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Interannual variability and trends of the Equiliorium Line Altitude (ELA) in the Andes
mountains can be modeled using an empirical relationship between the annual average
of the 0°C isotherm altitude (ZIA) and the annual precipitation accumulated in mountain
areas. Based on updated daily radiosonde profiles, and multiple sources of precipitation
data recorded in the central Chile (30-38°S) mountain region, the variability and trend
analyses of the ELA time series previously available until 2006 were extended to 2018,
to investigate the occurrence and causes of ELA changes in both: the long term and
during the last decade. According to the analyses, the annual ELA has presented an
overall increase in the central Chilean Andes of about ~114 + 21m (p < 0.7) during
the 1958-2018 period, much larger than the ~54 m reported in previous studies for the
1958-2006 period. Furthermore, the changes in the annual ELA has enhanced during
the last decades, showing significant increases of ~405 £+ 55m (p < 0.05) between
2000 and 2018 in the same region. Those trends are associated to changes in ZIA and
predominantly to decreases in annual precipitation. The ZIA analyses indicate increments
of about 127 + 10 m (p < 0.05) and 82 + 15 m (non-statistically significant) for the 1958—
2018 and 2000-2018 period, respectively. Moreover, an unprecedent and uninterrupted
period of consecutive dry years with deficits of about 30% in annual rainfall, the so-
called Megadrought, has affected central Chile between 2010 and 2018 further affecting
the snow accumulations in mountain areas and leading to increases in ELA. The results
also indicate important multidecadal variability, which according to the literature can be
associated to changes in the Pacific Decadal Oscillation (PDO). Concurrently with the
PDO shift that took place in 1976/77, the annual ELA in the central Chilean Andes showed
a decrease of —68 + 12m (non-statistically significant) between 1958 and 1976, and a
significant increase of ~265 + 32m (o < 0.05) between 1978 and 2018.

Keywords: zero isotherm altitude, equilibrium line altitude, central Chile, Andes mountains, upper-air temperature,
mountain precipitation
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INTRODUCTION

The Chilean Andes Cordillera is the world’s longest continental
mountain range, which extends in a north-south direction from
about 55°S northward, crossing all the western side of South
America. The distinct climatic conditions (mainly precipitation
and air temperature) and the differences in physiographic
characteristics of the territory such as terrain slope, drainage
basin area and geographical orientation, feature the ice-mass
fluctuations of the thousands of glaciers that dissect the Andes
mountain valleys (Barcaza et al., 2017; Braun et al., 2019).

The climatic characteristics of central Chile (located between
~30 and 38°S) are defined by the permanent influence of
the South Pacific High-Pressure Center and the seasonal
north-south displacement of the westerly regime that steers
frontal depressions toward central Chile mostly during the
winter (Carrasco et al., 2005). Along with these meteorological
factors, the climate is also defined by the regional topography
characterized by a low-altitude coastal range, an intermediate
depression (where Santiago de Chile is located) and the high
Andes mountains to the East (Figure 1). All these factors result
in an overall air temperature decrease from North to South and a
West-East gradient with increasing mean-annual air temperature
from the coastal zone to the intermediate depression and
decreasing from this zone to the Andes mountains (Figure 2A).

The spatial distribution of the annual precipitation shows
a southward increment and an increase with terrain elevation
(Figure 2B) due to the mountain effect on the passing frontal
systems (Garreaud, 2009; Viale and Garreaud, 2015) and
atmospheric rivers (Viale et al, 2018), which can enhance
precipitation by a factor of 2-3 in central Chile (Falvey and
Garreaud, 2007). Every year snow precipitation seasonally covers
the high elevation areas of the region of study, where the
air temperature falls below the freezing level (Mernild et al,
2016; Stehr and Aguayo, 2017). Furthermore, the region displays
significant interannual climate variability, which is mainly
associated with El Nifo Southern Oscillation (ENSO) and the
Antarctic Annular Mode (AAM, Quintana and Aceituno, 2012).
While the interdecadal fluctuations can be related to the PDO
(Montecinos and Aceituno, 2003), the observed secular long-
term trends have been mainly attributed to climate change
(Christidis et al., 2010; Boisier et al., 2016, 2018).

Winter snow accumulation and glaciers in the Andes are
the primary source for streamflow at both, the Chilean and
Argentinian sides of the mountains (e.g., Ayala et al., 2016). Their
freshwater contribution to the main rivers of the semiarid region
are larger during summer months (Ragettli and Pellicciotti, 2012)
and during drought years (Pefia and Nazarala, 1987; Favier et al.,
2009; Migliavacca et al., 2015). Unfortunately, studies of snow
cover, snow depth, snowfall, and snow water equivalent (SWE)
are still scarce in the region mainly related to the lack of long
and well distributed data. Proxy information like Equilibrium
Line Altitude (ELA, Cogley et al., 2011), snowpack (Masiokas
et al., 2006, 2010), and satellite data (Foster et al., 2009) have
been used to assess the ice-snow changes in South America. In
particular, measurements of the ELA require field observations in
remote mountains areas which are scarce and infrequent. Then,

estimations of ELA (named here ELA,,q0) derived from the
annual average of the 0°C isotherm altitude (ZIA) and the annual
precipitation accumulated in mountains areas (Condom, 2002;
Carrasco et al., 2005, 2008; Condom et al., 2007) are a useful
source of information to assess interannual and interdecadal
variability of snow-ice cover in mountain areas. In this regard, the
present study aims to update the Carrasco et al. (2005) analysis of
variability and trends of the central Chilean Andes ELA by using
radiosonde and new available precipitation datasets until 2018.

CLIMATE AND ENVIRONMENTAL
CHANGES

The mean annual near-surface air temperature and annual
precipitation data from the Environmental Change Model
(ECM), based on the NASA MERRA-2 reanalysis data
during the 1979-2010 period, are presented in Figures 2A,B,
respectively. According to Figures 2A,B, constructed using the
ClimateReanalyzer interface (climatereanalyzer.org/clim/ecm/),
there is important spatial variability in temperature and
precipitation data in the region of study (black rectangle). For
example, a difference of about —4°C (—10°C) in the minimum
(maximum) monthly mean air temperature is observed between
the ski resort Farellones (33.35°S, 70.30°W) placed at 2570 m
a.s.l., and weather stations located in the intermediate depression
(located at ~500 m a.s.L.).

