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Reply to Anonymous Referee #1

In this document, we include the reviewer’s comment in black t, and our response embedded in

blue. Line numbers refer to those of the version in track changes mode off.
General Comments:

The submitted manuscript presents an important study of the surface mass balance of Andean
glaciers on Monte Tronador, in a region where adearth of such data exist. If anything, this
manuscript delves into the lack of datain the area and the need for more measurements as
outlined in the discussion and conclusions. Further, the manuscript demonstrates that DEM
differencing method can be used in a region with limited available data to determine
elevation change, and also, importantly, demonstrates the limitations of this method. The
discussion of the methodology, particularly the discussion of the error propagation in the methods
used, is very thorough, and appreciated. There are a number of minor technical errors/typos that

should be addressed to improve readability.

We thanks anonymous referee #1 for the favorable opinion our paper.
Technical Comments:

Abstract, line 10: Should be, “...little is known” not “little it is known...”
Done.

Page 1, Line 27: “over at a period” should be” over a period”

Fixed.

Page 1, Line 28: “that spans from a few years....” instead of “that spans from few years...”
Done.

Page 1, Line 29, “measure the contribution of glaciers to sea-level rise...”
Done.

Page 2, Line 3: Due to difficulties sustaining...

Done.

Page 2, Line 7: Not sure if the authors are trying to say that the lack of information about small

glaciers hampers complementing the larger data set that covers, the wider region?



Here we meant that the lack of mass balance data in this region hampers the possibility of fully

exploiting the glacier frontal fluctuation dataset which is available for this region.

We rephrased this sentence as follows “Unfortunately, the lack of mass balance data hampers the
possibility of exploiting the relatively much more complete and longer glacier fluctuation series
available for this region (Davies and Glasser, 2012; Leclercq et al., 2012; Masiokas et al., 2009; Paul
and Molg, 2014; Ruiz et al., 2012).”

Page 2, Line 15: “Owing to its discontinuous spatial coverage, the X-band SRTM has not been as
widely used for glacier elevation change studies as the C-band SRTM has been (Neckel et al., 2013;
Rankl and Braun, 2016).” This statement begs the question of why it is ok to use in this particular

study, it might be good to add a phrase to qualify that here?

We included a sentence to emphasize that, despite its discontinuous spatial coverage, the shorter
wavelength of the SRTM X-band makes it more suitable to study glacier elevation changes. Now it
read as follows “Due to its shorter wavelength and smaller penetration, the SRTM X-band is more
suitable to estimate elevation changes in snow or ice surfaces (Rignot et al., 2001). However, it has
not been as widely used for glacier elevation change studies as the SRTM C-band (Neckel et al.,
2013; Rankl and Braun, 2016) because of its discontinuous spatial coverage. This is not an issue in

Monte Tronador where there is a full SRTM X-band coverage.”

Page 3, Line 1: “Meanwhile, Parra and Vuriloches were designated as a unique glacier (No Name 1)
by that same study.” This statement is a little confusing, do the authors mean, “Meanwhile, Parra

and Vuriloches were designated as a single glacier (No Name by that same study.” ?

Yes, we rephrased this sentence as follows “Based on our most recent results, we introduced
some modifications to the glaciers outlines presented by Ruiz et al. (2015). We renamed glaciers
No Name 2 and No Name 3 to Mistral and Peulla, respectively, and split glacier No Name 1 (Ruiz et

al. 2015) into Parra and Vuriloches.”

Page 3, Lines 3-10: Are all of these glacier dynamics outlined in Ruiz et al., 2015? If yes, | would
add a statement along the lines of, “as outlined in Ruiz et al., 2015, ..."” in order to properly cite

these data.
Agreed, we include the sentence.

Page 3, Line 23: “ and due to a narrower ground track..” or “and due to its narrower ground

track...” not “and due to his narrower ground track...” There is also something a little confusing



about this phrase, which is why | suggest adding “and” but not sure if that is the intention of the

authors.

We changed the sentence as follows “The X-SAR sensor (A = 2.8 cm) has a narrower ground track

(swath width of 50 km), and covers approximately half of the area sampled by SIR-C.”
Page 3, Line 27: “scientific proposes” should be “scientific purposes”
Fixed.

Page 3, Line 29: “Penetration of the radar signal into snow and ice is related to their physical
parameters” should be “Penetration of the radar signal into snow and ice is related to snow and

ice physical parameters...”

Done.

Page 4, line 22, delete extra parenthesis in front of Gardelle et al. (after “e.g.”)

Fixed.

Page 5, line 5, should be “for extreme values of the curvature” instead of “extremes values”
Fixed.

Page 5, line 7, “mid-Februarys” should be “mid-February”

Fixed.

Page 5, line 17, should “voids pixels” be “void pixels”?

Fixed.

Page 6, line 2, should be, “resolves the edge of the cliff more sharply”

Done.

Page 6, line 3, not sure what “the lower reaches of the Castano Overa is quite small”

refers to? Is it that “the area of the lower reaches of the Castano Overa is quite small in

comparison to the total area”?
Yes, we included “the area of the” to clarify this sentence.
Page 6, line 13, | think that “it” should be “its” in front of altitude band.

Fixed.



Page 6, line 19, should be “number of independent values”

Fixed.

Page 6, line 25, Ai should be defined.

Agreed. We now define it in the text: “Where A, is the area of each elevation band”.

Page 7, line 4, I’'m not sure what, “The assumption density error represents a 16% error.” | think it

means, “The assumption of a density of 850 kg m-3 represents a 16%
error.” Or “The assumption of a density value represents a 16% error.”

It means that the assumed density error represent a change in the estimated mass balance of 16%.
We change the sentence as follows “The assumed +60 k gm-3 density error represents a 16%

change in the glacier mass balance.”
Page 9, line 11, suggest putting “i.e.” in front of “curvature correction”.
Added.

Page 9, line 15, Should be, “Our mass balance error...is in the same range...” not “are in the same
range”.

Fixed.

Page 10, line 5, AAR should be defined.

Agreed. We defined AAR in the text.

Page 11, line 4, “their” should be “its” as it is referring to “the snout of the Verde glacier”. ”.

Fixed.

Page 11, line 25, should be “the icefield-wide mass balance is...” not “are” (or could be, probably

more correctly, “the icefield-wide mass balances for the two icefields are, respectively, are...”.
Done.

Page 12, line 17, not sure what “the longest and detail length fluctuation series available in the
North Patagonian Andes” means. Is it, “the longest and most detailed length fluctuation series

available in the North Patagonian Andes”?

Yes. We clarified it. Now it reads as follows “(Fig. 6C; the longest and most detailed length

fluctuation series available in the North Patagonian Andes)”



Figure 1: hard to see the blue lines differentiating the glaciers vs. some of the features which are
also blue-ish. What is the white line? Looks like it is marking the bedrock step zones, but that

should be specified in caption.

We clarified the caption. Now it reads as follows “Figure 1. False-color pan-sharpened Pléiades
image of Monte Tronador from 7 March 2012 (RGB bands 3, 2 and 4, © CNES 2012, Distribution
Airbus D&S). Individual glacier limits are indicated by the thin blue line. The thick white line shows
the location of the bedrock cliff discussed in the text. The inset shows the location of Monte
Tronador and other glaciers with long mass balance measurement series in the Southern Andes

(22°S-55°S).”

Figure 3 and Figure 4: It would be clearer if the blue and green data are identified as the
hysometry data and the grey data are identified as the area data...as it is, it is not completely clear
which data are which unless the reader ponders the figure for a little bit Should be written, “all

plots have the same scale and are sorted in glacier size in descending order”
We clarified the caption of the figures.

