
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free terrain placed in the vicinity of the studigdciers. The results showed agreement with the
accuracy indicated by the IGN in almost all ardésagh higher vertical altimetry errors were
identified in several sectors of very steep ter(aiith slope values usually > 65°) located in the
Monte Perdido glacial cirque (sharp-edged crestisadmmupt cliffs linked to the geological and
structural disposition of the area). In those smctdifferences between the DEMs reached
punctually values in the range of 10-15 m. As bdgper and Lower Monte Perdido glaciers
are placed well outside those areas and have tapbigal surfaces of a smoother nature it
might be assumed that the altimetric data proviokedhe IGN has an appropriate consistency

over glaciated terrain.

The combined vertical RMSE for the 1981-1999 DEMsw 2.5 m and < 2.0 m for the 1999-
2010 comparison. In the latter case it must be chdteat different geodetic methods
(photogrammetrical and airborne LIDAR) were usedhie comparison and that this fact could
alter the combined data accuracy (Rolstad and stH2009). In any case, both combined
vertical RMSE were considered precise enough far muposes as the ice-depth changes
obtained in our analysis were generally much highan these values. The estimation of ice
volume changes was performed in ArcGIS comparinguiyand fill procedures pairs of glacier
surface DEMs (1981-1999 and 1999-2010)".

33-P5029, L. 14: a DTM with a cell size of 2x2 maisigh-quality DTM. Did you evaluate the
opportunity of using the hillshade of that DTM (aofdthe ALS DTMs of the following years)

to outline the perimeter of the glacier?

Answer: This is an interesting suggestion that we triedpply. Unfortunately there is a new
sector of bare rocks composed by a very smoottshpadi surface that is very difficult to be
discriminated from the surface covered by ice dtce, we cannot delineate an accurate edge

of the glacier.

34-P5029, L. 24 to P5030, L. 26: | suggest addiegTLS scanning positions and the target
positions in one of the figures. The error estimatan be improved using training areas, rather
than single points, in stable terrain outside tlaeigr. See for example Carturan et al., (2013)
and Rolstad et al., (2009).

Answer: We have tried to apply this technique (was new ds), and we did not obtain

significant improvement regarding using fixed tasge think that as we are scanning at very
long distance is better to scan reflective targéthorter distances to define very accurately the
position of the scan with respect to the acquidedds of points. We use eleven targets (now

marked in Figure 1) covering much different andgtes the scanning position, we consider this
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is an appropriate way to georreference the scathsreake them comparable between different

dates.

35-P5030, L.25: this assumption seems to be nqistgd by Figure 3. The exact date of the
1981 (or 19807?) is not reported, but you mentiat this a ‘late-summer’ photo at P5032, L.
13. The 1980 glacier is largely covered by snow m@agbe firn, and that period was preceded
by several years with balanced-budget conditiongven positive budgets (e.g. Marti et al.,
2015). Moreover, the ice density is used for cotingrthickness change to annual mass budget
rates also in the period from 2011 to 2014, whemgelavariations in the extent of the
accumulation area have been observed. Please todafee work of Huss, 2013 for indications.
Huss, M. (2013). Density assumptions for convertjegdetic glacier volume change to mass
changeThe Cryospherer(3), 877-887.

Answer: We agree with the comment of the reviewer but avieté have information to make a
better approach for estimating densities. Howevbe assumption we took only may
underestimate the acceleration of the loss of & the glacier, as the density must be lower
during the first compared period (1981-2009). Thevised manuscript includes this
clarification: “The conversion of mean ice elevatichange to annual mass budget rates was
done applying mean density of 900 kg® rtChueca et al., 2007; Marti et al., 2015). The
assumption of this value neglects the existenca fofn, with a lower density. This is mostly
true at the end of the study period, but probahlyhie early eighties this assumption is not
completely true and firn areas existed (i.e. adogrdo Figure 3A). Unfortunately, the the lack
of additional information forced us to take is gelieation that may slightly underestimate the
acceleration in ice loss rates during the lasty/éioe. after 1999) compared to the 1981-1999

period.”

36-P5031, L. 2-13: information about the type dtiomentation is missing. Is the weather
station manual or automatic? The lack of changemstrumentation during the observation
period does not guarantee the absence of inhomibigenemalfunctioning or instrumental
drifts. In my opinion this is a very important pbifior detecting meteorological anomalies and
corresponding accelerated reactions of the glaciessggest i) to better describe the weather
station, adding also its location in Figure 1tdéikcheck the homogeneity of the series comparing
Goriz with (homogeneous) meteorological data sdrie®s neighbouring weather stations, iii)
to extend the meteorological series backward,aat i the 1960s and 1970s. The latest point is
crucial for detecting trends and changes in tentperaand precipitation, which are responsible
for the observed changes in geometry of the MoeteiBo Glacier, from the early 1980s to its

current state. Accurate meteorological data seaiesalso essential for calculating current
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temperature and precipitation anomalies and treadsd, for detecting possible non-linear
behaviour of the analysed ice bodies. Moreoveramnot understand which variables are
analysed and why. Do the authors deal with absodg@sonal maximum and minimum
temperatures, or maybe with average seasonal WValtiestal’ precipitation during the

accumulation season? The raw precipitation data@rected for gauge undercatch? how?

Answer: Following the recommendations of both reviewers hase strongly modified this
section by adding new stations of temperature aadigitation, and also adding new analyses
(using Mann-Whitney test to compare 1983-199 ar@D2Z2010 periods). In addition we present
the interannual variability and trends of the terapgre and precipitation in the three new
stations for the period 1955-2013. We are very avadithe importance of homogeneity issues,
and indeed it has been one of the main researeh tihour research team in the last years (i.e.
works of Vicente-Serrano, EI Kenawy and myself foeating climatic databases in the
Pyrenees, the whole Spain and the Andes). Howexergalize about the difficulty to proceed
with homogeneity testing of a relatively short eeri(1983-present) in a high mountain
environment and quite far of potential referenegiahs (or reference series). However, due to
the proximity to the glacier, | think that this danust be presented and used as a reference of
the climate evolution in the neighborhood of thacglr. The new used stations (Canfranc,
Mediano, Aragnouet and Pineta) have been carefciigcked in terms of quality and
homogeneity by the Pyrenean Observatory of Clinkitange (OPCC, Deaux et al., 2014). As
it is answered in detail to reviewer 1, the resalitained in Gériz (and presented in the original
submmision) are fully consistent with the new addtdions. All of them shows a generalized
lack of climatic trends after 1983, being an eximepbf warmer temperatures in May and June,
that may have important consequences in the eramrdymass balance of the glacier, but they
are currently difficult to be quantified (see answereviewer 1). However, it exits a significant
warming during the ablation period when the timieesl1955-2013 is analyzed. The revised
manuscript states clearly that we are working veitlerage seasonal temperatures instead of
absolute maximum or minimum temperatures. We ditl apply undercatch correction to
precipitation, because it is a manual station sodaerot have the right information on wind
speed during the precipitation events, and alsaulsr we do not have a proper transference
function to do such corrections. Since, we areaiming to get absolute values of accumulated
precipitation, but to have an idea of the interanariability; we do not think that this is a

major problem.
37-P5031, L. 13: please use the right symbol ordaneentioning ‘tau-b’

Answer: Changed.
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38-P5031, L. 22-23: what do you mean with air terapge range? | can see mean daily

temperature ranges of about 6-7°C both in the aatatron and ablation periods from Figure 2.
Answer: We wanted mean interannual range, now this igfigldr

39-P5031, L. 25: why not indicating the exact exies of total precipitation in the

accumulation period? The same consideration isladio for the other analysed variables.

Answer: We prefer not indicating the exact extremes bexatuisloes not provide any key
information but force us to give exact numbersHighest and lowest values of Tmax, Tmin
during the accumulation and ablation periods, Whit our opinion enlarges unncesarily the

text, and difficults the reading.

40-P5032, L. 5-8: why mid-September to mid-SeptaBeeviously it was stated that analyses
have been carried out considering the two perioolsMay and Jun-Sep. Close to the 25% of

what?