Additional information derived from radiosonde data
recorded at Santo Domingo station (~150km to the West of
the Andes mountains), shows that the monthly air temperature
(using the 2000-2017 period) in the free-atmosphere ranges
from 8.4 £ 1.0°C and —0.9 & 1.5°C at 700 hPa (~3110 & 19 m);
to —10.3 £+ 1.0°C, and —18.5 &= 1.2°C at 500 hPa (~5749 +
52m), in January and July, respectively. In addition, the annual
average (1981-2016) of the zero-isotherm altitude (ZIA) is
3684.2 + 95.9m, with a minimum of 3039.5 £ 254.0m in July
and an altitude of 4244.3 £ 156.9 m in March (end of the austral
summer season). That West-East altitudinal gradient of the air
temperature reveals that the Andes mountains, characterized by
a mean elevation that surpasses 4000 m a.s.l., present favorable
atmospheric conditions for the presence of glaciers and snow
seasonal accumulation during winter months in central Chile.

Over the last decades, the intermediate depression and
the Andes mountain range of central Chile have experienced
sustained increases in temperature, with observed trends of
about 0.25°C/decade (Burger et al., 2018), warming that also
prevails in the Argentine side of the Andes (Falvey and Garreaud,
2009). Despite that, a cooling of —0.1 to —0.3°C per decade
in the coastal zone was reported (Hartmann et al., 2013; Vuille
et al,, 2015), which according to a recent study has already
ended (Burger et al.,, 2018); the linear trend of the surface air
temperature in central Chile shows an overall warming of 0.2-
1.0°C during the 1901-2012 period, as derived from HadCRUT4,
MLOST, and GISS data sets (Hartmann et al., 2013).

On the other hand, the spatial distribution of the mean annual
precipitation shows an increase from North to South and from
the intermediate depression to the high Andes mountains. Along
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FIGURE 1 | Location map of central Chile (A). Yellow box is the zoom displayed in (B).
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FIGURE 2 | Near surface annual average air temperature (2 m) and annual average precipitation (1979-2010 period) constructed using the NASA-MERRA 2
reanalysis data from the ClimateReanalyzer.org of the Climate Change Institute, University of Maine, United States.
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the central high Andes mountains, the annual precipitation
increases from around 300 mm at ~30°S to 2280 mm at ~38°S.
The precipitation time series show strong seasonal behavior with
dry conditions in summer (December-February) and more than
90% of the total annual precipitation falling during the wet
season, from May to September (Falvey and Garreaud, 2007).

Hartmann et al. (2013) revealed an overall negative trend
in precipitation in central Chile that ranges from —2.5
to —50mm yr~! per decade for the 1901-2010 period,
depending on the database used [Climate Research Unit
(CRU), Global Historical Climate Network (GHCN) or
Global Precipitation Climatology Centre (GPCC)]. La Serena,
Santiago and Concepcién meteorological stations, located in the
northern, central and southern part of the studied region, have
precipitation records available for the 1900-2018 period. Their
respective linear trends indicate a decrease in precipitation of
about —5.6 & 1.0, —6.8 &+ 0.8, and —33.0 = 1.4 mm/decade,
all statistically significant (p < 0.05). More recently, a period of
consecutive dry years has occurred in central Chile from 2010
to 2018. Due to the extraordinary character and uniqueness of
the significant precipitation decline in central-southern Chile
during 2010-2018, the event has been named as megadrought
(Garreaud et al., 2017).

CRYOSPHERIC REVIEW IN CENTRAL
CHILE

The ELA is the spatially averaged altitude of the equilibrium line
on the surface of a glacier where at a given moment the climate
surface mass balance is zero (Cogley et al., 2011), i.e., the ELA
separates the accumulation from the ablation zone. It can be
obtained from field observations and aerial and satellite imagery
for the end of the summer season (Chinn, 1999; Rabatel et al.,
2005), when snowline observations are used as a proxy of the ELA
in the southern Andes. Two estimations of ELA (ELA o4c]) Were
derived in central Chile in the last decade: Carrasco et al. (2005)
estimated the ELA, 4 in the western side of the central Chilean
Andes between ~30 and 38°S, and later Carrasco et al. (2008)
obtained the ELA|,,4¢ for the region between ~18 and 55°S.
In central Chile the results of the ELA 41 behavior revealed
an increase in 102 + 6 m for the 1958-2006 period, which was
non-statistically significant at the 95% level. The climate shift of
1976/77 (Giese et al., 2002) was also clearly revealed by the time
series, with negative (cooling) trends before 1976 and a positive
(warming) trend after 1977. Moreover, analysis of the mean ZIA
indicates predominantly warmer conditions during the 1977-
2006 period (statistically significant at the 95% level, p < 0.05),
compared to the 1958-76 period. The ELA 4. increment after
the climate shift was 111 £ 9m in the central region for the
1978-2006 period, which is statistically significant (p < 0.05).
Regarding snowpack, a direct analysis was carried out by
Masiokas et al. (2006) using snow course data from both sides
of the central Andes in Chile and Argentina (30-37°S). The
regional maximum of snow water equivalent (MSWE) time
series (1951-2005) were approximately normally distributed and
showed a marked interannual variability and a positive linear

trend (+3.95% decade™!), although non-significant. They found
that the interannual variability correlates with ENSO during
the austral winter months (see also Cortés and Margulis, 2017).
A later study by Masiokas et al. (2010) used the snowpack
and the mean annual river flows to analyse their inter and
multidecadal variations. Analysis of the regional streamflow
composite (1906-2007) showed an insignificant negative trend,
but a significant regime shift in 1945, when the mean levels
dropped 31%, and in 1977 when they increased 28%. The
fluctuations of decadal streamflow phases were also observed
in the regional snowpack series (1951-2008), but the latter has
not significant regime shifts. However, the snowpack composite
series revealed large interannual variability and a slight positive
trend, which are concurrent with the positive and negative phases
of the PDO.

An analysis of the seasonal snow cover and snow mass
variability in South America was conducted by Foster et al.
(2009), by using SMMR (Scanning Multichannel Microwave
Radiometer) and SSM/I (Special Sensor Microwave Imagers)
passive microwave data from 1979 to 2006. Foster et al. (2009)
found a decline in the average snow cover (May-September)
and a slightly upward trend for snow mass during the 1979-
2006 period, but they were not statistically significant. Still,
uncertainties can affect these results (Foster et al., 2009). On
the other hand, increases in central Chile glacier melt have
been suggested from mountain basin (28-47°S) runoff analyses,
which revealed slightly positive linear trends (not statistically
significant) for most of the studied stations (13) during the
1950-2007 period (Casassa et al., 2009).

In a recent study, Saavedra et al. (2018) assessed snow
persistence (yearly duration of the snow cover) in the region
extended from 8° to 36°S, during 2000 and 2016, using the
Moderate Resolution Imaging Spectroradiometer (MODIS) data.
They found a significant loss of snow cover (2-5 fewer days
of snow year™!) between the 29 and 36°S, which was more
pronounced (62% of the area with significant trends) on the
eastern side of the Andes. They also found a significant increase
in the elevation of the snowline of 10-30 m year~! south of 29—
30°S. Their analyses indicated that these changes are correlated
with decreasing precipitation and increasing air temperature,
and that the magnitudes of the correlations vary with latitude
and elevation. Moreover, they found that ENSO has a good
correlation with snow persistence conditions north of 31°S,
whereas the SAM has larger influence south of 31°S.

