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Abstract

Despite the great number and variety of glaciesouthern South America) situ glacier mass
balance records are extremely scarce and glacreatd relationships are still poorly understood
in this region. Here we use the longest (>35 yns) most completen situ mass balance record,
available for glaciar Echaurren Norte in the Andes33.5°S, to develop a minimal glacier
surface mass balance model that relies on nearinyhhyqrecipitation and air temperature data
as forcing. This basic model is able to explain Z&%he variance in the annual glacier mass
balance record over the 1978-2013 calibration pem attribution assessment identified
precipitation variability as the dominant forcingpdulating annual mass balances at ECH, with
temperature variations likely playing a secondaitg.rA regionally-averaged series of mean
annual streamflow records from both sides of thdesnbetween ~30° and 37°S is then used to
estimate, through simple linear regression, thagigl’s annual mass balance variations since
1909. The reconstruction model captures 68% obbserved glacier mass balance variability
and shows three periods of sustained positive lmaasces embedded in an overall negative
trend over the past 105 years. The three periodasifiined positive mass balances (centered in
the 1920s-30s, in the 1980s and in the first dechdlee 2£' century) coincide with several
documented glacier advances in this region. Sinnéards observed in other shorter glacier mass
balance series suggest that the glaciar Echauroete keconstruction is representative of larger-
scale conditions and could be useful for more tetajlaciological, hydrological and

climatological assessments in this portion of timelés.
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1. Introduction

The extra-tropical Andes between ~23° and 55°S aoatéarge number and variety of glaciers
ranging from small glacieretd elevations of over 6000 m in the high, arid Asdénorthern

Chile and Argentina, to large outlet glaciers ttegich the sea in the humid southwestern portion
of Patagonia and Tierra del Fuego. Altogether,ghes masses concentrate the largest
glacierized area in the Southern Hemisphere outsndarctica and are highly valued as sources
of freshwater, as indicators of climatic changeoasist attractions, and as environmental and
cultural icons in different sectors of the Andes.r&ported for other mountainous areas of the
globe, glaciers in southern South America displaydespread retreating pattern that has been
usually attributed to warmer, and sometimes dakmatic conditions in this region (Villalba et
al. 2003; Rignot et al. 2003; Rivera et al. 200@0%, Masiokas et al. 2008, 2009; Le Quesne et
al. 2009; Pellicciotti et al. 2014). Quantitativessassments of regional glacier mass balance
changes andlacier-climate relationships are, however, setiphampered by the scarcity and
short length ofn situ glacier mass balance data and proximal climaterdseathin the Andes.
The latest publication of the World Glacier Monitay Service (WGMS 2013) reports annual
mass balance measurements for seven extratropnchdah glaciers (five in Argentina, two in
Chile). Four of these records start in 2010 and@remall glaciers and glacierets located ca.
29.30°S, two records are located between 32°-348Sstart in the mid-late 1970s, and the
remaining record from Tierra del Fuego (54.8°Sitstim 2001. Discontinued, short-term glacier
mass balance measurements (see e.g. Popovnirl@88).and recent programs initiated at new
sites (e.g. Rivera et al. 2005; Rabatel et al. 2814z et al. 2013) complete the network of direct
glacier mass balance data currently available inhgon South America. Although not optimal in
terms of spatial coverage, arguably the single nmygortant limitation of this network is the
short period of time covered by consistent, rebaelcords. Of the two longest mass balance
series mentioned above (glaciar Echaurren Norteglauiar Piloto Este in the Central Andes, see
Table 1.1 in WGMS 2013), only the series from EchamuNorte in Chile (Fig. 1A-C) provides a
complete record spanning more than 35 years. intfas series constitutes the longest direct
glacier mass balance record in the Southern Heraisplsee Escobar et al. 1995a,b; DGA 2010
and WGMS 2013) and is thus a “reference” glacisheWWGMS global assessments. The mass
balance record from glaciar Piloto Este (locatedl@® km to the north in Argentina; Fig. 1A)
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covers the 1979-2002 period and contains sevetalg#ps that have been interpolated using
various techniques (Leiva et al. 2007).

Many studies dealing with recent climate and glaci@nges in southern South America have
pointed out the shortness, poor quality, or absehcématic records at high elevation sites or in
the proximity of glaciers in the Andes (Villalbaat 2003; Rivera et al. 2005; Masiokas et al.
2008; Rasmussen et al. 2007; Falvey and Garrea@} B@llicciotti et al. 2014; Vuillle et al.
2015). Given the lack of suitable data, many climassessments have used records from distant,
low elevation weather stations and/or gridded ddtat® estimate conditions and recent climate
variability within the Andean range. It is interi@st to note, however, that the amount of hydro-
climatic information (in particular from solid atiquid precipitation, and hydrologic variables)

is comparatively better for those portions of tbateern Andes that support large populated
centers and where the water provided by the mawstaivital for human consumption,
agriculture, industries and/or hydropower generatin these areas, mainly between ca. 29° and
42°S, local and national water resource agencies menitored a well-maintained network of
hydrologic and meteorological stations for sevededades (see e.g. Masiokas et al. 2006, 2010).
The data from the stations in this region are sjdvdcoming publicly available and are
substantially better in terms of quantity and gyahan those for the less populated, more

inaccessible areas in southern Patagonia or iDdésert Andes of northern Chile and Argentina.