The caption of Figure 3 now it reads as follows “Figure 3. Elevation changes and hypsometry of
Monte Tronador glaciers. Grey area shows the hypsometry of each glacier. The blue dots show all
the elevation changes data for each glacier available after the curvature correction. The green dots
represent the mean elevation change for each elevation band. The error bars (in black) are smaller
than the green dots. For clear comparison all plots have the same scale and are sorted in glacier

size in descending order. Glacier names are shown in each plot.”

The caption of Figure 4 now it reads as follows “Figure 4. EAh distribution with altitude, the grey
area represents the number of pixels off- glaciers and off-forest in each elevation band. At very
low (<500 m asl) and high (>2700 m asl) elevations the raw error increases, an artifact associated
with the lower number of values available. The red line represents the EAh used to calculate the

error of the geodetic mass balance estimation of Monte Tronador glaciers.”
Figure 4. The label “data” is not very helpful, maybe put “off- glacier and —forest pixels” Instead.
We changed the label of the figure.

Table 3.”La Almohadilla is the closest temperature records to Monte Tronador” should be ” La

Almohadilla is the closest temperature record to Monte Tronador” and ” Los Alerces the closest



precipitation records to Monte Tronador.” Should be Los Alerces the closest precipitation record

to Monte Tronador.
Done.
Page 25, line 9, should define B as the glacier mass balance in this line.

Done.



Reply to Referee #2 Siri Jodha Khalsa

In this document, we include the reviewer’s comment in black, and our response embedded in

blue. Line numbers refer to those of the version in track changes mode off.

This is a well-conceived and executed investigation of glacier mass balance based on height
differences between a pair of DEMs derived from satellite measurements. My comments are as

follows.
We thanks Siri Jodha Khalsa for the favorable opinion our paper.

The seasonality correction, which the authors state is the 2nd most important source of error
(section 5.1), is based on stake measurements made in 2013, 2014 and 2015 (section 3.2). | believe
this assumes that all Monte Tronador glaciers lost mass at the same rate of 1 m w.e./yr between
February and April in both the years 2000 and 2012, but Fig 6a shows 2000 had a large positive
temperature anomaly in the region compared to the later years. Also, it seems there would be a
substantial spatial variability in the seasonality adjustment. It seems that a greater effort could
have been made to estimate/model this adjustment. Also, what is the rationale for using +/- 1 in

the error estimation (section 3.6.3)?

The seasonality correction represents the mass loss between mid-February 2000 and April 21,
2000 and was applied in an attempt to estimate the annual, glacier-wide mass balance in an

integer number of year (April 21, 2000 to April 21, 2012).

The mean temperature anomaly for the year 2000 (Figure 6A in the manuscript) is -1.8°C, one of
the lowest values after 1976 (the lowermost was in 2009; -5.2°C). The temperature anomalies for
the years used to assess the seasonality correction were between 1.8 and 4.7°C, so it is possible
that during the summer of the year 2000 the Alerce glacier lost less mass than what we assume

this is one of the reasons why we applied a 100% error).
( y PP

As we acknowledge in our manuscript, this is considered one of the main sources of error and can
only be overcome with mass balance measurements in the rest of the glaciers in combination with
numerical mass balance models to assess the mass change in a specific time period (if the mass
balance measurements do not cover the specific time period under investigation). Until then, we
believe that high uncertainties will remain when using a mass balance model to calculate the
seasonality correction for individual glaciers. This is mainly due to the lack of data to constrain or

assess the accuracy of the model in all of the glaciers. Currently the only glacier where we have



mass balance data is Alerce glacier, so we can only assess the accuracy of the numerical model
there, and we will have the uncertainty of extrapolating these results to the rest of the glaciers. To
obtain mass balance measurements in the rest of the glaciers would represent a great effort and is
beyond the aim of this paper. To overcome this main drawback, in Table 4 we present the glacier-
wide annual mass balance (b,; which includes the seasonality correction) and the glacier-wide
mass balance (b), without the seasonality correction, so interested readers can compare these

results and/or use a different correction, including a glacier specific seasonality correction.

We used for that the seasonality correction a conservative 100% error estimate to emphasize the
poorly constrained nature of this value, in the same way as Gardelle et al. (2013) did for the mass
balance estimation in the Pamir-Karakoram-Himalaya ranges. We also included a statement in the
Discussion to emphasize the uncertainties associated with the seasonality corrections (p. 12, .13-
15). “Nevertheless, due the lack of mass balance measurement in the rest of the glaciers and the
difference in the temperature anomalies between the year 2000 and the ones used to assess the
correction (Fig. 6A) we assume a conservative 100% error in this correction. Direct measurements
of mass balance on various glaciers combined with mass balance models (Huss et al., 2008) could

help to improve the correction applied here and its inherent error.”

p.4,1.20 - “integer time span” - needs units (i.e. years).
We included the units “(i.e. years)”.

p.5,1.19 and 1.25 - seems that screening for dh outliers is done twice, initially by the +/-100 m
threshold and then again when averaging in elevation bands by rejecting dh outside of 3 sigma.

Explain why, and provide % rejected by these procedures.

We applied the +/-100 m dh threshold to eliminate possible spurious values associated with
artifacts in the DEMs that could pass the curvature correction and/or the masking of voids in both
DEMs. However, we had not checked if there were cells that were rejected by this filter. Thanks to
your comment, we now note that there are no cells inside the glacier area in 2000 with dh values
higher than 100 m (the highest values are lower than 50 m) or lower than -100 m (lowest value is -
94 m in the Casa Pangue debris-covered lower tongue). Thus, we decided to eliminate this
sentence and have now emphasized that the excluded cells are associated with voids and with

extreme curvature values. As the reviewer points out, any remaining spurious values would be



rejected by the 3 sigma threshold, so the +/- 100 m threshold is not necessary. The percentage of

cells rejected by each filter correction step is as follows:

Cells with voids or rejected by the curvature correction: ~25% of the ice covered area in 2000.
Cells rejected by the 3 sigma threshold: ~10% of the remaining data, or ~7% of all cells covered by

glaciers in 2000.
Now the sentences read as follows;

P. 5, 1.18-21. “Before calculating the height and mass balance changes, we excluded all the void
pixels in SRTM-X and PLEI, as well as those with extreme curvature values (Fig. 2C). The excluded
cells represent ~25% of the area covered by glaciers in 2000. Here we briefly summarize the
procedure to obtain the volume and glacier-wide mass balance (see Appendix A for a detailed

description of the calculations).”

P.5, I. 25 “This is an efficient way to exclude outliers (less than 10% of the remaining data after

eliminating the voids and the extreme curvature values),..”
In fig. 3 are the outliers included or excluded? caption says “all data”.

The blue dots represent all data available after the curvature correction. We clarified this point in

the caption of the figure.

The caption of Figure 3 now it reads as follows “Figure 3. Elevation changes and hypsometry of
Monte Tronador glaciers. Grey area shows the hypsometry of each glacier. The blue dots show all
the elevation changes data for each glacier available after the curvature correction. The green dots
represent the mean elevation change for each elevation band. The error bars (in black) are smaller
than the green dots. For clear comparison all plots have the same scale and are sorted in glacier

size in descending order. Glacier names are shown in each plot.”
p.5,1.24 - mixed tense. if “were analyzed” then must say “we averaged”
Fixed.

p.5,1.33 - isn’t Pangue a more dramatic example?

Although Pangue (Fig. 3L) also shows some positive values, they are present in elevation bands
were there are very negative values as well, so we interpret these values as outliers. In the case of
Castafio Overa, the lower reaches of the glacier is characterized by positive values related with

areas of high curvature.



p.6,1.12 - “i” should be subscripted

Fixed.

p.6,1.13 - “it” should be “its”

Done.

p.6,1.19 - “represent” should be “represents”

Fixed.

p.7,l.4 - “assumption” should be “assumed”

Done.

p.8,l.9 - unclear what comparative “more” refers to. Is “most” the intended word?
Yes, we changed it.

p.10,1.21 - “the thickening of the debris layer due to the melting of glacier ice” needs clarification.
if ice melts under the debris cover it simply lowers the glacier, increasing the relative, but not
absolute thickness of the debris cover. Debris cover can increase only by deposition or

convergence.