Also, Malmros et al. (2018) found an average decrease of
—13 + 4%, —7.4 + 2%, and —43 £ 20 days in snow cover
extend (SCE), snow albedo (SAL) and snow cover duration
(SCD), respectively, during the 2000-2016 period in the central
Andes of Chile and Argentina using MODIS daily snow product
(MOD10A1 C6). They also found significant correlation between
Multivariate El Nifio (MEI) and the SCE and the SAL with a 1-
month time-lag. Moreover, during the study period, largest SCD
changes occurred at elevations below 4,500 m a.s.l. on the eastern
side and below 3,500 m a.s.l. on the western side of the Andes.

In response to the environmental changes, glaciers have
been retreating and thinning in the central Chilean Andes
mountains (Casassa et al., 2007), with area reductions between
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—0.5%/decade and —2.4%/decade in the period 1955-2001
(Rivera et al, 2002; Pellicciotti et al., 2014). Frontal glacier
retreats between —9 and —50 m/year have been reported for
central Chile and Argentina, and negative surface mass balance
(SMB) between —0.56 and —0.76 m/year have been reported
for central Chilean and Argentinean glaciers (Le Quesne et al.,
2009, see also Malmros et al., 2016). Analyses of SMB obtained
from Piloto Glacier (Argentina) and Echaurren Norte Glacier
(Chile), respectively, showed a cumulative mass balance loss of
—10.50m w.e. for the 1979-2003 period (Leiva et al., 2007),
and of —40.64 = 5.19m w.e. during the 1955-2015 period
(Farias-Barahona et al., 2019).

DATA AND METHOD

Zero Isotherm Altitude

Daily upper-level meteorological observations at 12 UTC from
three radiosonde stations in Chile have been used in this
study: Antofagasta (23°26° S, 70°26'W; 135m a.s.l.), Quintero
(32°47° S,71°33’W; 8m a.s.l.), and Puerto Montt (41°26" S,
73°07° W; 81 m a.s.l.) stations. In October 1999, the areological
station located at Quintero was moved ~100km southward
to its current location at Santo Domingo (33°38 S, 71°18
W, 77m asl). To filter out the discontinuity given by
the displacement of Quintero station, an adjustment was
introduced and corrected time series for 1958-2018 were
provided for Quintero/Santo Domingo (QSD) station. The
adjustment consisted in determining correction factors of the
air temperature time series and geopotential heights at 850,
700 and 500 hPa levels; by obtaining the average difference of
each variable between 1980-1998 and 2000-2017 periods. Then,
these differences were added to adjust the annual mean values
from 1999 onward. The three areological stations were used
to determine a latitudinal profile of the ZIA for central Chile,
updating the Carrasco et al. (2005) work.

Monthly and annual tropospheric air temperature measured
at the QSD station at different altitudes (850, 700, and 500
hPa) within 1958-2018 were used for yearly, decadal and long-
term analyses (Figure 3). Cumulative Sum Charts (CUSUM)
and Bootstrapping methods (Taylor, 2000; Khan et al., 2014)
were used to detect abrupt changes in the annual temperature
data. The CUSUM is the cumulative sums of the deviations
from the average for individual temperature data, whose end-
sum should be zero. The bootstrapping method determines
the confidence level by using an estimator of the magnitude
of the temperature times series change, which was applied on
standardized anomalies. Based on those methods and if the
climate data are homogenous, the significant changes in observed
data can be associated to variations in weather and climate.

On the other hand, the monthly averages of the vertical lapse
rate derived from the temperature gradient between the 850 and
700 hPa, or the 700 and 500 hPa, were used to calculate the ZIA
for each areological location. Then, the annual long-term means
and standard errors of the ZIA at each station were calculated
to obtain a polynomial expression (Equation 1) which represents
the ZIA latitudinal profile (ZIA;,;) along the western slope of
the Andes mountains. The latitudinal standard error at the 95%

confidence level was determined by using the standard deviation
of the monthly data.

ZIAj, = 0.287x L% — 33.322xL* + 1101.6 XL — 6548.7 (1)

with R? = I; where L is the latitude in degrees south (L > 0),
valid from 23 to 43°S. That expression provides the mean (and
standard error) of the latitudinal altitude of the zero isotherm
(ZIA}4), based on the 1980-2010 period.

Latitudinal and Long-Term Time Series

Precipitation

Most of the weather stations within the studied region are
distributed in the coastal and intermediate depression with
only a few stations placed in mountain areas located in the
downstream outlet of the main catchments. Therefore, mountain
precipitation needs to be estimated from existing rain-gauge,
satellite, and model databases. A north-south distribution of
the long-term annual-mean precipitation data was used in
this study to obtain a latitudinal profile using all precipitation
datasets (Py,). To do that, the best polynomial expression which
fits the annual-mean precipitation against the latitude data
was selected:

Py = axL®+ cxL? 4+ c3xL + ¢4 (2)

Where L is the latitude in degrees, that ranges from 30° to
38°S, and the coeflicients (c;) are determined by the polynomial
relationship (depends on the database used). A latitudinal
gradient of the annual-mean precipitation at the Andes was
calculated by Carrasco et al. (2005), who used precipitation
data from rain-gauges located at different altitudes for the
1961-1990 period (average of normalized precipitation), and
a vertical gradient of precipitation to obtain the annual-
mean precipitation above the 2,500 m.a.s.l within a latitudinal
band of #0.5°. The resulting mountain precipitation values
were around 2-3 time higher than those obtained at the
valley stations (Carrasco et al, 2005). These amounts are
above the “correction ratio” factor of ~2 introduced by
Adam et al. (2006) for correcting precipitation increment due
to the orographic effect. Viale and Garreaud (2015) used
rain-gauge and satellite data to determine the “enhancement
rates” of 10 years-long (2002-2011) precipitation time series
between the valley and the high elevations within a wide
latitudinal band (30°-55°S). They found that the enhancement
rate in central Chile corresponds to 1.92 for 33°-34°S, 2.20
for 34°-35°S, 2.26 for 35°-36°S, 1.82 for 36°-37°S, and
1.75 for 37°-38°S. Those values were also used in this
study for calculating latitudinal profiles of precipitation at
high elevations.