The Central Andes of Chile and Argentina betweerf &8l 35°S (see Lliboutry 1998) have a
mean elevation of about 3500 m with several pea#shing over 6000 m (Fig. 1A). The climate
of this region is characterized by a Mediterranesgime with a marked precipitation peak during
the cold months (April to October) and little prgitation during the warm summer season
(November to March; Fig. 1D). Almost all of the retnire comes from westerly Pacific frontal
systems, precipitating as rainfall in the Chileawlands and as snow in the Andes to the east
(Miller 1976; Aceituno 1988; Garreaud 2009). Thewraccumulated in the mountains during
winter remains frozen until the onset of the metison (usually October-November), producing
a unimodal snowmelt-dominated regime for all riverigiinating on either side of the Andes at
these latitudes (Masiokas et al. 2006; Cara @h @ress). This relatively simple configuration
entails some potential benefits for the study amdieustanding of the hydro-climatic and
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glaciological processes in this region: First, seng co-variability between total rainfall
amounts measured in central Chile and winter srammuraulation and river discharges recorded
in the Andes (see Fig. 2) allows the use of airadbt limited number of station records to
capture the main regional hydro-climatic pattefiftee strong common signal among these
variables also offers the possibility of inferriagreconstructing selected instrumental data (e.g.
winter snow accumulation, which begins in 1951nggdata from other well-correlated variables
with a longer temporal coverage (e.g. Andean stieanrecords which are available since
1909). Masiokas et al. (2012) used these relatipagbh extend Andean snowpack variations

using central Chile rainfall records and precipaiatsensitive tree-ring width series.

In contrast to the well-known similarities betwgmecipitation (solid and liquid) and surface
runoff, the spatial and temporal patterns of higgvation temperature records in the Central
Andes of Chile and Argentina are still poorly ursteod. Falvey and Garreaud (2009) presented
a detailed assessment of temperature trends ov@9@0-2006 period along the western margin
of subtropical South America, reporting a notatdattast between surface cooling (-
0.2°C/decade) in coastal stations and a warmimgitoé ca. +0.25°C/decade in the Andes only
100-200 km inland. However, only two land statierese available with long enough records
above 2000 m (i.e. El Yeso and Lagunitas statior@Ghile at 2475 and 2765 m, respectively), but
radiosonde data from the coastal station Quintesio33°S) showed comparable positive trends
for the free-troposphere (Falvey and Garreaud 20083 lack of high elevation surface
temperature data also restricted the recent aseassworf Vuille et al. (2015), who focused their
elevation-dependent temperature trend analyseseoregion north of 18°S because data were

too sparse farther south.

The station El Yeso (33°40°'36”S, 70°05'19"W) is &ded only 10 km south of glaciar Echaurren
Norte (Fig. 1B). Mean daily and monthly temperatanel total precipitation measurements from
this station are available since 1962 but contauesal months with missing data prior to 1977
(temperature) and 1975 (precipitation). Since 1®0th series are practically complete and
updated on a regular basis. To our knowledge,aretitire extra-tropical Andes there is no other
operational meteorological station with such a lang complete record of temperature and
precipitation variations less than a few kilomefiresn a glacier, which moreover contains the
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longest ongoing mass balance monitoring progratharSouthern Hemisphere. This rare
combination of relatively long, complete climateoeds near a well-studied glacier site clearly
highlights the importance of this unique location ¥aried glaciological and climatological

investigations in the southern Andes.

In this contribution we use seasonal mass balaw®ds from glaciar Echaurren Norte plus

local and regionally-averaged monthly hydro-climatata to model and reconstruct annual
glacier mass balance changes over the past 108. &iace only the glacier-wide seasonal and
annual mass balance components are available fa BG: of the main objectives of the study
was to explore the suitability of simple mass bedamodels that require a minimum amount of
input data (Marzeion et al. 2012; see also Kasat. &010). Although this simplistic approach
provides limited insight into the intricate phydipaocesses involved in this glacier’s intra-
annual mass balance variations, it may, nonethedéfes a useful starting point to address some
basic (yet still poorly known) questions regardihg glacier’s sensitivity to climate variations.
We did not consider a data-intensive approach tasome and model the complex daily energy
and mass balance variations of this glacier (estiiceiotti et al. 2014) because of the lack of the
high resolutionin situ meteorological and glaciological measurementsllysteguired in these
type of analyses. Another primary objective waade the available, well correlated hydrological
records from this region (Fig. 2) to extend the E&tiual mass balance record and evaluate the
fluctuations of mass balance over a much longdogéhan that covered by regular glaciological
measurements. Comparisons with other shorter nedaade series and with a record of glacier
advances in this region suggest the resulting semes contain a discernible regional footprint.
Overall, we believe the findings discussed belowstitute a substantial improvement in the
understanding of the main patterns and forcingb®flacier mass balance changes in this region
and provide a useful background for more detailadig-climatic assessments and modeling

exercises in this portion of the Andes.

2 — Data and Methods

2.1. Glacier mass balance data

Glaciar Echaurren Norte (33°33'S, 70°08'W; hereat€H) is located within a southwestern
oriented cirque ~50 km southeast of Santiago deeCinilthe headwaters of the Maipo river basin
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(Fig. 1A-C). ECH provides water to Laguna Negraatural lake that together with the nearby El
Yeso artificial lake constitute crucial water rasmsrs for extensive irrigated lands and for the

metropolitan Santiago area in Central Chile.