The debris on the surface of Casa Pangue glacier came from rock falls and avalanches which falls
from the upper slopes of the glaciers and valley sides. Debris that came from the upper slopes are
mixed with snow/ice and transported within the ice, when the ice melts them concentrates on the
surface of the glacier thickening the debris layer. Also, the direct accumulation of debris by a rock
fall from the valley sides will thicken the debris layer. Since we do not have data to support that
the cause of the slower rate is the thickening of the debris layer and the cause of that thickening

“u

we decide to shortcut the sentence, which now it reads as follows “...which could be related with

the thickening of the surface debris layer.”
p.10,1.29- change “hypothesized” to “hypothesize”
Fixed.

p.11,1.1 - “ice flux is compensating the mass loss due to surface climatic mass balance” We
changed the sentence, which now reads as follows (p.11, I.5) “ice flux is compensating the mass

loss due to surface mass balance in this glacier”.

p.11,1.5 - “contrast” should be “contrasts”



Fixed.

p.11,1.12 - “a shift towards slightly more negative values” is not supported by the data; difference

is within estimated error.

We agree with the reviewer. This sentence now reads: “In the last two decades, negative mass
balances, between -0.6 £0.4 m w.e. a-1 (1993-2003) and -0.7 +0.2 m w.e. a-1 (2003-2012), have

been observed in South America and the Sub-Antarctic islands (Mernild et al., 2015).”
p.25, Table 4. Include the error estimates for each figure in the table.

We included a sentence in the caption to point out that the error estimations are also shown in
the table. The caption of Table 4 now reads as follows “Table 4. Area, volume and mass balance
change of Monte Tronador glaciers (2000-2012), with their corresponding error estimation. See

Appendix A for a detailed description of these calculations.”
Throughout - inconsistent capitalization and abbreviation of “Figure”
Fixed.

Throughout - change “we” and "w.e" to “w.e.” where necessary

Fixed.
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Recent geodetic mass balance of Monte Tronador glaciers, North
Patagonian Andes

Lucas Ruiz?, Etienne Berthier?, Maximiliano Viale!, Pierre Pitte!, Mariano H. Masiokas®

YInstituto Argentino de Nivologia, Glaciologia y Ciencias Ambientales (IANIGLA), Gobierno de Mendoza, Universidad
Nacional de Cuyo, CONICET, Mendoza, 5500, Mendoza, Argentina
“Laboratoire d’Etudes en Géophysique et Océanographie Spatiales, Centre National de la Recherche Scientifique (LEGOS —
CNRS, UMR5566), Université de Toulouse, 31400 Toulouse, France

Correspondence to: Lucas Ruiz (Iruiz@mendoza-conicet.gob.ar)

Abstract. Glaciers in the North Patagonian Andes (35°-46° S) have shown a dramatic area decline in the last decades.
However, little #-is known about glacier mass balance changes in this region. This study presents a geodetic mass balance
estimate of Monte Tronador (41.15° S; 71.88° W) glaciers by comparing a Pléiades DEM acquired in 2012 with the SRTM
X-band DEM acquired in 2000. We find a slightly negative Monte Tronador-wide mass budget of -0.17 m w.e. a™* (rangeing
from-0.54 to 0.14 m w.e. a** for individual glaciers) and a slightly negative trend in glacier extent (-0.098 km? a™) over the
2000-2012 period. With few exceptions, debris covered valley glaciers that descend below a bedrock cliff are losing mass at
higher rates, while mountain glaciers whose termini are located above this cliff are closer to mass equilibrium. Climate
variations over the last decades show a notable increase in warm season temperatures in the late 1970s but limited warming
afterwards. These warmer conditions combined with an overall drying trend may explain the moderate ice mass loss
observed at Monte Tronador. The almost balanced mass budget of mountain glaciers suggests that they are probably
approaching a dynamic equilibrium with current (post-1977) climate, whereas the valley glaciers tongues will continue to
retreat. The slightly negative overall mass budget of Monte Tronador glaciers contrasts with the highly negative mass

balance estimates observed in the Patagonian Icefields further south.

1 Introduction

Glacier mass balance is crucial to understand the response of glaciers to climate change and the implications of glacier
changes to water resources and sea level rise (Intergovernmental Panel on Climate Change, 2013). Mass balance is
commonly obtained by the glaciological method of stakes and pits or with the geodetic method, in which two elevation
surveys of the surface of the glacier are subtracted to calculate the volume change (Cogley et al., 2011). In recent years, the
geodetic mass balance has become a widely used technique to assess elevation and volume changes of glaciers over at-a
period that usually spans from a few years to decades (Wang and Ké&ab, 2015). Although this technique does not resolve the

seasonal mass balance, it has become widely used to measure the contribution of glaciers to sea level rise and to reanalyze
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and correct long-term glaciological mass balance series (Berthier et al., 2007; Huss et al., 2009; Kaab et al., 2012; Willis et
al., 2012a, 2012b; Zemp et al., 2013).

Due to difficultieste sustaining long time research programs, up-to-date glaciological mass balance series with more than ten
years of observations are available for only three small glaciers in the Southern Andes (Fig. 1); Guanaco (29.348° S; 70.015°
W; 1.637 km?); Echaurren Norte (33.83° S; 69.91° W; 0.4 km?) and Martial Este (54.78° S; 68.4° W; 0.09 km?). Mass
balance data for the North Patagonian Andes have only been reported for 2002-2003 and 2003-2004 for the Mocho
Choshuenco glacier (39.91° S; 72.03° W; 4.8 km?; Fig. 1). Unfortunately, this-the lack of information-comprehensive-mass
balance data hampers the possibility of cemplementing—er—analyzedfurthermereexploiting the relatively much more
complete and longer large-time-span-and-spatial-cover-glacier fluctuation series available for this region (Davies and Glasser,
2012; Leclercq et al., 2012; Masiokas et al., 2009; Paul and Mdlg, 2014; Ruiz et al., 2012).

In this study, we provide recent thickness changes and estimated glacier-wide mass changes over the Monte Tronador

glaciers. This is-was achieved by combining two elevation data sets, a Pléiades digital elevation model (DEM) of 21st of
April of 2012, and the German Aerospace Center (DLR) Shuttle Radar Topography Mission (SRTM) X-band synthetic

aperture radar DEM (http://eoweb.dIr.de) of February of 2000. Due to its shorter wavelength and smaller penetration, the

SRTM X-band is more suitable to estimate eonstrain-elevation changes in snow or ice surfaces (Surdyk, 2002a). However, it

has not been as widely used for glacier elevation change studies as the SRTM C-band SRTM-(Neckel et al., 2013; Rankl and
Braun, 2016) because of its discontinuous spatial coverage;—the—>X-band-SRTM-has—net-been—as—widehy—used-for-glacier

evation-change dies-as-the C-band SRTM-has been (Neckal o 0 Rankland B n_2016) nevarthalace dua ta h

Tronador where there is a full SRTM X-band coverage. Alse;-w\We also analyzed the trends and variability of temperature

and precipitation over the last 85 years using nearby surface station data to investigate possible influences of climate on the
observed glaciers mass changes.

2 Study area and climatic setting

Monte Tronador (41.15°S; 71.88°W) is a 3475 m asl (meters above sea level) extinct stratovolcano located in the North
Patagonian Andes along the Argentina-Chile border (Fig. 1). The climate on the North Patagonian Andes is largely
modulated by the weather disturbances embedded in the mid-latitude westerlies (Hoskins and Hodges, 2005). Weather
disturbances and prevailing winds coming from the Pacific Ocean are more frequent and stronger in winter. However,
associated frontal precipitation systems move over the Patagonian Andes all year round (Garreaud, 2009). Since the
Patagonian Andes are oriented in a north-south direction, perpendicular to prevailing winds (westerlies), there is a marked
precipitation gradient in the across-barrier direction. Annual precipitations around the latitude of the Monte Tronador

increase from 1000-1500 mm on the Pacific coast to more than 3000 mm on the western slopes in Chile (Viale and



10

15

20

25

30

| Garreaud, 2015), and then they-sharply decrease to less than 1000 mm on the eastern slopes in Argentina (Lenaerts et al.,

2014; Smith and Evans, 2007).