Additionally, the precipitation datasets provided by the
CAMELS-CL (Catchment Attributes and MEteorology for Large
sample Studies—Chile) (Alvarez-Garreton et al., 2018) were also
included for constructing additional latitudinal profiles and long-
term series of precipitation in the central Andes mountains (see
the diagram in Figure 4). Four different gridded precipitation
products were used, which are described in Table1: (1) the
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FIGURE 3 | (A) Standardized anomalies of the air temperature at 850, 700, and 500 hPa from the Quintero/Santo Domingo areological station. Red curve is the
cumulative sum of the mean anomalies. The red arrow indicates the significant climate change occurred in 1976/77. Black dashed line is the linear regression for the
1958-2017 period, blue line for the 1958-1976 period, green dashed line is for 1978-2018 period and violet line is for 2000-2018 period. The black curve is the
smoothed temperature at 850-500 hPa time series, obtained after applying Equation 4. (B) Annual standardized anomalies of the ZIA (red squares), red dashed line is
the linear regression over the 1958-2018 period. Green, violet, black, and brown dashed lines are the linear trends for the 1958-1976, 1977-2018, 2000-2018, and
2010-2018 periods, respectively. The blue line (with triangles) is the smoothed PDO time series, obtained after applying Equation 4.

CR2Met dataset (P-CR2), which is partly based on ERA-Interim
reanalysis, (2) the Climate Hazard Group InfraRed Precipitation
with Station data version 2 (P-CHIRPS, Funk et al., 2015), (3) the
Multi-Source Weighed-Ensemble Precipitation data version 1.1
(P-MSWEP, Beck et al., 2017), and (4) the Tropical Rainfall
Measuring Mission Multi-Satellite Precipitation Analysis (P-
TMPA). Therefore, four additional latitudinal profiles were
constructed for precipitation at high elevation using the P-
CR2, P-CHIRPS and P-MSWEP for the 1981-2010 period,
and the P-TMPA for the 1998-2010 period. To represent the

changes of precipitation with latitude, polynomial functions
similar to Equation 2, were adjusted to every precipitation
dataset (Figures 4, 5).

The significant differences among the profiles (Figure 5)
are related to the lack of well-distributed precipitation data
in the mountainous areas, and consequently because the
orographic precipitation simulated by different models is highly
influenced by their parameterizations and their simulations of
topography. The latitudinal profile of the mean normalized
precipitation  (1961-1990) based on observational data
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recorded at the intermediate depression (Figure5) and the
few available mountain stations was calculated and included
as a reference. After comparing and assessing the different
latitudinal profiles against the reference precipitation data,
a consistent underestimation of the long-term mean annual
precipitation at different latitudes was produced by the P-
TMPA data. While, the P-MSWEP and the Carr05 latitudinal
profiles produced a better representation of the observed

precipitation data registered at Lagunitas station compared
to the other datasets. Finally, although the precipitation data
used for obtaining the latitudinal profiles are available for
different periods; an average of the latitudinal precipitation
climatology (annual long-term mean latitudinal profile, Py,)
and its latitudinal standard error (at the 95% confidence
level), excluding the P-TMPA data, were calculated and are
presented in Figure5. The mean latitudinal precipitation
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TABLE 1 | Description of the precipitation datasets, the first 4 gathered from
CAMELS-CI (Alvarez-Garreton et al., 2018).

Dataset Description Spatial

resolution

CR2met Derived from spatially distributed daily 0.05° latxlon
precipitation from CR2met, including

statistical downscaling of ERA-Interim

reanalysis data (Balsamo et al., 2015).

Period: 1979-2016.

Integrate infrared and passive microwave
data from a wide variety of satellite-borne
precipitation-related sensors, which provides
quasi global (50_ N to 50_S). Includes
TRMM product 3B42v7, using the Global
Precipitation Climatology Project (GPCP;
Adler et al., 2003) and Climate Assessment
and Monitoring System (CAMS, Ropelewski
et al., 1984) data to rescale its estimations on
a monthly basis. Period: 1998-2016.

Use the Tropical Rainfall Measuring Mission
Multi-Satellite Precipitation Analysis version 7
(TRMM 3B42v7) for calibrating global cold
cloud duration rainfall estimates (Funk et al.,
2015). Period: 1981-2016.

It also incorporates surface rain-gauge data
to reduce estimation biases, based on public
and private monthly data.

TMPA 0.25° latxlon

CHIRPS 0.05° latxlon

MSWEP Include improved the satellite products in 0.25° latxlon
representing precipitation over mountainous,

tropical, and snowmelt-driven regions. It

merges observed rain-gauge data, satellite

observations, and reanalysis data to provide

reliable precipitation estimates over the entire

globe. Period: 1979-2016.

Extrapolate the mean annual precipitation
obtained from rain gauges located in the
intermediate depression using the correction
ratio factor. Period: 2002-2011.

Use the latitudinal profile given by the
expression; P =

—4.14941 3 4 427412 — 14234 + 154544,
Period: 1961-1990.

(Viale and 0.05° lat.
Garreaud,
2015)
(V&G)
(Carrasco
etal,
2005)

(Carr05)

0.05° lat.

profile was used to construct the mean latitudinal ELA
profile (ELApmodel)-

On the other hand, the time series of the annual-mean
precipitation at high altitudes were calculated using precipitation
data registered at Santiago (Quinta Normal) corrected by the
enhancement rates or correction ratios obtained by Carrasco
et al. (2005) and by Viale and Garreaud (2015) (Figure 4). In
addition, the annual P-CR2, P-CHIRPS, P-MSWEP, obtained
from catchment outlets around 33-34°S (Alvarez-Garreton
et al., 2018, Figure 1), were used to construct annual time
series from 1958 to 2018. Missing data were filled with
precipitation data from Santiago (Quinta Normal station)
knowing that the correlations with P-CR2 is 0.88, with P-
CHIRPS is 0.96 and with P-MSWEP is 0.90. Table 2 shows the
correlations between the precipitation time series, which are all
statistically significant at 95%. Also, the in-situ precipitation data
from Lagunitas (33.08°S, 70.25°W, 2765m a.s.l.) and El Yeso

TABLE 2 | Correlations between the different precipitation time series (statistically
significant at the 95% level), and the ratios (underlined) of the mean annual
precipitation between the different datasets for the 1981-2010 period.

Correlations Santiago El Yeso Lagunitas P-MSWEP P-CR2 P-CHIRP
Ratio

Santiago - 0.78 0.83 0.90 0.88 0.96
El Yeso 1.97 - 0.73 0.85 0.85 0.88
Lagunitas 3.13 1.59 - 0.89 0.90 0.91
P-MSWEP 1.64 0.83 0.52 0.85 0.95
P-CR2 1.68 0.85 0.54 1.03 - 0.90
P-CHIRP 3.39 1.72 1.08 2.07 2.01 -

(33.68°, 70.09°, 2475m a.s.l.), the only two available mountain
stations with complete data since 1958, were included. This
provides seven time series of precipitation in the mountain
area near Santiago of Chile for estimating an annual-mean
accumulation of the precipitation between 33 and 34°S from 1958
to 2018.