Mass balance measurements started at this easdgsible glacier in the austral spring of 1975
under the auspices of Direccion General de Agu&A(Dthe institution in charge of monitoring
and managing water resources in Chile. Summer amgmmass balance data at ECH have been
regularly measured until the present by DGA off&iand have been reported in sporadic
internal documents and scientific publications @afid Narbona 1978; Pefia et al. 1995;
Escobar et al. 1995, 1997; DGA 2010). These reduasie also been reported to the WGMS,
from where we obtained the 1975-2012 data usedismianuscript (annual mass balance data
extend to 2013; see WGMS 2013 amdw.wgms.ch). The glacier has thinned in the last decades
and presently consists of small remnants of bathrchnd debris-covered ice (Fig. 1C). Despite

this evident ice mass loss, the elevation randgbeo{jlacier has not changed much since
measurements started in the mid 1970s. Accordifefa and Narbona (1978) and Escobar et al.
(1995), in the first years of the mass balance gamoghe glacier covered an area of 0.4 km
distributed over a short elevation range betweed@a0 and 3880 m asl (Fig. 1C). Over the time
period covered by the mass balance records, netatggmt has been made to incorporate the
changes in surface area of the glacier, and theusetborted values are considered here as
reference-surface mass balance estimates (i.edke balance that would have been observed if

the glacier topography had not changed over thaystariod; see Cogley et al. 2011).

Mass balance data from glaciar Piloto Este (heze&fiL) from 1979-2002 and shorter time
series from small glaciers and glacierets furtlmtmin this region are also available from the
WGMS database (Leiva et al. 2007; Rabatel et dl12WWGMS 2013; see Fig. 1A and Table 1).
Here we compare the cumulative annual mass bafagoeds of these glaciers as independent
validation measures of the main patterns and teahp@nds observed in the measured and

modeled mass balance series from ECH.

2.2 Minimal glacier mass balance model



200 A minimal model only requiring monthly temperataned precipitation data (Marzeion et al.

201 2012) was used to estimate the interannual surfexss balance variations of ECH and to

202 explore the relative importance of temperature uedipitation variability on the ECH records.
203 In their publication, Marzeion et al. (2012) useitided precipitation and temperature data to

204 calibrate individual models for 15 glaciers withstg mass balance measurements in the

205 greater Alpine region. The climate data used heneecfrom El Yeso, a permanent automatic

206 weather station maintained by DGA and located 0&r to the south and 1200 m lower than

207 ECH's snout (Fig. 1B). The data are freely ava#adii the DGA website (www.dga.cl) and

208 contain practically complete monthly temperaturd precipitation records since 1977 (only four
209 missing months were filled using their long-termamg). The mass balance model can be defined

210 as follows:

211
212 MB= (aR - (maxO.T, ~T)) ®
213

214 whereMB represents the modeled annual specific mass leatHribe glacierP; are monthly

215 total precipitation values at the El Yeso statimgla is a scaling parameter introduced to

216 compensate for the precipitation gradient betweretevation of this station (rounded here to
217 2500 m) and the front of ECH (fixed at 3700 m irsthnalysis). We do not differentiate solid vs.
218 liquid precipitation because at this glacier (amather high elevation areas in this portion of the
219 Andes) the bulk of precipitation occurs during Wiater months and the fraction of liquid

220 precipitation is usually minimal compared to theg&aproportion that falls as snow (see Fig. 1D).
221 The use of total precipitation values also avodsadditional complexity and uncertainties

222 involved in differentiating solid from liquid premitation at this glacier, which is distributed over
223 avery small altitudinal range (see also Fig. IIC)jepresents mean monthly temperatures at El
224  Yeso extrapolated to the elevation of the glagientfusing a constant lapse rate of -0.065°C/100
225 m, andT g IS the monthly mean temperature above which nwgltis. As indicated in Marzeion
226 etal. (2012), the maximum operator ensures th#tirmgeoccurs only during months with mean
227 temperatures aboVe:. The parameter is expressed in mm kKand was introduced to translate
228 the monthly temperature records into monthly ablatialues at the glacier. In order to estimate
229 the parameters andu and validate the final model, we performed a “Ea@awne-out” cross
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validation procedure (Michaelsen 1987). In thisrapph, ECH data for each year between 1977
and 2012 (common period between the El Yeso datdrenECH mass balance series) were
successively excluded and the minimal mass balarockel (Eq. 1) calibrated with the remaining
values. At each step the parameteedu were first optimized to minimize the root mean
squared error (rmse; Weisberg 1985) of the modedhks, and then used to estimate the mass
balance data omitted that year. This resulted ipré@@icted values which were compared to the
actual annual mass balance observations to complitiation statistics of model accuracy and
error. The exercise showed that the model paramaterrelatively time stable:ranged between
3.9 and 4.1 (mean value used here = 3.9), whereased between 89.0 and 91.0 mrif gnean
value used = 90.1 mmK. The mean estimated valuecindicates that accumulation at the
glacier is normally about four times larger thae #mnual precipitation recorded at El Yeso. The
mean estimated value foris also reasonable and within the range of valepsrted by

Marzeion et al. (2012) for the 15 glaciers withedirmeasurements in the European Alps (76-156
mm K, see their Table 1). Finally, for the sake of dinity, we prescribed e = 0°C as

suggested in Marzeion et al. (2012).

2.3 Glacier mass balance reconstruction

In addition to modeling the interannual mass baarariations of ECH using the temperature

and precipitation data from El Yeso, we also usgglanally representative hydroclimatic
indicators to extend the observed glacier massbaleecord prior to 1975. The use of these
indicators (regionally-averaged series of wintesgmaccumulation and mean annual river
discharges; see Masiokas et al. 2006) was supploytesual comparisons and correlation
analyses which showed strong, statistically sigaiit positive associations not only with the
winter record at ECH, but also with the annual mzdance series of this glacier (Table 2 and
Fig. 2). The correlation was also positive but werdbetween the summer component at ECH and

the regional snowpack and streamflow series.