The upper slopes of Monte Tronador host one of the largest contiguous ice covers in the North Patagonian Andes (~57 km?

in 2012; {Ruiz et al., 2015). Bue-teBased on their morphological characteristics, Monte Tronador glaciers can be grouped in

valley glaciers (Verde, Casa Pangue, Manso and Blanco) and mountain glaciers (Alerce, Castafio Overa, Frias, Norte, Peulla,

Mistral, Parra and Vuriloches). Based on our most recent results, we introduced some modifications to the glaciers outlines

presented by Ruiz et al. (2015). We renamed glaciers No Name 2 and No Name 3 to Mistral and Pueulla-glaciers—were
evioushy-tdentified-by Ruiz-etal{2015)-as-No-Name-2-and-Ne-Name-3, respectively, —Meanwhile;Aand we-split glacier

SORATSE

Valley glaciers (6 six to 11 km?), descend below a massive bedrock cliff or high slope zone (Fig.1) present all around Monte
Tronador around 1700 to 1400 m asl, whereas debris-covered tongues or ice remnants are located exist-at elevations between
1400 and 600 m asl. Mountain glaciers (1 to km?) are debris-free and do not descend below the bedrock step.

As outlined in Ruiz et al. (2015), Monte Tronador glaciers follow a radial flow pattern, with maximum surface speeds of 400

m a* associated with steep icefalls. The debris-covered tongue of Casa Pangue and the snout of Verde glacier (Fig. 1) are
almost stagnant, whereas Ventisquero Negro shows acceleration at-thein its front due to calving into a proglacial lake. Frias
glacier also shows acceleration at-thein its front due to dry calving, while the rest of the glaciers have their maximum surface
speed close to the ELA (1900-2100 m asl)-Ruiz-et-al-2015).

All glaciers in this area were substantially larger during the Little Ice Age between ca. AD 1650 and 1850 (Villalba et al.,
1990; Masiokas et al., 2009, 2010). Presently, however, most of these glaciers show a clear retreating {Paul and Mélg, 2014).

and thinning pattern (Masiokas et al., 2009), except for Verde, which remains in contact with Little Ice Age moraines. Bown
and Rivera (2007) and Masiokas et al. (2008) indicated that a regional warming trend, together with a concurrent decrease in
precipitation, could partly explain the recent regional retreat observed in northern Patagonian glaciers. Leclercq et al. (2012)
found that the overall retreat of Frias glacier between 1639 and 2009 is—could be best explained by an annual mean
temperature increase of 1.2-°C or a decrease in annual precipitation of 34-%, most of which would have occurred during the

20th century.
3 Data and methods

3.1 Shuttle Radar Topography Mission X-band synthetic aperture radar DEM

The Shuttle Radar Topography Mission (SRTM) acquired data from 11 to 22 February 2000 with two interferometric
synthetic aperture radar sensors; the American SIR-C sensor; and the German-Italian X-SAR sensor. The SIR-C (£ = 5.6 cm)
covers a 225 km swath width and provides an almost complete DEM of the earth’s surface between latitude 60°N and 56°S
(Farr and others, 2007). -MeanwhileFhe-tThe X-SAR sensor (£ = 2.8 cm) coversa-swath-width-of 50-km-due-to-his- has a
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narrower ground track_(swath width of 50 km), and -covered-approximatelycoverings approximately half of the area covered
sampled by SIR-C. The two data sets were processed independently. The SRTM C-band DEM was released by NASA Jet

Propulsion Laboratory (JPL) in 2003 with an initial spatial resolution of 3 arc-second (Rodriguez et al., 2006). The DLR X-
SAR SRTM DEM (hereafter SRTM-X) with a spatial resolution of 1 arc-second was produced by the German Aerospace
Center (DLR) and has been freely available for scientific propeses-purposes since 2010 (Hoffmann and Walter, 2006).

Penetration of the radar signal into snow and ice is related to theisnow and ice physical parameters (water content, ice
compactness, grain size and debris content) and system parameters such as radar frequency (Dall et al., 2001; Rignot et al.,
2001). Due to its shorter wavelength, the X-band must have a lower penetration in snow and ice than the C-band (Surdyk,
2002b){Surdyk,—2002). Stuefer et al. (2007) found a small elevation difference between SRTM band-C and GPS
measurements on Perito Moreno glacier and Jaber et al. (2013) found that firn in the accumulation area of the Southern
Patagonian Icefield was wet during the acquisition of SRTM, which inhibits the penetration of the radar signal. Since Monte
Tronador is located further north it is reasonable to assume that the firn in the accumulation area was also wet due to surface

melting, inhibiting the penetration of the X-band.

3.2 Pléiades DEM

The Pléiades DEM (hereafter PLEI) was generated from a triplet (back, nadir and front) of Pléiades images acquired on 21
April 2012 with the software PCI Geomatica v2013 (Berthier et al., 2014). An output DEM was generated from the pixel
values with higher correlation scores between the three DEMs derived from the different combinations of images (nadir-
back, nadir-front, and back-front). A post-process scheme was applied to eliminate anomalous values (Ruiz and Bodin,
2015). The final DEM has a spatial resolution of 2 m and accuracy of 0.5 m and 1.06 m (RMSE) in horizontal and vertical
direction, respectively. Accuracy was estimated using more than two thousand GPS elevation data collected on bare ground

with a Trimble DGPS receiver on dynamic mode.

3.3 Glacier outlines

To measure the recent area changes of Monte Tronador glaciers, their Glacier—outlines were manually digitized from a

LANDSAT image of February- 2000 and from a panchromatic Pléiades ortho-image derived from the nadir image of 21st of

April of 2012 (Table 1),-te-measure-the-area-changes-of Monte Tronader-glaciers: Surface displacement vectors of Ruiz et al.

(2015) were used to identify the ice divides in the accumulation areas of the different glaciers.

3.4 Adjustments and correction of DEM bias

As SRTM-X and PLEI were generated using different approaches, they have a different spatial resolution (30m and 2m,

respectively) and do not cover an integer time span_(i.e. years). Consequently, it was necessary to apply different adjustments

30( (co-registration, curvature and seasonality corrections) before extracting accurate glacier elevation changes (e.g. {Gardelle et
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al., 2013). Due to the low penetration of X-band in snow/ice wet surface (Jaber et al., 2013; Rignot et al., 2001; Stuefer et al.,
2007), we discarded any significant bias associated with it.

We determined the horizontal and vertical shift of the DEMs using the universal co-registration method of Nuth and Kaab
(2011). This approach corrects potential horizontal shifts (X and Y) and vertical (Z) biases based on the relationship of the
elevation differences with terrain slope and aspect over off-glacier terrain (Figs. 2A and 2B). Before co-registration, PLEI
was resampled to a 30-meter grid cell size (bi-cubic convolution) and all elevation changes outside the glaciers exceeding £
100m were discarded. Finally, the calculated shifts were applied to PLEI (Table 2).

The difference in DEMs spatial resolution can lead to bias related to altitude in mountainous areas (Gardelle et al., 2012;
Paul, 2008). In sharp peaks or ridges (where the curvature of the terrain is high) the coarse DEM tends to underestimate the
altitude, meanwhiewhereas; in deep troughs (where the curvature of terrain is highly negative) the coarse DEM tends to
overestimate the height. This is due to its lack of capacity to reproduce high-frequency slope variations. The curvature bias
mentioned as “apparent elevation bias” by Gardelle et al. (2013); was corrected using the relation between height differences
and maximum curvature estimated on stable areas off glaciers and without forest canopy (manually digitalized from the
Pléiades images). A four-degree polynomial fit was used to make the correction but only within an acceptable range of
curvature. For extremes curvature values-ef-the—curvature; the relationship between elevation difference and curvature is

noisy, and thus —Fthese extreme values were discarded (Fig. 2C).