Equilibrium Line Altitude

The latitudinal profiles of the ZIA (ZIA;;) and the annual-mean
precipitation (P,,;,;) were used to obtain the latitudinal profiles of
the ELA for central Chile (ELApo4cl). An empirical relationship
between the long-term annual-mean ZIA and the long-term
annual-mean precipitation (P,,;) was used for deriving the
ELApmodel for each precipitation dataset described previously
(Table 1). The mathematical expression is given by:

ELApmodel = c1 — c2xL0g10(Priar) + ZIA 4t (3)

where P, is the mean annual precipitation in the mountains
at different latitudes, and ¢ and ¢, are the constant coeflicients
determined from the ELA-ZIA and the logarithm of the
precipitation linear regression. The empirical model is similar
to the Carrasco et al. (2005, 2008), the Condom (2002), and
Condom et al. (2007) models.

To analyse annual variability of the ELA in central Chile,
the time series of the annual-mean ZIAqsp and the annual-
mean accumulation of the precipitation constructed between 33
and 34°S, were used [hereafter the ELA timeseries are identified
as ELA,model(33—345)]- To assess the long-term variability of the
time series, the interannual variability was filter out using the
exponential smoothing Equation 4 (Rosenbliith et al., 1997):

yi=cxr + 1=y t= 2,3,4,...,n
g+ A =0zpqny t=mn—1),n=2),...,1 (4)

2t

where yt is the average of the first 5-7 years of the series,
zt corresponds to the final value of the first smoothing, ¢
is the degree of smoothing (0-1), which was set to 0.20
to filter out the interannual variability while preserving the
decadal behavior.

As aforementioned, field observational ELA data are scarce
in Chile because they are costly in term of logistic and difficult
to maintain over time. Thus, ELA has been estimated from
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TABLE 3 | List of the ELA estimations from in-situ measurements, from snowline field observations and snowline from satellite imagery and aerial photographs at different
glaciers along the central Andes.

Glacier Lat. (S) Long. (W) ELA Method Date Source

Unknown 27 - 5900 Snowline observation 1969 Hastenrath (1971)

Unknown 30 - 5300 Snowline observation 1969 Hastenrath (1971)

Tapado 30.14 69.93 5255 Snowline from satellite imagery 2013 Sagredo et al. (2016)

Tapado 30.14 69.93 5195 Snowline from satellite imagery 2013 Sagredo et al. (2016)

Tapado 30.14 69.93 5300 Field data, ice core stratigraphy 1998 Kull et al. (2002)

Unknown 32 - 4500 Snowline observation 1969 Hastenrath (1971)

Echaurren Norte 33.55 69.91 3800 In-situ observations 1975/93 Herrera (2016) (Thesis)

Cipreses 34.55 70.37 3715 Snowline from satellite imagery 2015 Sagredo et al. (2016)

Cipreses 34.55 70.37 3645 Snowline from satellite imagery 2015 Sagredo et al. (2016)

Cipreses 34.55 70.37 3559 Snowline from aerial photographs 2000 Le Quesne, from Carrasco et al. (2005)
Palomo 34.58 70.3 3596 Snowline from aerial photographs 2000 Le Quesne, from Carrasco et al. (2005)
Cortaderal 34.62 70.32 3740 Snowline from aerial photographs 2000 Le Quesne, from Carrasco et al. (2005)
Universidad 34.68 70.33 3500-3700 Snowline observation (summer) 2009 Bravo et al. (2017)

Universidad 34.68 70.33 3497 Snowline from aerial photographs 2000 Le Quesne, from Carrasco et al. (2005)
Glaciar Nevado, 36.87 - 2850 In-situ observations (summer) 2012 Caro (2014) (Thesis)

Nevados de Chillan

Villarica 39.43 71.875 2000 Without information 2004 Rivera et al. (2006)

Mocho Choshuenco 39.93 72.02 1956 In-situ observations 2003 Rivera et al. (2005)

Mocho Choshuenco 39.93 72.02 1961 In-situ observations 2004 Bown et al. (2007)

Mocho Choshuenco 39.93 72.02 1904 In-situ observations 2009 Schaffer et al. (2017)

Mocho Choshuenco 39.93 72.02 1927 In-situ observations 2010 Schaffer et al. (2017)

Olivares Gamma 33.13 - 4600 Without information - Laboratorio de Glaciologia*

Volcan San José 33.81 69.895 4525 Snowline from satellite imagery 1988 Herrera (2016) (Thesis)

\olcan San José 33.81 69.895 4650 Snowline from satellite imagery 1998 Herrera (2016) (Thesis)

Volcan San José 33.81 69.895 4550 Snowline from satellite imagery 2006 Herrera (2016) (Thesis)

*http.//www.glaciologia.cl/web/glaciologia_es/glacier.php ?idGlaciar=387&init=.

different sources: snowline field observations; satellite and aerial
photographs; accumulation area ratio (AAR) calculations; and in-
situ measurements of surface mass balance using stakes deployed
on the glacier surface. A list of collected ELA estimations
available for the central Chilean Andes from different published
sources is presented in Table 3. They were gathered to generate
an estimated-observed ELA dataset profile, which was used to
compare with the ELAjp0de profiles obtained in this study.
Estimated data are available from 1969 to 2015 covering the
region from 27 to 39.93°S. Notwithstanding that the estimations
correspond to different methods and periods; all the ELA values
were plotted in a scatter chart and a polynomial curve was fitted
to the data to obtain a “multidecadal estimation” of the latitudinal
profile of the ELA (ELAprer). The polynomial expression that
better fits the estimated ELA e is:

ELApyf = 1.7547x L — 178.97xL* + 5701xL — 52072 (5)

with R? = 0.99; where L is the latitude in degrees south (L >
0), valid from 30° to 38°S (see also in Figure 7). Coefficients
of Equation 5 are very sensitive to the estimated values of ELA
used in the calculations; then, they might change if different
estimations of ELA are considered in the analysis. In fact, the
“referential ELA profile” obtained by using Equation 5 is different

from the ELA,, obtained by Carrasco et al. (2005) southward of
34°S, because new data were incorporated for constructing the
updated profile in the present study.

Then, the “referential ELA profile” (ELA.f) is used to assess
and select the ELA,podel> derived from the latitudinal ZIA and
the different precipitation datasets (using Equation 3), that better
approximates the ELAp.. Equation 6 is used to compute the
mean differences between the individual modeled ELA 0401 and
ELA,ef values.