The regionally-averaged record of winter snow aadation is based on eight selected stations
located in the Chilean and Argentinean Andes betv@®e and 37°S (Fig. 1A and Table 3). The
dataset has been updated from the one used by kaased al. (2012) and contains the longest

and most complete snowpack records in this redtoinr to computing the regional average, the
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individual series were expressed as percentagestfreir 1981-2010 climatology mean values.
A similar approach was used to develop a regicg@nd of mean annual (July-June) streamflow
variations. This series was calculated using mgrdhta from 11 gauging stations with the
longest and most complete records in this portidh@ Andes (Fig. 1A and Table 3). The
resulting snowpack and streamflow composite recoodgr the 1951-2014 and 1909-2013
periods, respectively (Fig. 2).

The glacier mass balance reconstructions are lmseinple linear regression models where the
predictand is the 1975-2013 ECH annual mass bakerees and the predictors are, alternatively,
the regional 1951-2014 snowpack and 1909-2013reftea records depicted in Fig. 2. Given
the relative shortness of the common period betvwleepredictor and predictand series (39
years), the reconstruction models were also deeeloging a “leave-one-out” cross-validation
procedure (Michaelsen 1987). Here, linear regressiodels for each year were successively
calibrated on the remaining 38 observations and tised to estimate the predictand’s value for
the year omitted at each step. A simple lineareggjon model based on the full calibration
dataset (1975-2013) was finally used to reconstheemass balance values over the complete
period covered by the regional time series. Thedgess of fit between observed and predicted
mass balance values was tested based on the poopafrivariance explained by the regression
models and the normality, linear trend, and fiestel higher-order autocorrelation of the
regression residuals. The uncertainties in eaamsgucted mass balance value in ye@fco())
were calculated integrating the standard errohefregression estimatssy) and the standard
error of the mean annual streamflow values usgaedictors in the modesgean). This latter
error is derived from the standard deviation ofrggional recordd) and increases as the number

of contributing streamflow series)(decreases back in time (see Table 3).

greoo(t) = \/Saegr ’ + Semean(t) ’ ' Wlth (2)

g

== 3
Semean(t) \/@ ( )

10
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An independent verification of the reconstructedssiaalance records was undertaken by
comparing the cumulative patterns of these seritsthe cumulative mass balances reported for
glaciar Piloto Este and for other glaciers withrséélomass balance series available in this portion
of the Andes (Fig. 1A and Table 1). We also comghaine ECH cumulative series (observed and
predicted) with a regional record of glacier advemitlentified during the 30century in the

Andes between 29° and 35°S. The latter record waspited in a recent review of glacier
fluctuations in extratropical South America andbased on direct observations, reports from
documentary evidence, and analyses of aerial phegpbg and satellite images from this region
(see Masiokas et al. 2009). The uncertainty ottimulative series modeled for ECkr) were
calculated by propagating (adding) the individuabes estimated for each reconstructed value.
That is

=T
_ 2
Emy = 1| 2 Ereotty (4)
t=1

3 — Results

3.1. Minimal glacier mass balance model

The 1975-2012 winter and summer values observe€ bt are depicted in Fig. 3A. The winter
series shows a long term mean of 2.54 m w.eq. dadjar range of variability (std. dev. 1.24 m
w.eq.) than the summer series, which fluctuatesrat@ long term mean of -2.93 m w.eq (std.
dev. 0.72 m w.eq.). The observed and modeled amass balance series are remarkably similar
(Fig. 3B) and show a strong positive correlatios (.883, rmse = 0.77 m w.eq.), indicating that
78% of the variance in the ECH record can be adealior by the minimal model presented in
Eq. (1). Both series show similar, slightly negatilear trends and negative means (-0.35 and -
0.34 m w.eq. for the observed and modeled serspectively) over the 1977-2012 interval.

3.2. Attribution assessments

In order to test which climate variable (temperator precipitation) has a stronger influence on
the annual mass balance variations at ECH, theeglaass balance model was also run
replacing alternatively the temperature and theipi@tion monthly data by their long-term

average values. The results from this analysis @) suggest that precipitation variations

11
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constitute the dominant forcing modulating anndatigr mass balance at this site. Regardless of
their different absolute values, the precipitattbiven estimates (blue dashed line in Fig. 3C)
show a strong positive correlation (r = 0.882) esmharkable similarities with the ECH annual
mass balance series (red line). In contrast, tin@éeature-driven estimates (dark red dashed line)
show a poorer correlation with the ECH record (.240) and a substantially lower inter-annual
variability which only barely follows the variatienn the annual mass balance series. To evaluate
if the influence of temperature had been underredtd in the full model (where the parameters
o andu can compensate each other), both parameters \geregimized individually using a
leave-one-out approach and considering each teifq.0f as separate models. In this case the
parameters showed almost exactly the same meaesvg88 forx and 90.3 mm K for ) as

those obtained using the full model (3.9 and 90 i for « andy, respectively, see section

2.2), suggesting that the poor performance of teaipee is not due to the interaction of the

parameters in the mass balance model.

3.3 Annual mass balance reconstruction 1909-2013

Fig. 4A shows the reconstruction of the ECH anmoass balance series based on the regional
record of mean annual streamflows. The snowpackebasss balance reconstruction is not
shown as it is significantly shorter than the sttbaw-based series and shows virtually the same
variations over their overlapping interval. Theeatnflow-based regression model (Table 4) is
able to explain 68% of the variance in the annuadsrbalance series over the 1975-2013 period
and shows no apparent sign of model misspecificatiiering the possibility of reliably
extending the information on glacier mass balamanges back to 1909. This reconstructed
mass balance record is almost three times longerttie mass balance record currently available
at ECH and shows a strong year-to-year varialeaiitypedded within several periods of overall
positive or negative conditions (Fig. 4A). In peutiar, positive mass balance conditions were
reconstructed between 1914 and 1941, in the 128@sin the late 1990s — early 21st century. In
contrast, the clearest sustained period of negatags balances occurred between the 1940s and
the 1970s.