Answer: It is because is normally the time of the year nvablation has almost finished in the
area, whilst there is a big chance of not havimgired the first snowfalls in the season. They
are not normally heavy and generally ephimeral snower, but difficults the field work, and
introduce uncertainty in the estimation of ice tegitanges. It is normally the most usual time

of the year for glaciological surveys in the Pyresne

41-P5032, L. 8-11: from Figure 2 | can see that 2012’13 total precipitation during the
accumulation period was only slightly above thegidarm mean (why not providing the exact
annual % anomalies?). Then it is reported thalOi3-'14 accumulation period was very wet
(please quantify the anomaly) and mild, but thetamperature has been close to the mean.
Concerning the ablation months, they were descrémedwell below average’, while from
Figure 2 a negative anomaly can been seen onlthéoiTmax, of less than. 0.5°C below the
long-term mean. | strongly suggest checking thes@my and homogeneity of meteorological
data. | did a quick check of gridded reanalyseshipp://data.giss.nasa.gov/, plotting the
temperature anomaly of the ablation season 2013 #® 1983-2014 mean
(http://data.giss.nasa.gov/cgi-
bin/gistemp/nmaps.cgi?sat=4&sst=6&type=anoms&mean=0506&year1=2013&year2=201
3&basel1=1983&base2=2014&radius=250&pol=rob). Theultng map shows almost no
anomalies in the study area, which is very diffefesm the -3°C anomaly plotted in Figure 2b.

I did another check at this link: http://climexprinnl/start.cgi?id=someone@somewhere,
where homogeneous meteorological series can beldaded and analysed. Among the closest

series to the study area, | have plotted the sehsmnomalies of Zaragoza/Aeropuerto
23
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(homogenized time series) from 1950 to 2015
(http://climexp.knmi.nl/plotseries.cgi?id=someona@mewhere&TYPE=t&WMO=8160&STA

TION=ZARAGOZA/AEROPUERTO&NAME=GHCN_v3_mean_tempeanet&KIND=season

). The mean summer temperature of 2013 and 2014 vezy similar, close to the mean of the
last 2 decades and about 2°C higher than the reegmetrature in the period from 1950 to 1980,
i.e. 2°C higher than required for balanced-budgeslmhtly positive mass balances in the
neighboring glaciers that were analyzed in previsugdies (e.g. Marti et al., 2015, and

references cited therein).

Answer: Thank you for the recommendation, we now indi¢th&epercentiles that represent the
values in order to make an appropriate assessmemagnitude of the anomalies, and author is
right that 2014 ablation minimum temperatures wathar close to the average of the period
1983-2014. This now more clearly stated in the pagewever, | think we can state that they
were “cool” ablation periods compared to the stsidieriod, as the results are: “The period of
2012 to 2013 had an accumulation period that was rhomid than average (59th percentile)
and the coolest recorded summer (1st anll p8rcentiles for maximum and minimum
temperatures respectively), and the accumulatisioghef 2013 to 2014 was very wet (78
percentile) and around average, with air tempeeatwell average (22th and 48th percentiles
for maximum and minimum temperatures respectivelyjng the ablation months.” Probably,
if we would have available longer series, such aal@s would not be as marked as for the
studied period, but we want highlight is that tbesl of ice is much faster after 1999, compared
to the period 1983-1999, and that apparently clov@dta cannot explain such changes. Indeed,
the Mann Whitney test does not find any significdifference between the 1983-1999 and
2000-2010 periods.

42-P5032, L. 13: 1980 or 1981? Can you report faetedates?

Answer: 1981, it has been corrected along the whole maiptisc

43-P5032, L. 16: please check if ‘concave’ is wat intend. Maybe convex?
Answer: It is convex. Thanks for detecting the error.

44-P5032, L. 20: the reduction in ice thicknessiich more evident in the lower margin of the
two ice bodies, whereas it is smaller in the upgige, especially in the lower portion of the
glacier. This behavior has important implications their future survival (e.g., Pelto, 2010).
Pelto, M. S. (2010). Forecasting temperate alpilaeigr survival from accumulation zone
observationsThe Cryosphered(1), 67-75.
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Answer: Pelto was the other reviewer of the manuscript lenthias provided useful comments

on this regard that have been added to the rewisgdiscript.

45-P5033, L. 3: | suggest adding the area losgliogmt, and a description of where it happened
(which parts of the glacier), highlighting the @ifént behavior of the two ice bodies.

Answer: Thanks. This has been also suggested by the r@hiewer and added to the new text.

Also we have followed your recommendations on therés and this is now seen more easily.

46-P5033, L. 12: it seems that also some aredwedfigper glacier have been stationary. Briefly
describe where these areas are and why they thiaheal lower rate (e.g. higher snow
accumulation, more effective shading?). P5033,8:21: The pattern slightly changed, because
the higher elevation losses occurred in the wegtarh during the period from 1981 to 1999,
and in the eastern part from 1999 to 2010. | suggk® mentioning the small areas with
thickening in the period from 1999 to 2010.

Answer: we think that these stationary areas are maingytdunore effective shading, but with
available data is not possible to be confirmed. Myeee with the slight change in the wastage
patterns. Thus the paragraph is now: “The spatitiem of ice losses resembled the pattern
from 1981-1999, but areas of noticeable glaciesdesare also found eastward. The smallest
decreases are found in the higher elevation périsedlower glacier and the proximal area of
the upper glacier, probably due to most effectihading of these areas, and the greatest

decreases in the distal and central-eastern fabtstioice bodies”.

47-P5033, L. 24: these are not only changes irdegh, but also in snow and firn thickness.

Please refer to general changes in thickness d@jl#uger/s (here and in the rest of the paper).
Answer: We agree and we have changed it in the paper

48-P5034, L. 13-15: this is the normal behaviourglsfciers close to equilibrium, with the

accumulation area gaining mass and the ablatianlaosing mass.
Answer: Yes we agree and this is why we state that thenloel of the glacier is near zero.

49-P5034, L. 18: based on the data series, thatmmlof 2013-'14 were not so similar to the
previous year, with significantly higher accumuwatiin winter and higher temperature in
summer. Is the annual mass balance of the MontdideeGlaciers more controlled by summer

ablation or by winter accumulation? Why?

Answer: We would really like to be able to answer this sfign. Last spring thanks to new

funding we have started to scan the glacier inyelslidy, and we installed ablation stakes to
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have a “seasonal” mass balance of the glacier andehto be able to answer this question. Our
hypothesis is that ablation dominates accumulatinri, we will need several years of data
collection to confirm or reject this idea. Henceg prefer avoid introducing this discussion in

the manuscript.

50-P5034, L. 23-25: please check the calculationd &rminology. How the cumulative
average thickness change can be -2.1 m, if theahwalues (I guess, in the entire glacier area)
are -1.94, +0.34 and -0.07 m for 2012, 2013 and}2f8spectively? It should be -1.67 m, if |
have well understood what the meaning. In additak® care of consistency using always the
same number of decimals, and consider my indicatemncomment P5030, L.25 for density

assumptions.

Answer: thanks a lot for this observation, because theas an small error in the calculation
that affected to the ice losses of 2011 that affictlso to the overall glacier loss (that is -

1.93m). It has been carefully checked and correaligug the whole manuscript.
51-P5035, L. 2: what could be the explanation lies spatial consistency?

Answer: We think that the reason is that accumulationbdatéon patterns over the glacier have
been maintained in time. However, as it is not fssto check right now which of the

elements dominates, we think is better not intrguythis discussion and just report this fact.

52-P5035, L.14-23: as discussed above, the metgical data presented in this paper and
information on data collection and processing cafeoconsidered as a sufficient evidence of
the discussed behaviour of the meteorological blegaand glaciers analysed. Moreover, |
doubt that some of them are representative ofrthe donditions on the glaciers. For example,
the total precipitation from November to May (whwckiding October?) cannot be
representative of the total snow accumulation englacier, because an increasing fraction of
precipitation is expected to fall as rain, in plaafesnow, due to warmer temperature. In
addition, why the maximum snow height in a singlenth at a weather station located several
hundreds of metres below the glaciers should beidered useful? Furthermore, mean seasonal
or decadal values of air temperature alone canrtige a comprehensive description of the
climatic conditions during the ablation season,clihalso depends on cloud cover and, most
importantly, on snow falls over the glaciers anldterl changes in the surface albedo. Finally,
in Figure 2 it is clear that years with extremelgthtemperature occurred after 2000 (2003,
2005 and 2012), and in 2005 and 2012 they werecliamacterised by low winter precipitation.
As detected by TLS surveys, these years have ledripnegative mass balance and huge ice

losses, which were not compensated in more favéeirgdars like 2013 and 2014. In my
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opinion these could be valid explanations for tledaviour observed on the Monte Perdido
Glacier, considering also the feedbacks from deemaalbedo and increasing slope of the
glaciers, due to higher thickness loss in the Hjsas. Increasing slopes are expected to affect
the avalanche activity and in my opinion can desgeghe snow accumulation on the glaciers, or
in significant portions of them. Could it be a pb#s explanation for the shift of the areas with
higher thickness loss rates from the western toehstern part of the glaciers, as can be
observed in Figure 4 for the two sub-periods 198391and 1999-20107?