D=0.1x4/(x —y)’ (6)

Where the (x; — yi)z is the average of the altitudinal differences
between the individual ELAjmodel (yi) and the estimated
ELApref (X,‘).

Linear trends of the air temperature, ZIA and ELA were
obtained by a simple linear regression model based on the
available time series from 1958 to 2018. The uncertainties in each
time series (ZIA, precipitation and ELA) were calculated using
the standard error (SE) of the mean at 95% confidence interval,
derived from the standard deviation (SEean = & 1.95x0//n).
The latitudinal SE for ZIA was determined using the standard
deviation of the monthly data at each areological station, and
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then polynomial expressions similar to Equation 1 were found for
the upper and lower limit of the variability. In the same manner,
latitudinal SE for precipitation was calculated using all annual
accumulation datasets except the P-TMPA. The uncertainty for
the ELA,04e time series was calculated from the one obtained
for ZIA and mean precipitation.

Relationship Between ELA and Surface
Mass Balance at Echaurren Glacier
Additionally, the relationship between ELA,p0del(33—345) and the
annual surface mass balance (SMBaynua) at Echaurren Glacier
(33.55°S; 70.13°W, altitude range 3650-3880 m) (WGMS, 2017)
located in the western slope of the Andes, was assessed. To do
that, the ELA,nodel(33—345) Was expressed as the standardized
anomalies of the average ELA for the 1975-2016 period, while the
SMBnnual Of the glacier is expressed in m w.e.a~!. The apparent
relationship between the SMBapnua and ELA,model(33—345)
suggests that a linear regression can be adjusted to both variables,
which was given by Equation 7.

SMBsnnuyal = mXELAamodel(33—34S) +n (7)
Also, a linear regression between the SMBjpnua and annual
precipitation registered at Lagunitas station was found, resulting
in Equation 8.

SMB s nnual = 0.00032x P + 3.319 (8)

Assuming that the data are normally distributed, the best
coefficient of correlation deployed by Equation 7 was r = —0.86
(for the 1987-2016 period), and the calibrated parameters of the
linear regression between SMB a a1 and ELA,odel (33—345) Were
m = —0.0039 and n = 15.151. Similarly, the correlation between
the precipitation and SMBpya for the 1975-2016 period was
0.86 (p < 0.05). These expressions were then used to reconstruct
SMB ppnual back to 1958 year, when both Quintero and Lagunitas
stations started to register data.

RESULTS
Air Temperature and ZIA Variability

The standardized anomalies of the air temperatures at 850,
700, and 500 hPa along with the mean temperature anomalies
for these three atmospheric levels, are presented in Figure 3A.
Also, the mean of the CUSUM and Bootstrapping results for
air temperature long-term analyses (red curve), the linear trends
for different periods and the long-term variability (black line)
obtained after applying the exponential filter (Equation 4) are
included in Figure3A. The 1976/77 climate shift is clearly
detected in the air temperature time series as a significant
change point (red arrow). An average air temperature increase
of 1.47 + 1.12°C (standard error at 95% confidence level) was
obtained for the mid-tropospheric 850-500 hPa layer at the SDQ
station during the 1958-2018 period. The temperature increases
observed during that period at the 850, 700, and 500 hPa were
0.92 £0.08°C, 0.71 £ 0.07°C, and 0.85 £ 0.07°C, respectively, all
of them statistically significant at 5% level (p < 0.05). Moreover,

important multidecadal variability is observed, with a cooling of
—0.91 £ 0.05°C revealed by the data between 1958 and 1976
(Figure 3A), and an overall total warming of 0.07 & 0.02°C and
0.37 £ 0.09°C (none of them statistically significant) for the
1978-2018 and 2000-2018 periods, respectively.

The analysis of the interannual variability of ZIA (see
Figure 3B) showed an increase of 127 &= 10m (p < 0.05)
for the 1958-2018 period. However, a decrease of —104 =+
14m (p < 0.1) occurred from 1958 to 1976 (Figure 3B) and
an increase of only 3 £ 28m (non-statistically significant)
between 1978 and 2018 (Figure3B). Therefore, most of
the warming observed during 1958-2018 period can be
attributed to the PDO shift in 1976/77 (Giese et al., 2002).
Additional changes indicate an increase of 82 =+ 18 and
82 + 15m for the 2000-2018 and 2010-2018 periods,
respectively (Figure 3B). However, these increases are not
statistically significant.

Mountain Precipitation Variability

The interannual variability of the high elevation precipitation
recorded in central Chile, within the 33-34°S latitudinal range,
has concurrent variations with the ENSO (El Nifio Southern
Oscillation) cycles. On the other hand, the low frequency
variability of the precipitation (multidecadal variability),
obtained through Equation 4, can be associated to the PDO.
The ENSO-like structure of the PDO indicates that during its
cold (warm) phase the average precipitation tends to be below
(above) the normal (Garreaud et al., 2019). According with the
PDO Index (smooth PDO of Figure 6), a cold phase prevailed
from 1944 to 1976, after that a shift to a positive phase was
observed which lasted until 2007, when a cold phase started
again. These PDO changes can explain the positive trend in
precipitation that prevailed during the second half of the last
century between 30° and 33.5°S (Carrasco et al., 2005), and
the positive trend of 4%/decade (although non-significant) in
snow equivalent averages of snowpack in the latitudinal range
30°-37°S, for the period 1951-2005 found by Masiokas et al.
(2006). Now, a warm phase of PDO has prevailed since 2014
until present.

The low frequency analysis of precipitation (blue curve of
Figure 6) revealed three multidecadal cycles: a below average
precipitation between 1958 until 1977, when PDO is in
the negative phase, passing to above average precipitation
between 1977 and 2007 when PDO is in the positive phase,
to finally indicate below average precipitation from 2007
until now. In particular, the consecutive dry years registered
in central Chile from 2010 to 2018 (megadrought), are
equivalent to a deficit of 941.0mm at Santiago and of
3291.5mm at Concepcion, which are almost three consecutive
years of normal precipitation (as given by the 1961-1990
normal period) at both locations. The long-term variability
analysis revealed an overall negative trend (non-statistically
significant) with a total decrease of 19 mm over the 1958-2018
period, severely enhanced during the 2010-2018 megadrought
period, when a total decline of 254mm (29%) (Figure 6)
was observed.
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FIGURE 6 | Interannual and decadal variability of the annual precipitation in the mountain area, between 33 and 34°S and the PDO Index.