The time span between mid-Februarys (acquisition time of SRTM-X) to mid-April (acquisition time of PLEI) represents a
significant proportion of the ablation season. Thus, to estimate glacier mass balance over an integer number of years, it was
also necessary to take into account the mass balance change of this period. To determine this seasonality correction, we used
preliminary seasonal mass balance data for Alerce glacier_available —which-has-been-monitored-in-the-field-since 2013. At
this site, summer measurements are made at intervals that range between 15 to 35 days, so we could estimate the mass loss
rate during the ablation season. The preliminary data shows that between mid-February to the end of April of 2013, 2014 and
2015 mass balance glacier-wide loss for Alerce glacier was around 1 m w.e. each year. This is a significant loss of mass if
we take into account that the annual glacier-wide mass balance of this glacier for the years 2013/2014 and 2014/2015 was
0.4 and -0.4 m w.e., respectively. As we do not have additional data to extrapolate the seasonality correction to the rest of the

Monte Tronador glaciers, we applied the same seasonality correction (1 m w.e. a™) to all glaciers.

3.5 Mean elevation changes and mass balance calculation

Before calculating the height ehanges-and mass balance_changes, we excluded all the voids pixels in SRTM-X and PLEI, as
well as those with extreme curvature values (Fig. 2C)elevation-changes-exceeding—=+100m. Fhis-thresheld-was-choesento

jonThe excluded cells represent ~25% of the area covered by

glaciers in 2000. Here we briefly summarize the procedure to obtain the volume and glacier-wide mass balance (see

Appendix A for a detailed description of the calculations).
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To calculate the volume change for each glacier, Eelevation changes were analyzed for 50 m altitude bands,-te-caleulate-the
volume-change-for-each-glacier. Within each altitude band, we averaged the elevation change (dh,,) after excluding pixels

where absolute height differences differed by more than three standard deviations from the mean (Berthier et al., 2004) (Fig.

3). This is an efficient way to exclude outliers_(less than 10% of the remaining data after eliminating the voids and the

extreme curvature values), based on the assumption that elevation changes should be similar at a given altitude of the glacier.

For those altitude bands where there were no data (errors in the DEMs or values outside of an acceptable curvature range;
theyrepresent-25%-of the-MenteTronador-glacierarea-in2000), an interpolation scheme was used to derive the elevation
change at that particular elevation bin. If the bins with no data were located close to the maximum height of the glaciers
(e-i.e. Vuriloches and Norte; Figs. 3F and 3H) a nearest neighbor interpolation method was used to maintain the same pattern
of elevation change with elevation observed in the rest of the glacier. For those bins with no data located in the middle or in
the snout of the glaciers (Castafio Overa, Manso and Blanco; Figs. 3E, 3J and 3H) a linear interpolation method was used.
Close to the edge of the rock cliff (snout of Castafio Overa; Fig. 3E), we found anomalous values showing an elevation gain
in the 2000-2012 period. This artifact is due to the difference in the spatial resolution of the DEMs, the higher spatial
resolution PLEI (although it was resampled to 30m) resolves mere-sharphy-the edge of the cliff_more sharply than the ;
whereasthe-SRTM-X, which shows reprpresentseduces—a gentler slope at the brink of the cliff whieh-producesing the
spurious gain of mass. Neverthelessin-addition—tTheis -area aroundef the lower reaches of Castafio Overa is quite small

(0.8% of the total glacier area) and even if we neglect all the anomalous positive values, the change in the glacier-wide mass
balance remains within the error bars.

The conversion of elevation change to mass balance requires knowledge of the density of the material that has been lost or
gained and its evolution during the study period. Given the lack of measurements of density profiles over the entire
snow/firn/ice column in Monte Tronador glaciers, we applied a constant density conversion factor of 850+60 kg m™— (Huss,
2013).

3.6.1 Elevation change error assessment

The elevation change error estimate was calculated from the pixels of elevation change that were not covered by forest or ice
in 2000 and 2012. The error (EAh;Ak#) for each pixel of elevation change (Ah;) is equal to the standard deviation (a,;,) of the
mean elevation change of its altitude band. The value of o, can range from 7 to +24 m depending on the altitude. Gardelle
et al. (2013) suggested that this metric of error is rather conservative as the value of o,, contains both noise and real
geophysical signal.

The error EAh; of the mean elevation change Ah; in each altitude band i is then calculated according to standard principles
of error propagation.

EAh,= 2 1

Neff
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Where N4 represents the number of independent values in the altitude band, which is lower than the total number of values

(Not) Since the latter are correlated spatially.

Neff=Nt2°Tt:;PS )
Where P, is the pixel size (30 m) and d is the distance of spatial autocorrelation (71 m), determined using Moran’s 1
autocorrelation index on elevation differences off the glacier.

To calculate the error of the volume change for each glacier (Ed,), EAh; is converted to volume and summed.

Ed,=Y (A; *EAh;) 3

wWhere A, is the area of each elevation band. We found a substantial increase in EAh for those altitude bands with fewer

data (Fig.4), due to the distribution of areas not covered by glaciers or forest. Above 2700 m most of the terrain is covered by
glaciers and below 500 m it is mostly covered by forest. To prevent the overestimation of the error in the glacier-covered
areas we used the maximum EAh in the interval 500 to 2700 m, as EAh for those zones above 2700 m and below 500m, i.e.
1.05 m (Fig.4).

3.6.2 Density assumption error assessment

During the conversion from volume to mass, we assumed a density of 850+60 kg m > (Huss, 2013). The +60 k gm™ error on
the density (Ep) assumption is included in the glacier mass balance by analyzing the difference between using a density of
790 and 910 kg m™ and our reference value of 850 kg m™. The assumption-assumed +60 k gm™ density error represents a

16%- change in the glacier mass balanceerror.

To calculate the error of the total mass balance change (Eb) between February of 2000 and 21st of April of 2012, Ed, and Ep

were summed quadratically on the condition that they are completely independent.

El_)=\[ Ed,*+Ep? (4)

3.6.3 Seasonality correction error assessment

Due to the scarcity of data on the seasonal mass balance of Monte Tronador glaciers, we conservatively assumed that the
seasonality correction has an error (Es) of 100% (i.e. + 1 m w.e.). This error is summed quadratically to Eb in order to

calculate the error of the annual glacier-wide mass balance for each glacier (Eb,).

Eb, = VEb? + Es? (5)

3.7 Analysis of regional climate variability and trends

To put the observed glacier changes in the context of recent climate variations in the region, we analyzed precipitation and
temperature records derived from six surface stations located in the North Patagonian Andes (Table 3). In each case, the

temperature (precipitation) observations were first converted to anomalies by subtracting (dividing) these values with their
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long-term monthly means and then averaged to calculate regionally-representative temperature and precipitation series for
the 1931-2015 period. To evaluate the representativeness of the regional series, we compare the temperature and
precipitation series with those derived from the closest stations to Monte Tronador but only available for a shorter period
(Los Alerces and La Almohadilla stations; Table 3).