Answer: The treatment of the meteorological data, theegatto select accumulation and
melting periods the limitation of using one singtew depth data has been also discussed in the
response to reviewer 1. We think that the newatatand analyses (monthly trends and Mann-
Whitney analysis) give more robustness to the samlyconfirms the validity of the first results
derived from working only with Gériz station. Wesal explained that October was not
introduced in the accumulation nor ablation perasit is a very transitional month and it
changes a lot from one year and other. Howevekihgothe monthly trends of section 4.1, its
inclusion should not affect the presented tremideéd we did trials of including and excluding
months to the accumulation and melting periods rmodt relevant results (lack of statistical
significant trends). We have also added a neweatsr in which is stated that the recent trend
in snow accumulation found in Gériz is consisteithv'8WE data observed in other locations of
the central Pyrenees (Buisan et al., in review)in.a most recent research, Buisan et al. (in
review) has reported stationary behavior or sligbteases in the available series of snow water
equivalent series available for the period 19858201 the central Spanish Pyrenees”. The
increasing temperature of May and June could leatbtreased albedo earlier in the season, as
well as the apparition of rocky outcrops and deboiger. It is now stated stressed in the revised
manuscript and | think this point open new linesesfearch for the immediate future. We agree
and indeed is the idea we wanted to send with yipethesis of the effect of isolated years in
the long-term mass balance of the glacier, and awe ladded it similarly you explain to the
discussion, same as the theory that increasingrstes of the glacier may explain changes in

the accumulation patterns. Thanks a lot for suchroents.

Below there are some of the most important newgraphs added to the discussion of the

“

revised paper: “...However, more research is neeadefillly assess the implications of the
temperature increase detected in May and Juneeirfalr analyzed meteorological stations.
This change could lead to less snow accumulatidgheaend of the accumulation season and a
longer ablation period, and an early rise of albt#dd may be affecting the mass and energy
balance of the glacier (Qu et al., 2014).”... “Tdaecumulation area ratio for the 2011-2014
period was 16 %, and during a warm and dry yeatdbe of ice thickness almost affects the
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whole glacier (AAR<4%) affects indicate that th&seot a persistent accumulation zone. Pelto
(2010) observed that this is a symptom of a glatiat cannot survive, there can be years with
accumulation, but if the many do not and the retisnowpack of good years is lost in bad
years, then in fact no accumulation persists. Tthespbehavior observed for the Monte Perdido
glacier during the studied period is very likelyptained by very negative mass balance years
that may be identified in Figure 2. Thus, yearwigry high temperatures occurred after 2000
(2003, 2005 and 2012), and in 2005 and 2012 thene wéso characterized by low winter
precipitation. As mentioned before, also the feelbdrom decreased albedo and increasing
slope of the glaciers might be playing a key rolethie recent acceleration of the glacier
wastage”... “This process may be accelerated athee feedbacks such as the recent rise of
rocky outcrops in the middle of the glacier and thim cover of debris, both of which may
accelerate glacier ablation by decreasing the alb@d increasing the emissivity of long-wave

radiation”.

53- P 5037, L. 3: please clarify what you mean wibst topographic locations’ (high snow

accumulation? high shielding? both?)
Answer: We think both. Added to the discussion.

54-P 5037, L. 10-11: unclear, why normal years khdwave little accumulation or warm

ablation season?
Answer: We agree that the sentence was confusing and veerbmoved the second part.

55-P 5037, L. 9-13: the reasoning is difficult adldw. What is called ‘periods with favourable

conditions’ in the 21st century are likely much mar than periods with balanced-budget or
slightly positive conditions in 1960s and 1970sp@ntioned at P5035, L. 25, and reported by
several studies cited in this work. So | cannoteusthnd why the current warmer conditions

should lead to mass gains in the same glacierpufittnentioning possible negative feedbacks.

Answer: We agree and we have modified the sentence asvill“In this context, the only
explanation for the rapid degradation of the MoR&rdido Glacier after 1999 is that the
progressive warming observed since the end of tAenlas responsible of a dramatic reduction
in the accumulation area ratio (AAR), and mostto$ tglacier is currently below the current
ELA (at 3050 m a.s.l. during the period 2011-208igure 5D). This leads to a clear imbalance
that is very likely to be exacerbated by negatigedbacks. Because of this imbalance, the
glacier cannot recover ice losses during periodh f@vorable conditions (high accumulation
and/or little ablation in the frame of the 1983-2Qfriod).”
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56-P 5037, L. 15: anomalously positive compared fieriod with unfavourable conditions for

the glaciers
Answer: We agree and we have modified the sentence aogtydi
57-P 5037, L. 25: it is unclear how the rock oupsroan decrease the albedo

Answer: We agree the sentence was unclear. The outcnognesaise the long-wave emissivity,
and a thin debris cover may affect the albedo), wachave modified the paragraph :” This
process may be accelerated by negative feedbacksasuthe recent rise of rocky outcrops in
the middle of the glacier and the thin cover of ridgbboth of which may accelerate glacier

ablation by decreasing the albedo and increasmeithissivity of long-wave radiation”
58-P 5037, L. 26: why the western part is losirigkhess faster?

Answer: Probably because it receives higher radiation aoclmulates less snow during

accumulation period. We hope to be able to angwgiquestion soon.
Comments on the figures:

59-Figure 1: | suggest adding a label to the curkdonte Perdido Glacier and the location of

the meteorological station/s and TLS scanning joosit
Answer: Figure 1 has been modified following the recomméinda of both reviewers

60-Figure 2: | suggest removing the boxplots ars éhe small rectangles at the right of the
charts. If the last year is 2014, then the X aakls are shifted by one year. Consider also the

opportunity of adding gridlines to facilitate thensparison among the different years.

Answer: we think the small triangles are useful to ideniif a visual way the location of the

most recent years within the observed variabilitges 1983. For this reason, we prefer maintain
them. Years are in “water years” starting in Octotme be consistent with the accumulation
periods. We think this is clear with the referetmé¢he seasons 2011/12; 2012/13 and 2013/14.

61-Figure 3: 1980 or 19817
Answer: 1981.

62-Figure 4: the outlines from different years hatfe same colours and cannot be

distinguished.
Answer: We have modified the figure accordingly
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63-Figure 5: in my opinion 2D spatial representaditike those in Figure 4 are more effective
than the 3D representations reported in Figure reldver, there is a rather wide range of
thickness change around zero which is representadhiie, whereas it could be interesting to
see the switch from negative to positive thicknelsanges, as reported in Figure 4. | also
suggest, if feasible, to outline the accumulaticeaeof each year and to use a classified colour

scale, as in Figure 4, rather than a stretched one.

Answer: We have modified the figure accordingly and coteerinto a 2D figure. We finally
do not outline accumulation zones, because in s@aes there are small areas near 0 that gives

a lot of small marked areas and hinder an apprigpviaw of the figure.
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Abstract

This paper analyzes the evolution of the Monte Ber&lacier, the third largest glacier
of the Pyrenees, from 1981 to the present. We ssdebe 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 elevatiood®ls (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 freennearby meteorological statimnThe results indicate an
accelerated degradation of this glacier after 206 a rate of ice surface loss that was
almost three-times greater from 2000 to 2006 tlwareérlier periods, and —deubling
43% higherofthel.86mes fasterate ofglaciericevolume loss from 1999 to 2010 (the
ice depth decreasdny 8.98+1.8 m, -0.72+0.14 m w.e. rcompared to 1981 to 1999
(the ice depth decreased 8.35+2.12 m, -0.39+0.1eny"). This loss of glacial ice has
continued from 2011 to 2014 (thee-glacierdepth decreasedy 1.932.#0.4 m, -