The cumulative values of the streamflow-based rbaksce reconstruction show a very good
correspondence with the observed cumulative sandsan overall negative trend between 1909

12



351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381

and 2013 (Fig. 4B). Within this century-long negattrend, a prominent period of extended
positive mass balances can be observed betweenidnE910s and the early 1940s. After 1941
and during the following four decades the cumutativass balance series shows an impressive
decline that is interrupted in 1980 by a ~10-yeag|period of sustained positive conditions (Fig.
4B). Since the early 1990s and until 2013 the catived mass balance series resumes the
negative tendency, only interrupted by a shortdiperiod of positive conditions in the first years
of the 2£' century. It is important to note, however, thatrdsng absolute values to this
reconstructed cumulative series is complicatedsfwoadild be used with caution due to the large
uncertainties involved, and the fact that the maslehlibrated using reference-surface mass
balance estimates (Cogley at al. 2011). Betweeb a8d 2013 the lower elevation of the glacier
did not change much (see Fig. 1C) and thereforeetieeence-surface and the conventional mass
balance estimates are probably roughly equivalémivever, for earlier decades and without
historical information on the glacier area and tabposition, it is difficult to estimate the

impacts of changing glacier geometry on the aanass balance of this glacier.

3.4 Comparison with other glacier records

Examination of the main patterns in the reconsadicumulative mass balance series shows a
good correspondence with a regional record of gtaailvances identified in the Central Andes
over the past 100 years (Masiokas et al. 2009;4€y. In most cases, the glacier advances are
concentrated during, or soon after, the periodsustained positive mass balances reconstructed
or observed at ECH. This situation is particul&tlyar in the 1980s and 1990s, where a large
number of glacier advances were identified during/ar immediately after the peak in mass
balances that culminated in 1989 (Fig. 4BC). Glaat/ances were also identified in the 1930s,
1940s and 1950s likely associated with the extepeeidd of cumulative positive mass balances
that culminated in the early 1940s. A few well do@nted advances identified in this region
between 2003 and 2007 may be associated with thermpeak in cumulated mass balances
observed at the turn of the®2¢entury (Fig. 4BC).

The cumulative variations in the modeled and ol=®mass balance series from ECH are also

very similar to those observed in the 1979-2002 dative record of PIL, providing additional
support for the overall reliability of the reconstted time series (Fig. 5). The cumulative
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tendency of PIL appears to be “smoother” than tGéiEeries, but still shows slightly positive or
near equilibrium conditions between the late 19t% the mid 1980s followed by a sharp
decline until the turn of the #entury. The cumulative series from other gladiecsted further
north in the Pascua Lama and Cordillera de Coldmgeas (Fig. 1A and Table 1) only cover the
last decade or so of the ECH record. However,linaales their overall tendency is similar and
markedly negative, reflecting the sustained unfalbtar conditions that these ice masses have
endured in recent years. It is interesting to nioéd the smaller glaciers (Table 1 and Fig. 5) are
the ones consistently showing the steepest negaiivellative trends whereas the largest glacier

(glaciar Guanaco, with ca. 1.8 kiim 2007) shows the least negative trend.

4 — Discussion and Conclusions

Compared to other mountainous glacierized areasgxtratropical Andes in southern South
America contain one of the least complete netwofka situ glacier mass balance and high-
elevation climate records in the world. This sdgrof basic information in this extensive and
glaciologically diverse region has been highlight&dmany occasions, and several recent studies
have attempted to overcome this limitation by eating mass balance changes through remote
sensing and/or modeling approaches of varied codtplend spatial coverage (e.g. Casassa et
al. 2006; Radi et al. 2013; Lenaerts et al. 2014; Pellicciotale2014; Schaefer et al. 2013,
2015). With such limited data availability, the fewisting glacier mass balance records become
particularly relevant as they provide crucial imf@tion and validation measures for many

glaciological, climatological and hydrological aysés.

In this paper we analyzed an up-to-date compiladiciie longest and most complétesitu

glacier mass balance and hydro-climatic records filte Andes between 29° and 37°S to address
some basic (yet poorly known) glaciological issurethis region. First, we show that it is

possible to estimate annual glacier mass balarmeges using very simple modeling approaches.
Results from a minimal model requiring only monttdynperature and precipitation data (eq. 1)
revealed that up to 78% of the variance in the ahmass balance series between 1977 and 2012
could be captured simply using available recordmfthe El Yeso station, ca. 10 km from the
glacier (Fig. 1A and 3B). Winter precipitation \atility appears to be the dominant forcing
modulating annual mass balances at ECH, with teatyer variations likely playing a secondary
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role (Fig. 3C). This is particularly interestingdagise it contrasts with the findings in other
regions where the recent glacier behavior is géigarere strongly related to changes in
temperature instead of precipitation (e.g. Marzebal. 2012). However, and although Pefia and
Narbona (1978) also noted a dominant influencéeftinter accumulation term on the resulting
annual mass balance of this glacier, the resutisldibe assessed with caution given the
simplistic nature of our model and the variousdesthat ultimately affect the annual mass
balance at this site. For example, more detailsdsasnents should also consider the impact of
sublimation on the mass balance of glaciers intilgh arid portion of the Andes (McDonell et

al. 2013; Pellicciotti et al. 2014).