4 Results
4.1 Glacier surface elevation changes

The map of glacier elevation changes (Fig._5) shows higher-larger ice thinning at lower elevations and smaller thinning to
slight thickening at higher elevations. The lower debris-covered tongues of Casa Pangue and Manso glaciers show the
greatest loss of ice between 2000 and 2012, i.e. -94+0.6 m (mean of -35£0.5 m) and -85+0.6 m (mean of -46+0.5 m),
respectively. Both glaciers show a considerable retreat during the 12 years assessed in this study (Table 4). On the contrary,
the low elevation debris-covered tongue of Verde glacier shows almost no change (mean of -0.6£0.5 m). The elevation
change map of this debris-covered tongue shows an almost circular area of decreased elevation of -35+0.6 m followed (in the
sense of glacier flow) by a similar size area of increased height of 35+0.6m (thick black arrow in Fig. 5). Although akin to an

artifact, i-this feature corresponds to the advection by ice flow of a_pile of debris due to a rock avalanche, which lays on the

surface of the glacier since at least 1981. The distance between the positive and negative peaks is 270-290 m, which is
similar to the displacement of the rock avalanche trace measured from the 2000 Landsat image to the 2012 Pléiades image,
corresponding to a mean annual surface velocity of 23 ma™ during these 12 years. At this location, Ruiz et al. (2015)
calculated a surface speed of 20-25 ma™* for the year 2012.

4.2 Glaciers area changes and mass balance

Table 4 shows the area and ice volume changes and glacier-wide mass balance for each glacier. The total area of Monte
Tronador glaciers decreased by 2 % between 2000 and 2012 at a rate of -0.1 km”a™. Monte Tronador glaciers lost a total of -
0.22 km? of ice, which represents a mass balance of -3.1 m w.e. (between mid-February 2000 and 21 April 2012) at a rate of
-0.17 mw.e. a™ (Table 4).

Manso, Blanco and Casa Pangue valley glaciers are the ones that lost mere-most volume in the last 12 years, -0.085+0.01
km®, -0.039+0.01 km? and -0.037+0.01 km®, respectively. The largest volume losses of Manso and Casa Pangue glaciers are
concentrated in their lower debris-covered tongues. Mean ice thickness change of Manso glacier in its accumulation area is -
0.10 m a® and it inereases-decreases to -2.71 m a™ in its ablation zone (maximum thinning rate of -5.35+0.03 m a™ between
1050 and 1100 m). Casa Pangue shows almost zero elevation change in its accumulation area (mean of -0.06 m a™) and the
highest thinning rate (-6.88 = 0.06 m a™) of all Monte Tronador glaciers in its ablation area. Meanwhile, Blanco glacier
shows a moderate ice thickness loss along its entire surface (mean of -0.7 m a™). On the contrary, Verde glacier shows an

almost zero mass balance over the 2000-2012 period -(-0.09+0.09 m w.e. a™).
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Due to their small sizes, Mistral and Parra glaciers show a relatively low ice volume change (-0.015+0.001 km® and
0.017+0.002 km?®, respectively). Nevertheless, Mistral shows the most negative mass balance (-0.54+0.11 m w.e. a™) and
Parra the third most negative mass balance (--0.35+0.10 m w.e. a*) among all Monte Tronador glaciers. Mistral shows the
highest relative area decrease of all Monte Tronador glaciers. YWhereas—The five other mountain glaciers (Alerce, Castafio
Overa, Vuriloches, Norte Peulla and Frias) show slightly negative to slightly positive mass balances (-0.1 to 0.14 m w.e. a™;

Table 4) and minor areals changes.

4.3 Climate variability and trends

The regionally averaged series of summer temperature and annual precipitation anomalies indicate that the northern
Patagonia region has experienced an overall warming combined with a drying trend during the last eight decades (1931-
2015; Figs. 6A and 6B). The temperature and precipitation stations located closest to Monte Tronador cover a shorter time
span (1995-2015) but show the same variability than their corresponding regional series (Figs. 6A and 6B).

The warming and drying trends observed in this region are coherent with the long-term retreat of glaciers reported for the
North Patagonian Andes in the last century (Fig. 6C). Within these long-term climate trends, however, we also observed
important intra- to multi-decadal variations that seem to have also affected the glacier fluctuations regionally. Probably the
clearest pattern is the considerably colder summertime temperatures between the late 1960s and the late 1970s (Fig 6A), and
the marked shift towards warmer temperatures afterwards. The lower temperatures and slightly larger precipitations in the
late 1970s were likely responsible for the generalized re-advances of Monte Tronador and others northern Patagonian
glaciers in that decade (Leclercq et al., 2012; Masiokas et al., 2009; Ruiz et al., 2012; see also Fig. 6C). After 1980
summertime temperatures increased markedly and have remained above the long-term mean since then. A moderate increase
in temperatures can be observed in the last decade of the records, which probably contributed to further melting at Tronador
and elsewhere in this region (Fig. 6A). Precipitation, in contrast, has varied considerably over the last 30-40 years but in

general it has not reached the extremely high values observed in the first decades of the series (Fig. 6B).

5 Discussion
5.1 Bias corrections and error assessment

DEM differencing is increasingly used to derive geodetic mass balance of glaciers. Nevertheless, it is important to identify
and correct possible bias due to misalignments among DEMs (Berthier et al., 2004; Nuth and K&4b, 2011) and also apparent
elevation bias (i.e. curvature correction; Gardelle et al., 2013) to derive realistic values. Our misalignment correction (Table
2) shows that there was a minor shift among DEMs of ~26% of pixel size.

The curvature correction improved the residuals by 30 % in the RMSE and STD and decreased the bias closer to zero
(Fig.ure 2C). EAh by elevation band with a maximum value of 1.05 m shows that the results are robust, even for the smaller

glaciers (Table 4). Our mass balance error (~0.1 m w.e. a) are-is in the same range of other geodetic mass balance studies
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(Cogley, 2009; Thibert et al., 2008; Zemp et al., 2010). The rather small distance of autocorrelation of the error (70.8 m,
equivalent to 2 pixels) indicates that the errors exhibit a weak spatial correlation and are mostly associated with the noise in
the SRTM-X. It is important to note that since sharp relief features are not as well depicted in SRTM-X as in PLEI, elevation
changes closer to strong slope changes areas, like the front of Castafio Overo or Blanco glaciers, can produce anomalous
values. A possible solution could be to discard pixels with high absolute curvature.

Our main sources of systematic errors in the mass balance calculation of Monte Tronador glaciers were associated with; (1)
elevation change estimates and (2) the seasonality correction. The first factor is mainly due to the noise in SRTM-X.
Nevertheless, a maximum EAh of 1.05 m and an RMSE of 2.7 m indicate a good correspondence between DEMs. The

second most important source of error is linked to the limited knowledge of seasonal mass balance of Monte Tronador

glaciers. For Alerce glacier, the 1 m w.e. seasonal correction represents a change of 45% in the annual mass balance (from -
0.18 mw.e. a* to -0.1 m w.e. a™). Due to the high ablation and accumulation rate of these glaciers, the seasonality correction

must be taken into account. Nevertheless, due the lack of mass balance measurement in the rest of the glaciers and the

difference in the temperature anomalies between the year 2000 and the ones used to assess the correction (Fig. 6A) we

assume a conservative 100% error in this correction. Direct measurements of mass balance on various glaciers combined

with mass balance models (Huss et al., 2008) could help to improve the correction applied here and its inherent error.

5.2 Mass balance changes differences among Monte Tronador glaciers

With the exception of Mistral and Parra, mountain glaciers which do not descend below the 1600-1700 m asl bedrock cliff
have mass balance values close to zero over the 2000-2012 period (i.e. from -0.13 to 0.14 m w.e. a™*; Table 4). These glaciers
also have minor areal changes, from -3% to 0%, which again suggests that the geometry of these glaciers is close to
equilibrium with current climate. The exceptionally high mass balance loss of Mistral and Parra (-0.54 m w.e. a*and -0.35 m
w.e. a™) could be explained by the small elevation range of these glaciers (580 and 750 m, respectively) compared with the
rest of the mountain glaciers (>800 to 1900 m). The lower elevation ranges could translate to less accumulation and smaller

AAR (Accumulation Area Ratio; i.e. the ratio between accumulation area and glacier area) and hence more negative mass

balances.