05864:0.36 m w.e. yf). These data indicated that two consecutive mayked]

anomalous wet winters and cool summers (2012-13 20i3-14) represented a

deceleration in wastage compared to previous yéasstill the overall mass balance

were near zero, with significant losses of ice ame areas. These anomalous periods

could not counteract the dramatic shrinkage thauwed during the dry and warm

period of 2011-2012-

1983-20125 period—in-two-out-of the-three-consdeyears.L ocal climatic changes

observed during the study periodseems not be enough—eannot eaplain the

acceleration in wastage rate of this glacier, beeprecipitation and air temperature has

not _exhibited generalized statistically significargnds during the studied periediocal
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he-ablation-period-didnot-significantly-increadde accelerated degradation of this

glacier in recent years can be explained by thie ¢diequilibrium between the glacier

and the current climatic conditiorend probably other factors affecting the energy

balance (i.e. increased albedo in spring) and fagdbmechanisms (i.e. emitted

adveeted heat-offrom recent ice free bedrocks atuligl covered areadp-particular,
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Most glaciers worldwide have undergone intenseeattsince the end of the Little Ice
Age (LIA) in the mid 18' century, as indicated by measurements of ice seidisea and
volume (Vincent et al., 2013; Marshall 2014; Maazeet al., 2014 and 2015; Zemp et
al., 2014). This trend has apparently acceleratdtd last three decades (Serrano et al.,
2011; Mernild et al., 2013; Carturan et al. 201Gardent et al., 2014; Lopez-Moreno et
al., 2014). Thus, Marshall (2014) and Zemp et 2016) noted that loss of global
glacier mass during the early *2&entury exceeded that of any other decade studied.
Several studies examined this phenomenon in Eurbipehe French Alps, glacier
shrinkage has accelerated since the 1960s, mainhei2000s (Gardent et al., 2014). In
the Otzal Alps (Austria), Abermann et al. (2009Icatated the loss of glacier area was
0.4% per year from 1969 to 1997 and 0.9% per yeesn 1997 to 2006. In the Central
Italian Alps, Scotti et al. (2014) compared theigeiof 1860-1990 with 1990-2007 and
reported an approximately 10-fold greater averageual decrease of glacier area

during the more recent period. Carturan et al. 8dQJkalsoreported—+eperted that the

rate of ice mass loss in the long-term monitorete€&r Glacierstudied-the-Halan-Alps

and-found-that the-average rate-ef-ice-mass Itiafiaf Alps)during the period 198-

200610 (-01-369+0-12m w.e. yi') was about twice that for the period of 1933 to

1959 (-0.7XX-—+-XX-m w.e. yi'). Over the same period (1980-2010), Fischer et al.{ con formato: Sin Resaltar

(2015) calculated a very similar rate of ice mass Ifor the Swiss Alps (-0.65 m w.e. {

Con formato: Sin Superindice /

yr ) that clearly exceexthe values presented by Huss et al. (2010) foR€ile century
(close to -0.25 m w.e. ¥). In the Sierra Nevada of southern Spain, the teleBiacier,
which was reconstructed during the LIA, disappea®@ white glacier during the mid

20" century and became a glacier-derived rock glavigh a marked degradation

during the last two decades (G6mez-Ortizetat20 == {

Con formato: Fuente: Times New
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The Pyrenees host some of theuthern-most glaciers of Europe -@methe-Pyrenees

and they have also undergone significdeglaciationretreain 2005, these glaciers had
an area of 495 hectares (Gonzalez-Trueba et @8)2&hd in 2008 they hadtataln
area of 321 hectares (René, 2013). Since 1880jitteeent massifs have had variable
reductions in area covered by ice, with a 59% réduén the Vignemale Massif and an
84% reduction in the Posets-Llardana Massif (Gglital., 1995; René, 2013). A total
of 111 glaciers have disappeared in the Pyrenees 1880 to 2005, and only 31 actual
glaciers (with ice motion) remain. There has beeammd glacial recession since the
1990s, and many of these glaciers face imminenheidn. Chueca et al. (2005 and
2008) reported that the rates of glacial shrinkéggng the last two decades of thé"20
century and the beginning of the*2dentury were similar to those observed from 1860
to 1900, immediately after the end of the LIA. Andar conclusion has been reached by

Marti et al. (2015) for the Ossue Glacier (FrengheRees).

Most studies agree that global warming is respdam$dy the observed glacier shrinkage
and the recent acceleration of this shrinkage. Témaperature increase has been
particularly strong since the end of the LIA, atgbasince the 1970s in most mountain
ranges of the world (Haeberli and Beniston, 199&qiBton et al., 2003; Nogués-Bravo
et al., 2008; Gardent et al., 2014). Global warntiag increased the equilibrium line
altitudes (ELAs) and reduced the accumulation abiatatios (AARs) of glaciers, so

that most glaciers are not in equilibrium with @nt climatic conditions (Mernild et al.,

2013)and many of them cannot survive for much longedt(®? 2010) In the case of

the Pyrenees, thennualair temperature has increasedinimum ofatleadd.9°C since
the end of the LIA (Dessens and Biicher, 1998; futind Mercier, 2012)More

recently, Deaux et al., (2014) reported-—shewamgincrease of 0.2°C decddeetween
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for the period betweeh951 and 201@bBeawx—-et-ak—2014)This explains the ~255 m

increase in the elevation of the ELA in the glasief the Maladeta Massifince the end
of the LIA, which is currently close to 2950 m a.s.|. (Chuetaal., 2005). The
decreased accumulation of snow, and the increaae iamperature during the ablation
season are thought to be the principal causescehteglacier 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 i(@ak and Brewer, 2004, Fischer et
al., 2015). However, establishing a direct relalip between annual fluctuations of
climate and the changes in area and mass of aydartglacier is difficult, because only
glaciers ofmedivm—orsmall size respond rapidly to changes in annualfiband
snow/ice melt, whereas large glaciers respond muoke slowly (Marshall, 2014).
Moreover, very small glaciers may develop and exdier reasons unrelated tbe
regionallong-term monthly or seasonal climatbangesevolutignsuch as avalanches
and snow accumulation due to wind (Chueca et &@428errano et al., 201 Carturan

et al., 2013k Local topography also has a considerable effedhe development of ice

bodies, and can cause notable variations in thesebfAdifferent glaciers in the same
region (Reinwarth and Escher-Vetter, 1999; Carkivand Brewer, 2004; Lépez-
Moreno et al., 2006). Moreover, many studies oeEmtachanges in glaciers examined
the evolution othe area ofjlaciated surfaces or glacier lengtiifese parametershat
respond to climate fluctuations, although this tiefeship is alseexplained affectethy
geometric adjustments (Haeberli, 1995; Carturaralet2013a). Thus, direct mass-
balance estimations or geodetic methods that deterohanges in ice volume provide

better information on the relationshietween glacier changes and climatic chargesof
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changes-in-glaciers-with-changes-in-clim@aueca et al., 2007; Cogley, 2009; Fischer

et al., 2015). In the Pyrenees, there are verydstinations ofce volume losslestice
volumes (Del Rio et al.,, 2014; Sanjosé et al., 2014; Maettial., 2015), although
abundant research has examined recent changesdaiditgt surface areas (Chueca et
al., 2005, Lopez-Moreno et al. 2006; Gonzalez-Tauetal., 2008). Annual estimates of
glacier mass fluctuations based on glaciologicathoe were only performed in the
Maladeta Glacier (Spanish Pyrenees) and the OsGtamer (French Pyrenees), and
these indicated the meatacierice deptliossefice-thickhessvas 14 m during the last
20 years in the Maladeta Glacier, and 22 m in tegoQe Glacier (Arenillas et al., 2008;
René, 2013; Marti et al., 2015). Other studieshi:n $panish Pyrenees compared digital
elevation models (DEMs) derived from topographicpmaffer 1981 and 1999 in the
Maladeta Massif (Chueca et al., 2008) and the Mdeedido Glacier (Julian and
Chueca, 2007), and reported losg$s-0.36 m w.e. yi and of -0.39 m w.e. yr,

respectively.