To test the reliability of the temperature recauded to model the glacier mass balance series we
correlated the El Yeso monthly temperature recatld ®RA Interim gridded reanalysis
temperatures for the 700 mb geopotential heighiginty 3000 m asl), and also with a 0°C
isotherm elevation series available from centraledirig. 6). The El Yeso temperature record
shows strong positive correlations with ERA Integndded data over an extensive region that
includes central Argentina, central Chile and gja@eht area in the Pacific Ocean (Fig. 6A). The
El Yeso temperature record also shows clear siitidarand a positive significant correlation

with the 0°C isotherm elevation series over the7t20@04 interval (Fig. 6B-C). The

independence of these three datasets indicatethth&l Yeso mean monthly temperature data
are reliable and that the poor performance ofttaigble in the mass balance modeling exercise
Is not related to the overall quality of the tengtare series. Although this issue is beyond the
main purposes of this study, more complex modedimgroaches are also needed to evaluate if
climate data at higher temporal resolution (instefishonthly values as used here) are capable of

capturing a larger percentage of the mass balaatations observed at ECH.

Annual mass balance variations observed at ECHilsanbe reproduced or estimated accurately
through simple linear regression using regionallgraged winter snowpack or annual
streamflow records as predictors (Fig. 4A). Thidug to the existence of a strong common
hydroclimatic signal in this region, which resuhisvery similar inter-annual variations in winter
snow accumulation, mean annual river dischargebkgiactier mass balance changes such as

those measured at ECH (Fig. 2). This simple appraiows extending the information on
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glacier mass balance changes several decadesqtim beginning of in situ measurements
(back to 1909), and offers the opportunity of pmgtihe existing glacier record in a longer term
perspective. Many of the extreme values recongduict this study have been documented in
historical reports and recent analyses of instrualdrydro-climatic data. For example, the
extreme positive values of 1914 and 1919 coincidle extremely wet winters in central Chile
(see e.g. Fig. 2; Taulis 1934; Masiokas et al. 20d/Bereas the period with above average
balances centered in the 1980s or the negativatamslbetween the 1940s and 1970s have been
identified, respectively, as the snowiest and dir@ervals during the instrumental era in this
region (Masiokas et al. 2010). Examination of thermntra- to multi-decadal patterns in this
extended series also indicates that the sustaegatinve mass balance conditions reported for
ECH in recent years are not unusual and were phplappassed by more negative and longer
periods between the 1940s and 1970s (Fig. 4A). Mewé¢he impact of a few consecutive years
of negative mass balances are more serious todaystveral decades ago because of the low
volume of ice remaining and the poorer overall tti€aof the glacier.

The cumulative series of the reconstructed massbast values (Fig. 4B) shows a steep negative
trend that is consistent with the recent loss efreported for other glaciers in this region (Eig.
Escobar et al. 1995; Rivera et al. 2000; Masiokad. 2009). This negative trend has been
temporarily interrupted by periods of sustainedifpasmass balances that, in most cases,
precede or coincide with recent glacier re-advambastified at these latitudes in the Andes
(Masiokas et al. 2009; Fig. 4C). The clearest exangthe relationship between the peak in
cumulative mass balances in the mid-late 1980<t@nd1 documented glacier advances in the
following decade. It is also interesting to notattheveral of the glacier events that occurred afte
periods of positive mass balances have been igahtak surges (Helbling 1935; Espizua 1986;
Masiokas et al. 2009; Pitte et al. 2016). The Wwathwn surges of Grande del Nevado glacier (in
the Plomo massif area) in 1933-34, 1984-85, and-ZDD7 are particularly noteworthy as they
consistently occurred near the culmination of tiree periods with overall positive mass
balances in the 1920s-30s, in the 1980s and ifirielecade of the Zcentury (Fig. 4B). In
agreement with the progressively smaller magnitifdeese peaks in the cumulative mass
balance series, the three Grande del Nevado salgeshowed a decreasing power and
transferred progressively smaller quantities ofsrfasm the upper to the lower parts of the
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glacier. Two recent surges of Horcones Inferiociglain the nearby Mt. Aconcagua area also
occurred in the mid 1980s and again between 2002866, suggesting a possible connection
between the development of surging events anddheds with overall positive mass balance

conditions in this region (Pitte et al. 2016).

The fact that only limited information is availabite ECH together with the use of reference-
surface mass balance estimates (see section &é)meresting yet complicated questions
regarding the applicability of this series in rethglaciological and/or climatological
assessments. Since reference-surface mass bakmateons are more closely related to changes
in climate than the conventional mass balancegtaeaier (Cogley et al. 2011), the reconstructed
series discussed here is arguably more relevasintate-change related studies rather than
hydrological studies. If the purpose is to evaluhtehydrological contribution of this ice mass
over the last century, then conventional mass lalastimates are necessarily required to take
the changing glacier geometry into account. In @mse, and considering the relevance of the
observed ECH series for regional, hemispheric dololady mass balance studies, a reanalysis
(Zemp et al. 2013) of the entire mass balance desould probably produce important
worthwhile information to properly assess the hyagaal impact of the recent ice mass losses
in this semi-arid region (e.g. Ragettli et al. 2DT#his issue is particularly relevant due to the
extended droughts experienced in recent yearstanish¢reasing socio-economic conflicts over
the limited water resources (almost entirely orgiing in the mountains) arising on both sides of
the Andes.

Keeping these caveats in mind, the common pattestrangly negative mass balances, the
similarities with the few available glacier chroogies, and the regional nature of the predictors
used in the ECH reconstruction suggest that tliiesenay nonetheless be considered
representative (in relative terms) of the massrizaahanges during recent decades in other less
studied areas in this region. Reliable data frdarger number of glaciers together with

additional studies of the glacier-climate relatioips are, however, still needed to support this
hypothesis and to identify, for example, the mdimatic forcings behind the recent glacier
shrinkage observed in the Central Andes of ChitkArgentina (Masiokas et al. 2009). This is a
challenging issue due to several factors, includmggserious lack of glacier mass balance series
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and high-elevation climate records, the complexatiyic response of individual glaciers to

similar changes in climate, and the great variétylaciers existing in this region (Pellicciotti et
al. 2014). The results discussed in this studyr@feseful starting point to address the various
pending issues mentioned above and will hopefaiigidate further glaciological, climatological

and hydrological research in this poorly known ntaumous region.
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656 Table 1.Basic information of the glacier mass balanceeseused in this study. (*) Country: CL:
657 Chile; AR: Argentina.