Observed and Modeled Latitudinal ELA

Profiles

The latitudinal profile of the ZIA measurements, the ELApm0del,
and the mean precipitation, with their respective standard errors
are presented in Figure 7, along with the elevation of the central
Andes crestline, and the front altitudes of some glaciers located
in the western slope of the Andes. Despite the large interannual
variability of ELA, according to Figure 7, the mean-ELAodel
fits the referential ELAef profile (red line in Figure 7), which is
within the standard error of the mean-ELA[0de1 profile. Also,
according to Figure 7, the ZIAj, profile is lower than ELApf
(mean-ELApnoder) in the zone Northern of ~35°S (~34.3°S) and
higher southward from these latitudes. Therefore, the impact of
the air temperature and precipitation latitudinal gradients are
dominant forcing on ELA04el in the region south of 35°S.

The comparison between the ELA .t (y axis) and the modeled
ELApmodel derived from each precipitation dataset considered in
the study, is presented in Figure 8. According to the results, the
ELApmodel Obtained from the P-CHIRPS precipitation data has
the best performance in reproducing the ELA, followed by
ELApmodel based on P-MSWEP data and the ELA04c1 Obtained
from the annual-mean precipitation profile. Furthermore, the
ELApmodel derived from the P-TMPA data tends to overestimate
the ELA,er. Finally, the ELA,oqel derived from the P-CR?2, the
Viale and Garreaud (2015) and the Carrasco et al. (2005) studies
are the least fitted to the ELAer. Despite the ELAy0de1 datasets
were obtained from several precipitation products, which cover
periods that do not necessarily are coincident with the ELAf,
Figure 8 shows that all ELApoqels fit the ELA . Based on the
results presented in Figure 8, the ELA,04¢l profiles derived from
PCHIRPS data at different periods of time were obtained and
presented in Figure 9. The results presented in Figure 9 revealed
an increase in the ELAnoqel elevation during 2010-2016 along
the central Andes (30-38°S) compared to the other periods.

On average, an increment of about ~133 m (ranging from ~98
to 147 m) respect to the average of the 1981-2016 period was
observed, and of ~192m (ranging from 140 to 220 m) respect
to the previous 2000-2009 period. More specifically, a decadal
increment of about ~369 + 54 m occurred within the latitudinal
band 33°-34°S, from the 2000-2009 to the 2010-2018 periods
(see also Figure 10A). That result concurs with the megadrought
that has been affecting the central and southern Chile since
2010 (Garreaud et al., 2017) and, with the high negative SMB
annual rate of —1.20 4 0.09m w.e. a~! since 2010 found by
Farias-Barahona et al. (2019).

Annual and Long-Term Variability of ELA

The ELA;model(33—345) for the 1958 to 2018 period was obtained
using the Equation 3 (Figure 10A), forced by the mean-
annual ZIAqsp (Figure 10B) and the mean annual accumulated
precipitation recorded in mountains areas near Santiago (33-
34°S) (Figure 10C). The coefficients of the equation determined
from the data are ¢; = 4563.9 and ¢, 1493.2. The
calibrated equation was used to obtain the time series of the
mean annual ELA [ELA,p04e1(33—345))> and the contribution of
each factor (precipitation and ZIA) in the ELA. A principal
component analysis (PCA) between the ZIAqsp, precipitation
and ELAjmodel(33—345) data was performed. The PCA results
indicate that the linear correlation between ELA,model(33—34s)
and ZIAqsp is 0.58 (p < 0.05) and that ZIAgsp explains about
~57% of the ELA variability, while the linear correlation between
ELAgmodel(33—345) and precipitation is —0.86 (p < 0.05), with
precipitation explaining about ~43% of the ELA variability.
These results are consistent with Saavedra et al. (2018) analyses,
that studied the influence of precipitation and temperature in
snow persistence in the Andes for the 2000-2016 period. To
do that, they conducted a coefficient of determination analysis
using precipitation and air temperature as predictors. They found
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that from around 33° to 34.5°S, the relative importance of
precipitation and temperature were 40 and 60%, respectively (see
their Figure 11).

According to the linear trend analysis of the ELA,n0del(33—345),
an overall increment of ~114 £ 21m (p < 0.1) was observed
during the 1958-2018 period. A significant decrease of ~ —68
=+ 12 m (non-statistically significant) was detected between 1958
and 1976, and significant increases of ~265 4 32m (p < 0.05)
between 1978 and 2018 (Figure 10A) and of ~405 &+ 55m (p <
0.05) between 2000 and 2018 (Figure 10A) were observed after
applying the exponential filter (Equation 4). That increase agrees
with the generalized glacier mass balance of —0.31 4+ 0.19m
w.e./year, recently reported by Dussaillant et al. (2019) between
2000 and the end of 2017 in the central Andes of Chile-Argentina
(between ~31°S-~37.5°S).

ELA and the Annual Surface Mass Balance
The annual and the long-term variability of the ELA,model(33—345)
and the annual surface mass balance (SMBjp,ua1) at Echaurren
Glacier are displayed in Figure 11. The correlation coefficient
between both variables is r = —0.75 (p < 0.05), for the 1975-
2016 period. According to Figure 11, the time series have
considerable interannual and long-term variability, which was
assessed against ENSO data. During the 1975-2016 period, the
ONI index indicates the occurrence of five strong and three
moderate El Nifo events and five strong and two moderate
La Nifna events. Six (five) out of eight El Nifio events concur
with positive SMBapnual (negative anomaly of the ELA), while
five (three) out of seven La Nifia episodes concur with negative
SMBannual [positive anomaly of the ELA;model(33—345)]. This
is an indication of the strong relationship between glacier

SMBgnnua Variability (like in Echaurren) and ENSO. In the
long-term, as the ELA,model(33—345) increases in altitude, the
SMBnnual decreases, indicating an overall ice mass reduction
of the Echaurren Glacier, which is likely to occur in the
majority of the glaciers in the central Chilean Andes with similar
geographical conditions.

To assess the performance of both: the ELA-based SMB 4 jya1
and the precipitation-based SMByp,,, anomalies, they were
compared against the observed SMB a1 at Echaurren Glacier
from 1975 to 2016 (Figure 12A). The comparison indicates
that the models are skilful at representing the observed data.
Therefore, the model can be used to extend the SMBannual
analysis back to 1958 (see also Figure 11). Those results are
similar to the study carried out by Masiokas et al. (2016), who
modeled the observed SMB at Echaurren Glacier (reproduced
in Figure 12B) using (1) a mathematical expression that relates
monthly air temperature and precipitation data from El Yeso
station (located 10km south and ~1,200m below the front
glacier); and (2) the times series reconstructed from regionally
averaged streamflow data, to extend the SMB back to 1909 (here
reproduced from 1958).