This paper focuses in the recent evolution of thentd Perdido Glacier, the third
largest glacier in the Pyrenees. We document clsaimgéhe glacier surface area from
1981 to 2006 and provide updated information orunwtric changes by comparing
DEMs derived from topographic maps of 188&nd 1999 (Julian and Chueca, 2007), a
new DEM obtained in 2010 from Airborne LIDAR, anduf successive Terrestrial
Laser Scanning (TLSns surveyshat were performed during the autumns of 2011,

2012, 2013, and 2014. We examined these di@tag-within connection witldata on

precipitation, snow depth, and air temperature ftbenclosest meteorological station.
Identification of changes during recent years iis thegion is particularly important

because in the 21st century snowfall accumulatasbdeen higher and the temperatures
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slightly cooler thanin the last decades of the "®0associated to persistent positive

conditions of the North Atlantic Oscillation indéx the beginning of the 21st century

(Vicente-Serrano et al., 2010; Buisan et al., 20T&us, the most recent response of the
remnant ice bodies to this short climatic anomadyas yet unknown. Moreover, the
availability of annual TLS data in recent yearsnpiés detailed examination of the

relationship between changes in climate and glacier

2 Study area and review of the previous research dhe Monte Perdido glacier __ -1 Con formato: Fuente:
7777777777777777777777777777777777777777777777777777777777777 (Predeterminado) Times New Roman

The Monte Perdido Glacier is located in the Ordmsa Monte Perdido National Park
(OMPNP) in the Central Spanish Pyrenees (Figurdig.ice masses are north-facing,
lie on structural flats beneath the main summithaf Monte Perdido Peak (3355 m),
and are surrounded by vertical cliffs of 500-800mheight (Garcia-Ruiz and Marti-
Bono, 2002). At the base of the cliffs, the CindaeR flows directly from the glacier
and the surrounding slopes, and has created atudiimgl west-east basin called the

Marboré Cirque (5.8 k.

Researchers have studied glaciers in the Marbomgu€isince the mid i'gcentury

(Schrader, 1874), and many next studies examine@xtentand made descriptions of

the status of theand-ethercharacterisht&e masses and the features of the moraines
deposited during the LIA (GAmez de Llarena, 193éitdndez-Pacheco and Vidal Box,
1946; Boyé, 1952). More recent studies have estaddi the location of moraines to
deduce the dynamics and extent of LIA glaciers ¢idis, 1981 and 1986; Martinez de
Pisén and Arenillas, 1988; Garcia Ruiz and Marth@®a2002; Martin Moreno, 2004)

and have analyzed environmental changes durindHtiiecene througthe study of
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sediments in Marboré Lake (Oliva-Urcia et al., 20B3d by dating of Holocene

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

The map of Schrader (1874), numerous old photograghd the location of the LIA
moraines (Garcia Ruiz and Marti Bono, 2002) in@ieatinique glacier at the foot of the
large north-facing wall of the Monte Perdido Mas@onte Perdido, Cilindro and
Marboré peaks) (Figure 1). The map of Schrader 4L&istinguishes the Cilindro-
Marboré Glacier, with three small ice tongues tloated 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 intgiates glacierput dissapeared after
the 1970s (Nicolas, 1986; Garcia-Ruiz et al., 20Thg two remaining glacier bodies,
which are currently unconnected, agrrenthyreferredin this paperas the upper and
lower Monte Perdido Glaciers. The glacier beneb¢h@ilindro and Marboré peaks has
transformed into three small and isolated ice pEcfGarcia-Ruiz et al., 2014). It is
noteworthy that Hernadndez-Pacheco and Vidal Box4gl%reviously estimated a
maximum ice thickness of 52 m for the upper glaaigdt 73 m for the lower glacier. In
2008, 82% of the ice cover at the end of the LIAl ladready disappeared. The upper
and lower ice bodies have mean elevations of 31EHhadn2885 m (Julian and Chueca,
2007). Despite the high elevation of the upperigtasnow accumulation is limited due
to the minimal avalanche activitgboveeverthe ice—bedyglacierand its marked

steepness@Q°).

There has not been a direct estimation of the ntifoeation of the ELA in the upper
Cinca valley, but studies at the end of th& aad beginning of the 2century placed it
at about 2800 m in the Géllego Valley, west of @PNP (Lopez-Moreno, 2000), and
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at about 2950 m in the Maladeta Massif, east o aMPNP (Chueca et al., 2005). The
mean annual air temperature at the closest metggpcal station (Goriz at 2250 m
a.s.l.) is 5.03°C, although this station is onghath-facing slope of the Monte Perdido
Massif. Assuming a lapse rate of 0.55°C to 0.65%€rye 100 m, the annual 0°C
isotherm should be roughly at 2950 to 3150 m aathough it might be slightly lower

because the glacier is north-facinand the annual temperature in Gériz_might be

enhanced by the occurrence of féehn events

The climate in this region can be defined as highsntain Mediterranean. Precipitation

as snow can fall on the glacier any time of yeat, mhost snow accumulation is from

November to May, and most ablation is from JuneSéptemberPrevieus—+research

3 Data and methods __ - | Con formato: Fuente:
777777777777777777777777777777777777777777777777777777777777777 (Predeterminado) Times New Roman

3.1. Comparison of DEMs

DEMs from different dates can be used to calcutanges in glacier ice volume. This
technique is well established for the study of iglecin mountainous areas (Favey et
al., 2002), and we have previously applied it mesal studies of the Pyrenees (Chueca
et al., 2004, 2007; Julian and Chueca, 2007). Titvesused 3 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) wasmfrairborne LIDAR

measurements. All three DEMs have and cell sizé of, and they were used in the
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context of a geographic information system (GISJ anified working under a single

geodetic datum (European Datum ED50; UTM projectimme 30).

The 1981 DEM was obtained from the cartography ipbbt by the Spanisimstituto
Geografico Naciona(IGN) (Sheet 146-1V, Monte Perdido; Topographictibiaal Map
Series, scale 1:25000). This map was publishe®@Y &and its cartographic restitution
was based on a photogramntrflight in September1981. The 1999 DEM was also
derived from cartography published by the IGN ($h&é6-1V, Monte Perdido;
Topographic National Map Series MTN25, scale 1:250@t was published in 2006
and its cartographic restitution was based on agginammeticy flight in September
1999. The 2010 DEM was obtained from an airborri@AR flight (MDTO5-LIDAR)
made by the IGN in late summer of 2010 in the cdndé the National Plan for Aerial

Orthophotography (NPAO).

The Root Mean Squared Error (RMSE) for verticaluaacy calculated by the IGN for

their digital cartographic products at 1:25000 sdal+ 1.5 m and + 0.2 m for their

LIDAR derived DEMs. To verify the validity of thesecuracies we made a comparison

of 2010-1999, 2010-1981 and 1999-1981 pairs of DEMsreas of ice-free terrain

placed in the vicinity of the studied glaciers. Tiesults showed good agreement with

the accuracy indicated by the IGN in almost albaralthough higher vertical altimetry

errors were identified in several sectors of veeep terrain (with slope values usually

> 65°) located in the Monte Perdido glacial cirgsiearp-edged crests and abrupt cliffs

linked to the geological and structural dispositioh the area). In those sectors,

differences between the DEMs reached punctuallyesin the range of 10-15 m. As

both Upper and Lower Monte Perdido glaciers areeulavell outside those areas and
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have topographical surfaces of a smoother natumggitt be assumed that the altimetric

data provided by the IGN has an appropriate carsistover glaciated terrain.

The combined vertical RMSE for the 1981-1999 DEMswW 2.5 m and < 2.0 m for the

1999-2010 comparison. In the latter case it mustnbted that different geodetic

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

that this fact could alter the combined data aaufRolstad and others, 2009). In any

case, both combined vertical RMSE were considerecdige enough for our purposes as

the ice-depth changes obtained in our analysis wenerally much higher than these

values. The estimation of ice volume changes wa®mpeed in ArcGIS comparing by

cut and fill procedures pairs of glacier surfaceM31981-1999 and 1999-2010).The - { Con formato: Ingiés (Estados Unidos) |
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1999 and-1999-2010)The glacial perimeters associated with each DEM detre

retrieved from aerial photographs (19®irineos SurFlight, September-1981, scale of
1:30000, black and white; 199@&obierno de Aragoirlight, September-1999, scale of
1:20000, color). There were no high quality fligfas 2010, so 2006 aerial photographs
were used (PNOA2006 Flight, August 2006, scale:5®Q0, color). The 1999 and 2006
photographs were already orthorectified, but we kadcorrect the geometry and
georeference the aerial survey of 1981 by useefjdoreferencing module of ArcGIS.
The reference for the control points was from tithaphotos and DEM data from
1999. The horizontal RMSE accuracy of the set otrod-points ranged from 2.1 to 4.7
m, and was considered sufficiently precise forgiudy. The maximum horizontal error
value was used to calculate error bars to estimgl@ciated areas and their temporal
changes. A resampling procedure using cubic cotieolwvas 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 esjdincluding monitoring

changes in the volume of glaciers (Schwalbe e2@08, Carturan et al., 2013b). The
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device used in the present study is a long-rangg (RIEGL LPM-321) that uses time-
of-flight technology to measure the time between éimission and detection of a light
pulse to produce a three-dimensional point cloathfreal topography. The TLS used
in this study employed light pulses at 905 nm (Aefared), which is ideal for

acquiring data from snow and ice cover (Prokop,82@riinewald et al., 2010; Egli et
al.,, 2011), a minimum angular step width of 0.0188°%aser beam divergence of

0.0468°, and a maximum working distance of 6000 m.