Area in
ID in km?
Name Fig. 1 | Lat., Long. (year) |Period Ctry* |References
Echaurren 33°33'S, 0.226 DGA 2009; Barcaza (DGA); WGMS
Norte ECH |70°08'W (2008) | 1975-2013| CL |2013
32°13’S, 0.504
Piloto Este | PIL |70°03'W (2007) | 1979-2002] AR Leiva et al. 2007; WGMS 2013
Conconta 29°58'S, 0.089 Cabrera and Leiva (IANIGLA);
Norte COL |69°39'W (2012) | 2008-2013] AR |WGMS 2013
Brown 29°59'S, 0.191 Cabrera and Leiva (IANIGLA);
Superior COL |69°38'W (2012) | 2008-2013] AR |WGMS 2013
Los 29°18'S, 0.954 Cabrera and Leiva (IANIGLA);
Amarillos COL |69°59'W (2012) | 2008-2013] AR |WGMS 2013
29°18'S, 0.243 Cabrera and Leiva (IANIGLA);
Amarillo PAS |70°00'W (2012) |2008-2013| CL |WGMS 2013
29°20'S, 0.071
Toro 1 PAS |70°01'W (2007) | 2004-2009| CL Rabatel et al. 2011; WGMS 2013
29°20'S, 0.066
Toro 2 PAS |70°01'W (2007) | 2004-2009| CL Rabatel et al. 2011; WGMS 2013
29°20'S, 0.041
Esperanza PAS | 70°02'W (2007) | 2004-2009| CL Rabatel et al. 2011; WGMS 2013
29°19'S, 1.836 cL/ Rabatel et al. 2011; Rivera (CECs);
Guanaco PAS | 70°00'W (2007) | 2004-2013| AR WGMS 2013
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659 Table 2. Correlation analyses between the ECH mass balanes sed regional hydro-climatic
660 records. The number of observations used in eachklaton test is indicated in parenthesis.
661 Note: * (**) Pearson correlation coefficient is sificant at the 95% (99%) confidence level.

662

Winter ECH Annual mass balance EqRegional snowpaqRegional streamflow

Summer ECH 0.245 (38) 0.648 (38) 0.447" (38) 0.395 (38)
Winter ECH 0.897" (38) 0.796" (38) 0.834" (38)
Annual mass 0.829" (39) 0.826" (39)
balance ECH
Regional 0.916" (63)
snowpack
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Table 3. Stations used to develop regionally-averaged sefienean annual river discharges and
winter maximum snow accumulation for the Andes leemv30° and 37°S. Mean annual
streamflow values refer to a July-June water ydate: (*) The 1981-2010 climatology values
for each station are expressed as mm w.eq. forgadwnand as fs” for streamflow. In the case
of the San Juan and Cachapoal rivers, the meaes/aked correspond to the 1981-2007 and
1981-2001 periods, respectively. Data sources: (PBifeccion General de Aguas, Chile; (DGI)
Departamento General de Irrigacion, Mendoza, Aigan{SSRH) Subsecretaria de Recursos
Hidricos, Argentina. See Masiokas et al. (2013 ¥dother details.

Variable Station Lat., Long. | Elev. Period 1981-2010 Data
mean* source
A - Snowpack Quebrada Larga 30°43'S, | 3500 m 1956-2014 273 DGA
70°22'W
Portillo 32°50'S, 3000 m 1951-2014 703 DGA
70°07'W
Toscas 33°10'S, 3000 m 1951-2014 354 DGI
69°53'W
Laguna Negra 33°40'S, 2768 m 1965-2014 632 DGA
70°08'W
Laguna del 34°15'S, 3310m 1956-2014 472 DGI
Diamante 69°42'W
Valle Hermoso 35°09'S, 2275 m 1952-2014 756 DGI
70°12'W
Lo Aguirre 36°00'S, 2000 m 1954-2014 934 DGA
70°34'W
Volcén Chillan 36°50'S, 2400 m 1966-2014 757 DGA
71°25'W
B - Streamflow Km. 47.3 31°32'S 945 m 1909- 2007 68.2 SSRH
(river) (San Juan) 68°53'W
Guido 32°51'S 1550 m 1909-2013 52.4 SSRH
(Mendoza) 69°16'W
Valle de Uco 33°47'S 1200 m 1954-2013 30.6 SSRH
(Tunuyan) 69°15'W
La Jaula 34°40'S 1500 m 1938-2013 35.6 SSRH
(Diamante) 69°19'W
La Angostura 35°06'S 1200 m 1948-2013 39.1 SSRH
(Atuel) 68°52'W
Buta Ranquil 37°05'S 850 m 1940-2013 154.8 SSRH
(Colorado) 69°44'W
Cuncumén (Choapa)) 31°58'S 955 m 1941-2013 10.3 DGA
70°35'W
Chacabuquito 32°51'S 1030 m 1914-2013 34.7 DGA
(Aconcagua) 70°31'W
El Manzano 33°36'S 890 m 1947-2013 123.0 DGA
(Maipo) 70°23'W
Termas de 34°15'S 700 m 1941-2001 93.6 DGA
Cauquenes 70°34'W
(Cachapoal)
Bajo Los Briones 34°43'S 518 m 1942-2013 53.8 DGA
(Tinguiririca) 70°49'W
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Table 4. Summary statistics for the simple linear regressmmalels used to estimate ECH annual
mass balances using regional snowpack and streamélmords. Notes: (adf)radjusted

coefficient of determination used to estimate tr@pprtion of variance explained by regression;
(F) F-ratio for ANOVA test of the null hypothesisat all model coefficients are 0; (Se) standard
error of the estimate; (rmse) root-mean-squareat efrregression. (b0) constant of regression
model; (b1) regression coefficient; (DWd) Durbin-i&fan d statistic used to test for first-order
autocorrelation of the regression residuals. (R@ytPortmanteau Q statistic to test if high-order
autocorrelation in the regression residuals iseddfit from 0. (ns) results are not statistically

significant at the 95% confidence level; (**) sstitally significant at the 99% confidence level.