According to the comparisons presented in Figure 12A,
the reconstructed SMB using the ELA and the mean-annual
precipitation data skilfully reproduce the observed annual
variability of the SMB at Echaurren Glacier. Furthermore,
according to Figure 12B, the reconstructed methods used by
Masiokas et al. (2016) have also a good performance to simulate
the observed SMB at Echaurren Glacier. For instance, the three
majors observed annual SMB, which concur with the three major
El Nifo events (1982, 1987, and 1997), are clearly reproduced
by the proxy data. Likewise, the minimum annual SMBs that
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FIGURE 8 | Linear regressions of the different ELApmodel @s calculated using the latitudinal precipitation datasets and the latitudinal ZIA. The estimated ELA

concurred with La Nifa events (1984, 1988, and 1998) are
explained by all the models.

DISCUSSION

The empirical relationship between ELA, ZIA, and mountain
annual precipitation was used to obtain a latitudinal ELA
profile for the west side of the Andes between 30 and 38°S.
That model was also used to analyse the interannual and
decadal variability of ELA for the 1958 and 2018 period
within the 33 and 34°S region using the radiosonde data from
Quintero/Santo Domingo station and the annual precipitation in
mountain areas.

The latitudinal ELApy04e profiles constructed using the P-
CHIRPS dataset during 1981-2016 period (Figure 9) reveal an
overall increase of the ELA elevation in time. By calculating
the averaged ELA between the 30 and 38°S, a significant
difference of ~192m (ranging from 140 to 220m) from the

2000-2009 to the 2010-2016 period was found. More specifically,
an increase in ~207 m occurred within the latitudinal band
33°-34°S, between the same two periods. The aforementioned
increases in ELAp4el concurs with the persistent megadrought
that has been affecting the central and southern regions of Chile
since 2010 (Garreaud et al., 2017).

Results of Carrasco et al. (2008) previous work indicated that
Central Chilean ELA (given by QSD station) rose ~54 and 191 m
during the 1958-2006 and 1978-2006 periods, respectively.
Now, the linear trend of ELA,nmodel(33-345) during the 1958-
2018 period indicates a total increment of ~114 £ 2Im (p <
0.1). Most of that increment can be attributed to the climate
shift leaded by the PDO cyclicity. Moreover, a decrease of —68
£ 12m in the ELA,p0del(33—345) occurred between 1958 and
1976, concurrent with a negative phase of PDO. On the other
hand, an overall increase of ~265 &+ 32m (p < 0.05) took
place between 1978 and 2018 and of ~405 £+ 55m (p < 0.05)
between 2000 and 2018. That trend is related to the significant
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increase of 369 m in ELA between the 2000-2009 and the 2010-
2018 periods. The increases in ELA during the last decade
are mostly explained by the precipitation factor (the decrease
during the megadrought; Garreaud et al.,, 2019) (Figure 10C),
rather than the ZIA which even shows a slight decline after
2000 (Figure 10B). Finally, according to the long-term analyses,
the variability of ELA is associated with changes in the ZIA
and precipitation.

A correlation factor of r = —0.86 (for the 1987-2016
period) was found between ELA,nodel(33—345) and the annual
surface mass balance (SMBapnua) at Echaurren Glacier.
The mathematical expression of this correlation was applied
to reconstruct the SMBppnua using the ELA,model(33—345)
annual time series back to 1958. A comparison among the
reconstructed SMBanual Obtained by Masiokas et al. (2016), the
ELA model30—345 and precipitation model derived in the present
study and the observed SMB at Echaurren glacier, indicates
that all of them are skilful at reproducing the observations.
Besides, moderate and strong El Nifio events occurred during the
1963-64 and 1972-73 years, which could explain the observed
positive SMB in the 1963 and 1972 years. Also, the extreme
drought that affected central Chile in 1968 (Gonzélez-Reyes,
2016) could explain the observed negative SMB (Figure 12).
All the aforementioned events are better reproduced by the
ELA,model Obtained in this study than the other reconstructions.
Nonetheless, the four reconstruction methods have a good
performance for simulating the variability of the observed
SMB at Echaurren Glacier, and they contribute to improve
the understanding of the interannual variability of SMB back
to 1958.

CONCLUSION

Glaciers and winter snow in the Andes are fundamental
sources of freshwater for human activities such as agriculture,
hydropower generation, mining, drinkable water, and for the
conservation of the ecosystems. Because of the sensitivity of
glaciers to changes in temperature and precipitation, they are
good indicators for climate change detection. However, direct
observations of glacier surface mass balance (SMB) and snow
cover in the Andes are scarce and often of short length. Different
methods and techniques based on models and satellite data
have been used to overcome this shortcoming. For instance,
SMB can be estimated using the annual equilibrium line altitude
(ELA). However, direct measurements of the ELA require
field campaigns to remote locations, which are costly in term
of logistic and difficult to maintain overtime. Considering
that, the present study shows that indirect measurements of
ELA (like the ELA o4e) arise as a prominent alternative to
be used as a proxy for monitoring the behavior of glaciers
in those areas where permanent observations of vertical
air temperature profiles and mountain precipitation data
are available.

Therefore, the empirical relationship between air temperature
and precipitation data can provide permanent annual estimations
of the ELA, which can be calibrated with occasional field
campaigns. Additionally, the good correlation between annual
ELA,0del and annual observations of SMB at Echaurren Glacier
suggests that annual ZIA and mountain precipitation can be used
as a proxy for monitoring the ELA in central Chilean Andes,
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FIGURE 12 | (A) Observed SMBannua @t Echaurren Glacier and the reconstructed SMBannual Using the linear relationship with ELAamoder @nd mean annual precipitation
on the western slope of the Andes between 33° and 34°S. The gray bars are the standard error of the time series. (B) SMBannua modeled using El Yeso climate data
(black line) and derived from regionally average streamflow data (violet line) reproduced from Masiokas et al. (2016). Light purple bars and gray vertical lines are the
modeled + 2¢e00 (Cumulative uncertainty) and 2rmse (mean standard error) (see Masiokas et al., 2016 for details).

method that can be extended to other places where these data is
available too.

Although the ELA o4, and the SMB of Echaurren Glacier
present good correlations during the period considered in this
assessment, that result could change if another time window
is assessed. Since glaciers can adjust their size to achieve
an equilibrium with climate, the same ELA, g value (or
variation concerning the mean) could be associated with an
entirely different SMB, depending on the degree of adjustment
of the glacier to the climate conditions. Therefore, it is
important to mention that despite this model is skilful at
representing ELA, only a fraction of its total variance is
explained, and future work should explore the influence of
other factors like wind, radiation and morpho-topographic
variables such as bedrock geology, slope and basin orientation,
among others.

Because the ELA-model adjusted in this assessment is based
on the annual precipitation accumulated in mountain areas and

the altitude of the zero isotherm, and that both variables can be
obtained from numerical climate simulation models for present
and future scenarios, past and future glacier changes can be
indirectly study using it.
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