When TLS is used for long distances, various sauafeerror must be considered,
namely the instability of the device and errorarfrgeoreferencing the point of clouds
(Reshetyuk, 2006). We used a frontal view of thaeigh with minimal shadow zones in
the glacier and a scanning distance of 1500 to 2800We also used indirect
registration, also called target-based registra(®evuelto et al., 2014), so that scans
from different dates (September of 2011 to 2014yldtobe compared. Indirect
registration uses fixed reference points (targdis) are located in the study area. Thus,
11 reflective targets of known shape and dimenaienplaced at the reference points at
a distance from the scan station of 10 to 500 nindJstandard topographic methods,
we obtained accurate global coordinates for thgetarby use of a differential global
positioning system (DGPS) with post-processing. global coordinates were acquired
in the UTM 30 coordinate system in the ETRS89 dattihe final precision for the
global target coordinate was 0.05 m in planimetngd 8.1 m in altimetry. Invariant
elements of the landscape surrounding the ice bd@ientifiable sections of rocks and
cliffs) were used to assess measurement accuraegtyN\percent of the reference points
had elevation difference lower than 40 cm, andetheas no apparent relationship

between scanning distance and observed error. @@ctcm of deviations was
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considered to add error bars to the calculateddeygth and mass loss rates. The
conversion of mean ice elevation change to annaakrbudget rates was done applying

mean density of 900 kg Tn(Chueca et al., 2007; Marti et al., 2015). Theuagstion of

this value neglects the existence ef-a;—considethiag-thefirn, with a lower density.

This is mostly true at the end of the study perlmdt, probably in the early eighties this

assumption is not completely true and firn aredsted (i.e. according to Figure 3A).

Unfortunately, the —the lack of additional infornmati forced us to take this

generalization that may slightly underestimate aheeleration in ice loss rates during

the last years (i.e. after 1999) compared to th@141999 periodzene—was—nearly

absent (Chueca et al.; 2007; Marti-et al.; 2015).

3.2 Climatic data _ - - Con formato: Fuente:

e liiiadLy et} o oL =

The Spanish Meteorological Office (AEMET) providelimatic data from the Goériz
manualweather station, located at 2250 m a.s.l. on thghgon slope of the Monte
Perdido Massif. Given no changes in instrumentatiod observation practices in the
meteorological station since 1983, and the proyimiftthe meteorological station to the
glacier (2.7 km) suggests that it accurately regdite climate variability over the
glacier. The climatic record consists of daily dataair temperature, precipitation, and
snow depth. From these data, we derived annuassefimaximum and minimum air
temperatures for the main periods of snow accumounlgNovember-May) and ablation
(June-September), precipitation during the accutimiaseason, and maximum snow

depth in April (generally the time of maximum snaeg at this meteorological

station).The lack of detailed meteorological or mass balatata over the glacier made

necessary to define the accumulation and the ahlaason in a subjective manner
45
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based on our experience. We are aware that MayOatwober are transitional months

between accumulation and ablation conditions depgnaf the especific annual

conditions. However, we set these periods becaudane and November when ablation

and accumulation is generally evident over theagarfof the glacierThe statistical

significance of the linear climate trends was assgédy the non-parametric correlation

coefficient of Mann-Kendall's tau-b (Kendall ando@ons, 199Q)Results obtained in

Goriz were contrasted with three othern-additive—analyzed-the-trends-ofmenthly

available forthree observatories (see Figure 1 wprecipitation—data (Pineta,

Aragnouet and Canfranc), and—three—for temperaiiMediano, Aragnouet and

Canfranc) data for the period 1983 and 2013, asd &br 1955-2013. The non-

parametric_Mann-Whitney U test (Fay and Proschadil0? was used to detect

statistically significant differences in the medianf precipitation and temperature-data

when the periods 19831-1999 and 2000-2010 are cwmmhpdeigure—3—shows—the

4. Results __ - | Con formato: Fuente:
777777777777777777777777777777777777777777777777777777777777777 (Predeterminado) Times New Roman

4.1. Climatic evolution and variability from 1983 o 2014

Figure 2 illustrates the high interannual varidpilof climate inthe-study-areaGoriz
stationsince 1983. Thaveraganaximum air temperaturés Gée“zrizduring the snow

accumulation and ablation seasons had no signifitands, withMann-Kendalltau-b
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values close to 0 (Figs 2a and 2b). The range l#twhee highest and loweaverage
seasonalanomalies during the study period exceeded 3°C 4i@ during the

accumulation and ablation periods, respectivétyr maximum and minimum

temperaturesThe averageminimum air temperatures had very weak increasdsth

seasons, but these wermt enly-statistically significant § < 0.05)-during—the

aceumulation-period(Figs—2e-and-2dheinterannuahir temperature range was larger
for the accumulation period (~5°C) than for theaibh period (~2.5°C)Yable 1 shows

that tThe evolution of temperature in Goriz is liwgh the observed in the three other

meteorological stations (Mediano, Aragnouet and faae), with no statistically

significant trends for maximum or minimum temperajuor the accumulation nerand

ablation periods during the period 198323-2013.nfnthly basis, the four analysed

observatories only detected a statistically sigaifit increase in May and June; and a

statistically significant decrease in November &@etember for both, maximum and

minimum temperature. The Mann-Whitney test did revealed statistically significant

differences in the medians of the series for theuawlation and ablation

periedsseasons in any observatory when the pefi®88-1999 and 2000-2010 were

compared.

Precipitationin Goriz during the accumulation period also exhibited girorterannual
variability, with a range of ~ 600 mm to 1500 mnig(F2e). The trend line had a slight
increase, but this was not statistically significarSimilarly, maximum snow
accumulation during April varied from less than &@ to 250 cm, and there was no

evident trend during the study period (Fig. 2fonthly trend analysis (Table 1) only

found a significant increase of precipitation inriaéuring May, and—+elatively-lowa

dominance-of positivenear zero tau-b _coefficiewotstfierestmost of theyearsmonths.
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Very similar results are found for the other thesmlyzed stations (Pineta, Aragnouet

and Canfranc) with no statistically significantrids for the accumulation and ablation

periods. Only Aragnouet showed—was—found a stedifyi significant increase—in

Aragnoudet in May, and—n Pineta—duringin March. Blatistically differences in the

median of precipitation during the accumulation abthtion seasons of the 1983-1999

and 2000-2010 periods in any of the analyzsed maltsmcal 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 necédgsa@presentative of longer climate

series. Thus, the 1955-3013 period exhibit a siedity significant (p<0.05) warming

during the ablation period, and the accumulatiomlsted positive tau-b values but not

reaching statistically significance. Precipitatiduring the accumulation period did not

exhibit statistically significant trends during thberiod 1955-2013 in any of the three

analyzed 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 maximum and minimi@mperature

respectively andene-of-the-driestrecorded-yearswith a rather dopimulation period

respectively) and the accumulation period of 2013 to 2014 wasy wet (7&“7/,/{Conformato: Superindice

percentile)and mildaround average respectivellyith air temperaturegel-around or
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below the -belowaverage(22th and 48th percentiles for maximum and minimum

temperatures respectivelgiring the ablation months.

4.2 Glacier evolution from 1981 to 2010 _ - - Con formato: Fuente:
(Predeterminado) Times New Roman
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Figure 43 shows two photographs of the glacier taken in fatenmer of 1980 and
2011. A simple visual assessment shows the fashdation of the glacier during this
30 year period. In 1981, the upper and lower gtacigere no longer united (they
became disconnected from 1973 to 1978), and thkipibed acencave convegurface
and a significant ice depth with noticeable sefzasging from the edge of the cliffs.
Both ice bodies were heavily crevassed, with ewideof ice motion over the whole
glacier. The photograph of 2011 shows that theitgdodies are further separated, as
well as showing a dramatic reduction in ice thigs)emanifested by the concave
surface, the disappearance of almost all seracdsthenretreat of ice from the edges of
the cliffs. Crevasses are only evident in the eagtart of the lower glacier, indicating
that the motion of the glacier has slowed or stdpjpemost of these two ice bodies.
Moreover, there are rocky outcrops in the middi¢heflower glacier and areas that are
partially covered by debris deposits from severavasses or rock falls in the upper

areas.