Predictor Model statistics Residual statistics

Adj r? F Se rmse b0 (std. error b1 (std. errar) Slope dDWport. Q

Snowpack | 0.686| 80.99**| 0.889 0.911 -2.899 (0.316)f* 0.0260@3)** | -0.003ns| 2.2n$  5.7n9

Streamflow | 0.682| 79.49**| 0.894 0.919 -4.045 (0.439)rF* 0.0380@4)** | 0.006ns| 2.3ns  4.9ng

27



686
687

688
689
690
691
692
693
694
695
696
697
698
699
700

72°

n‘.
&

K-

v Mass balance sites
® Snowpack station
A Gauging station

= Major city

=== International limit

Pacific
Ocean

v

. El Yeso Dam

35°S8

Elevation (m

(m) //
.S
D

2 8

N

8
d b o © o
Temperature (°C)

Precipitation (mm)

o

1. 2 3 4 5 6 7 8 9 10 11 12
Month

Figure 1. A) Map of the Central Andes of Chile and Argentinavging the location of glaciar
Echaurren Norte (ECH), glaciar Piloto Este (Plld aeveral smaller glaciers with mass balance
records in the Pascua Lama (PAS) and Cordiller@alanguil (COL) areas. The locations of the
snowpack and streamflow stations discussed inetkteare also shown (Tables 1 andB).

General view of the El Yeso area, showing the locadf ECH, El Yeso Dam, and the associated
meteorological station. Laguna Negra is a natate khat receives the meltwater from ECH.
Base image acquired on January 5, 2014 and doweddadm Google EarttC) Closer 3D view

of glaciar Echaurren Norte as observed in 2014iatigde early 1970s (outlined in red and based
on Pefa and Narbona 1978). Note that the glacgerdraained in roughly the same position but
has thinned markedly over the last decaBgsSeasonal variations in temperature and
precipitation at the lower reaches of ECH (3700st extrapolated from the El Yeso
meteorological station (see section 2.2 for détaNste that the bulk of precipitation occurs
during the coldest months of the year (DecembereNlarecipitation only accounts for ~5% of
the mean annual totals).
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Figure 2. Comparison betweethe annual mass balance series of ECH and regiecaids of
maximum winter snow accumulation and mean annuat discharges in the Andes between 30°
and 37°S (see Fig. 1). The regional records areeegpd as percentages with respect to the 1981-
2010 mean values. Variations in annual total pretipn at Santiago are also included to

highlight the strong hydro-climatic signal in tmegion.
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708 Figure 3. (A) Winter and summer values observed at ECH betw8@h and 2012B) Annual

709 mass balance series observed at ECH and modelgglisYeso climate data (red and black

710 lines, respectively). The estimated uncertaintieh® modeled values (x 2 rmse) are shown with
711 gray shading(C) Annual mass balances observed at ECH (red linepaced to mass balances
712 modeled using full variability in temperature bilitr@atological monthly precipitation (dark red
713 dashed line), and full variability in precipitatitwt climatological monthly temperatures (dark
714  blue dashed line). Note the greater similaritietsvben the observed series and the precipitation-

715 Dbased mass balance estimates.
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717 Figure 4. (A) Comparison between the annual mass balance rebsedved at ECH (red line)

718 and the reconstructed series derived from regipiaaléraged streamflow data (blue line). The
719 estimated uncertainty of the reconstructed seti2s;{) is indicated by gray shadin()

720 Cumulative record of the observed and reconstrue@d mass balance series (dark red and dark
721 blue lines, respectively). The initial value of thieserved ECH cumulative record was modified
722 to match the corresponding value in the reconstduseries. The aggregated errors in this series
723 (see section 2.3) are also shown by gray sha@hélacier advances identified in the central

724  Andes of Chile and Argentina during the past 108&ryésee text for details). Events are grouped

725 into 10-year intervals.
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Figure 5. Comparison between the cumulative patterns imbserved and reconstructed records

from ECH and other glaciers with available dire@ss balance data in the Dry Andes of Chile

and Argentina (Fig. 1 and Table 1).
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731 Figure 6. A) Map showing the correlations (p<0.1) betweeram&arm season (October-March)
732 temperatures at the El Yeso station and griddedwvegason ERA Interim mean temperatures for
733 the 700 mb geopotential height level over the 19092 period. The black star marks the

734 location of the El Yeso statioB) Diagram showing variations of mean monthly tempees at
735 El Yeso (1977-2013) and the mean monthly elevatfaihe 0°C isotherm (ZIA) derived from

736 radiosonde data from the Quintero coastal stati®@@%-2004). To facilitate the comparison, both
737 series are expressed as anomalies from their ne@aorsal cycle<) Scatterplot of the El Yeso
738 temperature and ZIA anomalies depicted in B. Niogepositive, highly significant correlation
739 between these two variables. ZIA data were provimed. Carrasco from Direccion

740 Meteoroldgica de Chile.
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