Similar to other glaciers in the North Patagonian Andes (Paul and Mdélg, 2014), we found that the valley glaciers of Monte
Tronador, and especially those at lower elevations, are shrinking at rapid rates. At the debris-covered tongue of Manso
glacier, we found one of the highest thinning rates of Monte Tronador, which results in the negative glacier-wide mass
balance of this glacier. Sometime in the 1990s the proglacial lake started to form in front of the glacier tongue and has been
growing since then. However, it was not until 2009, when a glacier lake outburst flood event occurred (Worni et al., 2012),
that a straight calving front developed on this glacier. The acceleration of ice flow at the glacier front (Ruiz et al., 2015)
indicates that calving has been highly active in recent years and could be one of the causes for the high thinning rates of this

debris-covered tongue.

10
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Bown and Rivera (2007) analyzed the elevation change along the central flow line of the debris-covered tongue of Casa
Pangue (from 700 m asl to 1050 m asl; figure-Fig. 5 in Bown and Rivera, 2007) between 1968 and 1998. They found an
acceleration in mean (maximum) thinning rate from 1968-1981 to 1981-1998 of more than 100 %, from —1.2+1.1 m a”'
(—2.9+1.1 m a™) to —3.6+0.6 m a ' (=5.3£0.6 m a™), respectively. They also noticed that this increase in the thinning rate
was accompanied by an enhanced frontal retreat of the glacier. Analyzing the debris-covered tongue of this glacier alone
(between 600 and 1050 m asl), we found a mean thinning rate of -4.1+0.1 ma™ and a maximum thinning rate of -6.6+0.1 ma’
! between 2000 and 2012. This shows that the rate of thinning is still accelerating at this site compared to 1981-1998, but at a
slower rate (~30%), which could be related with the thickening of the surface debris layer-due-to-the-meling-of-glacier-ice.
Bown and Rivera (2007) linked the thinning along the central flow line with the increase in air temperature at high elevation
and a regional decrease in precipitation. Nevertheless, increase in thinning rate cannot be directly attributed to a more
negative surface mass balance, since a reduction in ice flux could also be contributing to the thinning (e.g. Berthier and
Vincent, 2012).

The only exception to the general shrinkage of valley glaciers in Monte Tronador is Verde glacier. The neutral mass balance
of this glacier is in agreement with the minor changes in area (-1.2%) and the 0 m a™ frontal retreat rate observed between
2000 and 2012. The small area change is concentrated in the accumulation area associated with the appearance of the
headwall. We hypothesized that high ice flow from the accumulation area and a thick debris layer covering the ablation area
are favoring the neutral mass balance of this glaciers in an unfavorable regional climate (see Section 5.4). The accumulation
area of this glacier is very steep, and the ice is flowing at a maximum rate of 390 m_a™*, which is the highest surface velocity
measured at Monte Tronador glaciers (Ruiz et al., 2015). The ice from the accumulation area is still flowing uninterrupted to
the debris-covered tongue, which is moving with a surface velocity between 10 and 35 m a™. Although we do not have ice
thickness and surface mass balance data, the evidence that the debris-covered tongue is still moving at an appreciable rate
could imply that the ice flux is compensating the mass loss due to surface elimatic-mass balance in this glacier. The presence
of the rock avalanche deposit over the surface of the debris-covered tongue (Ruiz et al., 2015) indicates that the debris layer
is quite thick, supporting our explanation.

The frontal retreat rate of 0 ma™ between 2000 and 2012 and fact that the snout of Verde glacier is still in contact with their
its Little Ice Age moraines (Ruiz et al., 2015) contrasts with frontal retreated rate of -17 m a™ for this glacier between 1961
and 1997 (Rivera et al., 2002; WGMS, 2015). Sinece-tThere is no available information about the source images nor the
accuracy of the measurements used to retrieve the frontal variation of this glacier (Rivera et al., 2002; WGMS, 2015), so we

do not have enough data to assess if there was an advance of this glacier after 1997 or not.

5.3 Mass balance of Monte Tronador glaciers in a regional perspective

The shrinkage of Monte Tronador glaciers, both in volume and in area, is in agreement with the general thinning and
recession of glaciers observed in the Southern Andes and elsewhere (Bown and Rivera, 2007; Gardner et al., 2013; Masiokas
et al., 2009; Paul and Mélg, 2014; Zemp et al., 2015). In the last two decades, ashifttowards-slightly-mere-anegative values
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in-mass balances, from-between -0.6 + 0.4 m w.e. a* (1993-2003) te-and -0.7 + 0.2 m w.e. a* (2003-2012), has-have been
observed in South America and the Sub-Antarctic islands (Mernild et al., 2015). Examining latitudinal variations, Mernild
and others (2015) found a decrease in the rate of mass loss from the Tropical Andes to the Sub-Antarctic islands for both
decades. Specifically for the period 2003-2012 they showed that the mass balance rate was more negative in the North (-0.97
m w.e. a” in the Tropical Andes; -0.77 m w.e. a* in the Central Andes) than in the South of the Andes (-0.29 m w.e. a™ in
Andes of Tierra del Fuego and -0.06 m w.e. a* in the Sub-Antartic islands). Since there were no data on glacier-wide mass
balance for the North Patagonian Andes, our results contribute to fill this gap in mass balance information. The mass balance
for all Monte Tronador glaciers (-0.17 +0.11 m w.e. a™) has the same order of magnitude as the mass loss in the Andes of
Tierra del Fuego. This could imply that mass loss in North Patagonian Andes is more related to the changes observed further
south than those in the Tropical and Central Andes.

Willis et al. (2012a, 2012b) found an area averaged elevation change for the period 2000-2012 of -1.8+ 0.1 ma™ and -1.3+0.1
ma* of ice for the Southern and Northern Patagonian Ice Fields, respectively. Using the same density conversion as in our

study (850 kg m™), the icefield-wide mass balance for the two icefields waere -1.5 m w.e. a* and -1.1 m w.e. a’,

respectively. These values are one order of magnitude larger (more negative) than the values reported for the rest of the
glaciers in the Southern Andes and do not follow the decreasing north-south trend found for smaller glaciers by Mernild et
al. (2015). Schaefer et al. (2015) suggested that calving fluxes, which apparently increased in the last decade, are probably
the cause of the high mass loss of the Southern Patagonian Icefield, which according to their mass balance model showed an

overall positive surface mass balance between 1975 and 2011.

5.4 Climate and mass balance changes

Our analysis of reliable and regionally representative climate series shows a long-term tendency towards warmer and drier
climatic conditions during the last eight decades in the North Patagonian Andes. This finding seems to explain the general
ice mass loss detected at Monte Tronador, and is in line with previous glaciological studies in the northern Patagonian Andes
(Bown and Rivera, 2007; Masiokas et al., 2008; Rivera et al., 2002). Within this trend, several features also appear to be
related to the observed glacier behavior in this region. The much colder and moderately wetter period observed around the
1970s immediately precedes the last recorded glacier advances in North Patagonian Andes, which peaked between 1976 and
1978 (Leclercq et al., 2012; Masiokas et al., 2010; Ruiz et al., 2012). In agreement with a large-scale climate shift in 1976-
1977, which has been extensively studied and documented in other regions (Giese et al., 2002), climate conditions in
northern Patagonia became markedly warmer after this cold interval. According to our records (Figs. 6A and B), during the
last 40 years, the region has not experienced dramatic trends in temperature nor precipitation. Instead, conditions have been
different (i.e. warmer, and likely drier) than those experienced before the 1970s. The fact that higher elevation glaciers at
Tronador are showing only minor thinning, whereas their lower neighbors show the largest retreat rates, suggests that the
upper glaciers have probably already adjusted to these new climate conditions but the lower glaciers have not. Paul and Mélg

(2014) found retreat rates that support this hypothesis, with a decrease in the rate of glacier area change from -16 km? a™
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(1984-2000) to -4 km? a™* (2000-2011). The frontal fluctuation records of Frias and Esperanza Norte glaciers (Fig. 6C; the
longest and most detailed length fluctuation series available in the North Patagonian Andes) also show a decrease in the
retreat velocity between 1980s-2000s and 2000s-2010s. Our almost neutral mass balance estimation during the last decade

also implies that most glaciers in Monte Tronador are probably close to equilibrium with the present climate.