Table24 shows the surface area of the ice in 1981, 19892806. 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 y'. From 1999 to 2006, the

glacier lost 5.4+0.24 ha (2.0£0.09 ha in the upglacier and 3.4+0.15 ha in the lower
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glacier), corresponding to an overall rate of 00’28 ha yi*, more than three-times the

rate of the previous 18 years.

Comparison of the elevation of the glacier's swefaderived from the DEMs (1981 to
1999 vs. 1999 to 2010) also indicates an acceleration atigt wastage over time
(Figure54). During the 1981-1999 period, the ice thicknessrdased by an average of
6.20+2.12 m in the upper glacier and 8.79+2.12 ntha lower glacier (8.35+2.12 m
overall); thus, the mean rate @fe-glacierthickness decay was 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 hadiadpageterogeneity. No sectors of
either glacier had increased thicknesses, but sermel areas of the lower glacier
remained rather stationary, with declines in thedshless than 5 m. The largest losses
of iee-glacierthickness were in the lower elevations and westegions of the upper
and lower glaciers, with decreases that exceedeah 21d 35 m respectively. During
the 1999-2010 period, the loss of ice thickness W85+1.8 m in the upper glacier and
9.13+1.8 m in the lower glacier (8.98+1.8 m ovérattorresponding 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. J,
respectively. The spatial pattern of ice lossesmised the pattern from 1981-19%@it

areas of noticeable glacier losses are also foastivard —with-the smallest decreases

are found-in-the-eastern—andin thigher elevation parts of the lower glacier and th

proximal area of the upper glacigirobably due to most effective shading of these

areas,and the greatest decreases in the distal andateaistern parts of both ice

bodies.

4.3. Evolution of Monte Perdido Glacier from 2011 ¢ 2014 from TLS - Con formato: Fuente:
(Predeterminado) Times New Roman

measurements
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‘ Figure 65 shows the differences ie-glacierdepth between consecutive annual scans
(September 2011-12, September 2012-13, and Sept@®bg-14) and the total change
‘ from 2011 to 2014. Figurgé shows the frequency distribution of ice depth gean

measured over the glacier for these periods.

The period of mid-September 2011 to mid-Septemi®d22wvas very dry during the
accumulation period and very warm during the abtaperiod. These conditions led to
dramatic declines ofe-glacierdepth, with an average decrease2df28-1-940.4 m

(22.0825920.4 m in the upper glacier arftd1231-9#0.4 m in the lower glacier). Ice

thinning affected almost the entire glaci¢he aAccumulation-Ablation- Rarea ratio,

AAR, was 3.5%) and was particularly intense in the western seatd the upper and

lower glaciers, where loses were more than 4 m. fElescattered points indicating
depth increases in the middle of the lower glaarerlikely to be from the motion of the

existing crevasses.

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

period and very cool ablation period. These cooddiled to changes that contrasted
sharply with those of the previous year, in thajéaareas of the glacier had increased
ice thickness. Most of these increases did notexkdel.5 m, and most were in the
highest elevation areas of both ice bodies. Nohetke during this year, large areas

remained stabl¢éAAR was 54%)and some areas even exhibited noticeable ice losses

(more than 1.5-2 m in the upper and lower glaciédgspite the excellent conditions for
glacier development from 2012 to 2013, the averageease of glacier thickness was
only 0.34+£0.4 m (0.3240.4 m in the upper glacied 8r88+0.4 m in the lower glaciers).

Very similar conditions occurred in 2013-2014, wittry wet accumulation months and
below average air temperature during the ablateniod. Again, there were large areas
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‘ with moderate increases in thicknegsAR was 41%,sometimes exceeding 3 m),
although there were still areas with significarg loss, with an average depth decrease
‘ of 0.07+0.4 m (0.08+0.4 m in the upper glacier &@70.08+0.41-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 anomatmsitive conditions led to a net
‘ average ice loss 0f1.93672.3#0.4 m (05864:0.36 m w.e. yr), with some regions

experiencing losses greater than 6 m. Only thesapédahe eastern part of the lower

glacier that were at high elevations (around theayie) exhibited some elevation gain

‘ during this periodaccumulation-ablationarea ratio, AAR, for theethyears was 16%)
and this was typically less than 2 m. Interestingtg areas with greatest and lowest ice
losses during 1981-2010 were similar to those whth greatest and lowest ice losses

during 2011-2014, indicating a consistent spatigrn of glacier shrinkage over time.

_ - 7| Con formato: Fuente:
(Predeterminado) Times New Roman

5. Discussion and conclusions

The results of this study indicate that the re@mtution of the Monte Perdido Glacier
was similar to that of many other glaciers worldavigMarshall, 2014, Vincent et al.,

2013), especially those in Europe (Gardent eR@ll4; Abermann et al., 2009; Scotti et
al., 2014; Marti et al., 2015) where glacier shag& began at the end of the LIA and
has clearly accelerated after 2000. More spedifictéhe 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 loss of ice thicknessfi®99 to 2010 was double the rate

observed from 1981 to 1999. Acceleration in glastainkage has been also reported in
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the Ossoue Glacier (French Pyrenees), where méaascbadecline during the period

2001-2013 (-1.45 m w.e. W), is 50% greater compared to the period 1983-204%

in _the wastage of the Monte Perdido Glacier canbet only explained by an

intensification of climate warming or by the shaidpcline of snow accumulation.

Climate data (1983-2014) of a nearby meteorolocstation, and three other Pyrenean

meteorological stations, suggests that most ofyttar temperature has not exhibited

statistically _significant trends. The Mann-Whitndgst did not reveal statistical

differences in temperature when the period 1983189 compared to 1999-2010.

Precipitation in the four analyzed stations dutimg accumulation period and maximum

annual snow depth in Gériz were also stationarglightly increased—Fhe-aceelerated

Previous studies of the Pyrenees and surroundesgsahowed that air temperature has
53
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significantly warmed throughout the 2@entury, especially after the relatively cold

period from the 1960s to the mid-1970s (L6pez-Morenal., 2008; El Kenawy et al.,

2012; Deaux et al.,, 2014Such changes have been also detected in the three

temperature series analyzed for this study durimgpgeriod 1995-2013At the same

time, there was a regional significant decline s accumulation from mid-March to
late-April/early-May from 1950 to 2000 in the Pyems (LOpez-Moreno, 2005). These
trends of decreasing precipitation and milder amperatures during winter and early
spring were related to changes in the North Atta@scillation (NAO) index during
this period (L6pez-Moreno et al., 2008). Most rdcetudies that used updated
databases (including data of the®2dentury) confirmed a shift in NAO evolution
toward more negative evolution that affected to tmest recent evolution of
temperature and precipitation over the Pyreneesis,Tho temporal trends of both
variables are found near the Monte Perdido Peaknwhe study period starts in the
1980s and the effect of the cold and wet periothefl960s to 1970s is removed. Thus,
Vicente-Serrano et al. (2010) found that the inseelaoccurrence of very wet winters
after the 2000s was associated with frequent stroagative NAO winters. In
agreement, Buisan et al. (2015) indicated thatHerperiod of 1980 to 2013 the overall
number of snow days in the Pyrenees remained stati@and even slightly increased in

some locationsln_a most recent research, Buisan et al. (undéewgvhas reported

stationary behavior or slight increases in the laisée series of snow water equivalent

series available for the period 1985-2015 in thatred Spanish Pyreneddlacias et al.

(2014)alsesupport the view that southern Europe and some o#iggons of the world
have undergone clear moderations of the warminglgrehat were reported at the end
of the 2¢" century. Nonetheless, it is necessary to beariil that the longest climatic

records or dendroclimatological reconstructions ttoe Pyrenees still point out the
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period considered in this study (1980-2014) as g wrong positive anomaly of
temperature and a dry period compared to the pspadning since the end of the LIA

(Blngten et al., 2008; Deaux et al., 2014; Martlet2015) Hewever—mMore research

is needed to fully assess the implications—ef-ihieresting-to-note-that the temperature

increase detected in May and June-has—exhibitethtstically significant {(p<0.-05)

increase in the four analyzed meteorological statiorhis change could lead to less

snow accumulation at the end of the accumulatias@® and a longer ablation period,

and an early rise of albedo that may be affectimrhass and energy balance of the

glacier (Qu et al., 2014). Another hypotesis #taiuld be considered in future research

in the distal parts. Increasing slopes are expefteaifect snow accumulation on the

glaciers _and might constitute another feedback mm@sim to explain the recent

777777777777777777777777777777777777777777777 ///{

The mass loss rates presented in this study fordifierent periods (0.39+0.1 and

0.72+0.14 m w.e. yrfor 1980-1999 and 1999-2010 periods respectivag)similar to
the reported by Chueca et al., (2007) and Martle{2015) for the Maladeta massif
(0.36 m w.e. yt for the 1981-1999 period; and 0.7 m w.e. yr-1ther 1991-2013). The
most recent mass balance values obtained for theteMPerdido 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 (Catwtal., 2013 a); but much lower to the
most retreating glaciers in the Alps (Carturanlet2913b) or the one reported in the
Ossoue Glacier (French Pyrenees, -1.45 m w.e.fgr-the 1983-2014). The smaller
rates in the Spanish side of the Pyrenees comparibe later may be explained by the

location of the remnant ice bodies in Southern sidthe range, confined in the most
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elevated and the best topographic locatiiigher snow accumulation and radiation

shilding)in their respective cirques (LOpez-Moreno et d00&). Oppositely, the Ossue
glacier still has maintained a considerable glatdergue in an easting slope. In this
context, the only explanation for the rapid degtataof the Monte Perdido Glacier
after 1999 is that the progressive warming obsemsiade the end of the LIA was
responsible of a dramatic reduction in the accutiorarea-ablatiomatio (AAR), and

most of this glacier is currently below the curréitA (at 3050 m a.s.l. during the

period 2011-2014, FigureB6D). This leads to a clear imbalanttet is very likely to

be exacerbated by neqgative feedbacks,—in—thatfsigniice losses—oceur—during

ablation—seasensBecause of this imbalance, the glacier cannobwercice losses

during periods with favorable conditions (high atclation and/or little ablatiom the

frame of the 1983-2014 peripdThis hypothesis is strongly supported by ouriied

TLS measurements from the last four years. In @adr, these TLS data showed that

two consecutive anomalously positive years (2012468 2013/14) compared to a

losses from a negative year (2011/12). Thus theageedecrease of glacier depth
during this three years period wh93672-30.4 m, roughly one-fourth of the loss from

1981 to 2000, and from 2000 to 20Ihe accumulation area ratio for the 2011-2014

period was 16 %, and during a warm and dry yearldls of ice thickness almost

affects the whole glacier (AAR<4%) affects indicdteat there is not a persistent

accumulation zone. Pelto (2010) observed thatishassymptom of a glacier that cannot

survive, there can be years with accumulation,ifotite many do not and the retained

snowpack of good years is lost in bad years, thdadt no accumulation persists. Thus,

the behavior observed for the Monte Perdido glagdiging the studied period is very
56
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likely explained by very negative mass balance sy¢lat may be identified in Figure 2.

Thus, years with very high temperatures occurreer &000 (2003, 2005 and 2012),

and in 2005 and 2012 they were also characterizetbw winter precipitation. AS _ - - Con formato: Fuente: Times New
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wastage. Obviously, this indicates that the future of the ¢ Perdido Glacier is {

seriously threatened, even under stationary clomatinditions. A ground-penetrating
radar (GPR) survey of the lower glacier in 2010orégrd a maximum ice depth close to

30 min the westernmost part of the lower gladienpublished report), suggesting that

large areas of this glacier may even disappeariwitie next few years. This process
may be accelerated by negative feedbacks suchea®dlnt rise of rocky outcrops in
the middle of the glacier and the thin cover of rdglboth of which may accelerate

glacier ablation by decreasing the albedw increasing the emissivity of long-wave

radiation The highly consistent spatial pattern of ice éssi the last 30 years suggests
that the western-most part of this glacier willagipear first; the eastern-most part will
survive as a small residual ice mass because @ftegresnow accumulation during
positive years and a lower rate of degradation. Withe glacier is restricted to this
smaller area, it is likely that its rate of shrigkawill decrease, as observed for other

Pyrenean glaciers (L6pez-Moreno et al., 2006).

The future long-term monitoring of the Monte PedliGlacier is likely to provide
important information on the year-to-year respoofsine mass balance of this glacier to
a wide variety of climatic conditions, and will @V detailed analysis of the role of

positive and negative feedbacks in this much dmtatéd glacier. Thus, study of this
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the world that have similar characteristics now emtthe future.
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JFigure captions _ - - Con formato: Fuente:

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 thstipa of the fixed targets used for

georeferencing and merging the different cloudsafits.

Figure 2. Interannual fluctuations and overall trends (stntilines) 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 201Boxplots at the right of each
panel show the interannual variability during thestrrecent 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.

the accumulation and ablation periods and predipitaduring the accumulation period

in the stations of Aragnouet, Canfranc, Mediandydamperature) and Pineta (only

precipitation) during the period 1955-2013. Numbaferm of the Tau-b values of the

trends. Asterisks indicate statistically significérends (p<0.05)

Figure 43. Photographs of the Monte Perdido Glacier duringlaie summer of 190

and 2011.

Figure 54. Changes ince-thicknessglacier elevatidn the upper and lower Monte
Perdido Glacier from 1981 to 1999 and from 1992@0 based on comparison of

DEMs.
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‘ Figure 65. Changes inee-thickressglacier elevatiohased on terrestrial laser scanning
from September of 2011 to 2012 (Fig. 5A), 2012 @42 (Fig 5B), 2013 to 2014 (Fig.

5C), and 2011 to 2014 (Fig. 5D).

‘ Figure 76. Changes inece—thicknessglacier elevatioover the whole glacier, lower
glacier, and upper glacier for the same 4 timegoksriexamined in Figure 5. Box: 25th
and 75th percentiles, black line: median, red lia@erage, bars: 10th and 90th

percentiles, dots: 5th and 95th percentiles.
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statistically significant trends (p<0.05). Bold nioens inform of statistically significant differers@ the medians of the period 1982-1999 and
1999-2010 according to the Mann-Whitney test.

Table 2. Tau-b values of the trends for the perib@83-2013for temperature and precipitation in the analyztadiens. Asterisks indicate,/{Con formato: Fuente: Times New J
Roman, 12 pto

Con formato: Fuente: Times New
Roman, 12 pto

N B Aragnouet | Canfranc | Mediano | Pineta{ Gériz - {Con formato: Inglés (Estados Unidos) ]
Tmx Tmn Precip ! Tmx Tmn Precip | Tmx Tmn | Precip { Tmx Tmn Precip
January 0.08 0.02 0.04 | -003 -013 0.03 |0.06 0.04 006 | 007 0.11 0.02
February 0.04 006 002 | 005 -001 -0.08 003 -003 .39* | 004 0.02 0.00
March 611 011 0.4 ; 003 -003 026 ;-002 0.03 031 ; 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 0.23 024 031* | 0.3* 018 0.14 | -001 0.04 0.12 | 0.34* 0.33* 027
June 0.28* 0.31* 0.14 | 0.35* 0.47* 0.04 @ 0.09 -0.05! 0.10 | .316* 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 0.07 013 :0.02-002 0.01 003 /-012 -025} 032 | 0.10 0.07 -0.02
September 005 0.05 0.02 | -006 -023 0.10 }-018 -023, 0.10 ; 0.01 -0.02 0.04
October 008 019 019 ; 0.06 0.04 0.14 | 0.04 -014 008 | 0.01 0.04 0.11
November -0.06 -0.06 0.8 | -0.18 -0.23 0.10 | -0.08 -0.3* -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
0.10

Accumulation period

Ablation period 0.10 .10 0.17 0.11 -0.26 -0.26 0.13 0.12

<+ - -~ 7 Con formato: Espacio Después: 10
pto, Interlineado: Mdltiple 1.15 lin.
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Table 21. Surface area (ha), loss of surface area (ha), andahrate of surface area - { con formato:

loss (ha yi*) of the Monte Perdido Glacier.

s Surface Area - - - - - - Loss-of Surface Area - - -

1981 1999 2006 1981-1999 1999-2006

8.310.3 6.8+0.2 4.8+0.2

Upper glacierthg) . 15+0.06 ~ 2#0.09
6 9 1
40.1+1. 37.1#1. 33.7+1.
Lowerglacierthy) 3:0.13 = 3.4#015
76 63 48

48.4+2. 43.9+1. 38.5+1. 4.5+0.19 5.4+0.24
Entire glacier (ha)

AT T I N L ______

Entire glacier (ha

e~

1 0.25+0.01 0.77+0.23
yro)
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Figure 43.
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