6 Conclusions

Here we present, for the first time, an elevation change map and glacier-wide mass balance data for the Monte Tronador
glaciers in the North Patagonian Andes. During the period 2000 to 2012 these glaciers lost mass at a mean rate of -0.17 m
w.e. a' (range 0f-0.54 to 0.14 m w.e. a”). MontTronader—mass—tessThis value is similar to the mass loss of glaciers
monitored in Tierra del Fuego, but net-asfar less negative as-the-mass—toss—ef-menitored—glaciersthan observed in the
Tropical, Central Andes and the large Patagonian licefields.

Regional climate (warm season temperatures and annual precipitation) records indicate overall trends towards warmer and
drier conditions over the past eight decades. These trends may at least partly explain the generalized glacier shrinkage
observed throughout this region in the last century. Interestingly, however, these records also show that after ca. 1980
climate conditions have remained relatively stable - but substantially warmer - than pre-1980 levels.

As the response of individual glaciers to a given climate change depends on the morphology and dynamic of each glacier,
these new climate conditions probably affected different glaciers in different ways. With few exceptions, at Monte Tronador
we observed that the valley glaciers that descend below the bedrock cliff and have debris-covered tongues lost mass at
higher rates than mountain glaciers located at higher altitudes. This suggests that the upper glaciers have already reached a
dynamic equilibrium with current climate conditions, whereas the larger low elevation glacier tongues have not and will
probably continue to shrink until they adjust to present climate. We also hypothesize that the almost neutral mass balance of
the large, low-lying debris-covered Verde glacier is related to a high ice flux coming from the accumulation area combined
with a thick debris layer in the ablation area. In the case of Mistral and Parra glaciers, we associate their high negative mass
balance with their narrow elevational ranges.

Further research is needed to validate these hypotheses and test, through modeling and direct field observations, the glacier-
climate relationships at Monte Tronador and other glaciated peaks in this region. The mass balance and hydro-climatology
monitoring program recently initiated at Monte Tronador (Ruiz et al. 2015) has already shown promising results and could

help elucidate these and several other poorly known glaciological issues in the North Patagonian Andes.
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Figure 1. False-color pan-sharpened Pléiades image of Monte Tronador from 7 March 2012 (RGB bands 3, 2 and 4, © CNES 2012,
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Figure 2. 3D corregistration and curvature correction of the DEMs. A) Elevation changes normalized by the tangent of the slope as
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show the elevation difference averaged in curvature bins before and after the correction is applied. D) Histograms of the height
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comparison all plots have the same scale and are sorted in glacier size in descending order. Glacier names areis alse-shown in each
plot.
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caleulationestimation of Monte Tronador glaciers.

‘ lower number of values available. The Rred line represents the EAh used to calculate the error of the geodetic mass balance
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Figure 5. Elevation change map of Monte Tronador glaciers for the period 2000-2012. The thick black arrow lecates-shows the
5| positive/negative elevation change associated with the advection of the rock avalanche deposited in the surface of Verde glacier.
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Figure 6. (A) Warm season (October-March) temperature anomaly series derived from six selected stations in the North
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series. The temperature record in La Almohadilla, the closest temperature record to Monte Tronador is also shown. (B) Same as
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record to Monte Tronador is also shown (C) Length changes of Frias and Esperanza Norte glaciers, updated from (Leclercq et al.,
2012; Ruiz et al., 2012). Esperanza Norte is also a clean ice glacier located ca. 100 km further-south of Tronador (Ruiz et al., 2012).
Note the overall retreating pattern only interrupted by a-re-advances in the late 1970s.
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Table 1. Imagery and DEMs used in this study.

Source of Spatial Accuracy (m)
informatio | ID Date resolution
X Y z
n [m]
DS_PHR1A_2012042114
Pléiades
45393 _SE1 PX_W072S42 | 21/04/2012 |1 0.22 | 043 | Nn
ortho image
_0220_01654
PLEI Pléiades DEM 21/04/2012 | 2 033021 |1.20
Landsat LE72320892001038AGS0
. 07/02/2000 | 30 10 |10 Nn
image 0
11-
SRTM-X X-SAR SRTM DEM 30 16 | 16 16
22/02/2000

25



Table 2. Shifts used to co-register the PLEI DEM with the SRTM-X DEM.

Shiftin | Shiftin N/S | Shiftin Z
E/W (m) (m) (m)
PLEI- 0.06 -8.14 1.33
SRTM-X
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Table 3. The surface stations used to create the regional climate series. CH = Chile; AR = Argentina; T = Temperature; P =
Precipitation. *1 La Almohadilla is the closest temperature records to Monte Tronador. *2 Los Alerces the closest precipitation
records to Monte Tronador.

i i Elevati
Station Lat'(,tUde Longoltude evation Variable
©) ©) m)
Temuco (CH) -38.75 -72.63 114 T&P
Valdivia (CH) -39.63 -73.08 19 T&P
Osorno (CH) -40.75 -73.06 65 T&P
Puerto Montt (CH) -41.43 -73.11 90 T&P
Bariloche (AR) -41.15 -71.16 840 T&P
Esquel (AR) -42.93 -71.15 785 T&P
La Almohadilla (AR)*1 412 -71-78 1420 T
Los Alerces (AR)*1 772 P
-41.36 -71.73

27



Table 4. Area, volume and mass balance change of Monte Tronador glaciers (2000-2012), with their correspondingent error
estimation. See Appendix A for a detailed description of these calculations.

GLACIER i)%;n%’?o el (|<dn¥) Edy 1 m \IXI.e.) Eb | m e al) | Eha
Mistral 15 101 | 0015 | 0001 | 75 0.9 054 0.11
Peulla 20 45 | -0004 | 0002 | -15 07 0.04 0.10
Alerce 24 30 | -0007 | 0002 | -23 0.7 011 0.10

Parra 25 40 | -0017 | 0002 | 53 06 035 0.10
Norte 30 001 | 0002 | 0003 | 07 08 0.14 0.10
C.overa | 32 01 | -0001|0003| -04 07 0.05 0.10
C.Pangue | 6.0 29 | 0037 | 0005 | -45 0.7 0.29 0.10
Vuriloches | 6.4 001 | -0.020 | 0006 | -26 07 0.13 0.10
Frias 6.7 03 | 0003 | 0006 | 03 0.7 0.11 0.10
Verde 6.7 12 | 0017 | 0004 | 20 05 20.08 0.09
Manso 956 52 | 0085|0009 | 71 0.9 0,50 0.11
Blanco 10.7 07 | 0039 | 0010 | -31 08 017 0.10
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Appendix A

Estimation of Fermulation-te-ebtain-the volume change and the mass balance of Tronador glaciers from the elevation

change map-

From the mean, elevation change (dh,) and the area covered S, by at-each elevation band we calculate the total volume
change dV (Eg. S1).

dv=YS,*dh,  [m?] (A1)
Then we calculate the glacier mass balance (B) using the density conversion factor (p;) of 850+60 kgm .
B=p*dV [m3w.e.] (A2)

Finally the glacier-wide mass balance b (Eq. A3) and the mean annual glacier-wide mass balance b, (Eq. A4) were obtained

B

b= [m w.e.] (A3)

Sglacier

wWhere Sy, e, is the area of each glacier in 2000

b,= % [mw.e.al] (A4)

And wWhere s - is the seasonality correction (1 m w.e.), and dt the time span.
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