remote sensing @\py

Article
60 Years of Glacier Elevation and Mass Changes
in the Maipo River Basin, Central Andes of Chile

2,34 5 6

David Farias-Barahona '*, Alvaro Ayala , Claudio Bravo >, Sebastian Vivero °,
Thorsten Seehaus 117, Saurabh Vijay 77, Marius Schaefer 8, Franco Buglio %, Gino Casassa
and Matthias H. Braun !

1

9,10

Institut fiir Geographie, Friedrich-Alexander-Universitidt Erlangen-Ntiirnberg, D-910158 Erlangen, Germany;

thorsten.seehaus@fau.de (T.S.); matthias.h.braun@fau.de (M.H.B.)

2 Laboratory of Hydraulics, Hydrology and Glaciology (VAW), ETH Zurich, CH-8093 Zurich, Switzerland;

alvaro.ayala@ceaza.cl

Swiss Federal Institute for Forest, Snow and Landscape Research (WSL), CH-8903 Birmensdorf, Switzerland

Centre for Advanced Studies in Arid Zones (CEAZA), CL-1720256 La Serena, Chile

School of Geography, University of Leeds, Leeds LS2 9] T, UK; gycabl@leeds.ac.uk

Institute of Earth Surface Dynamics (IDYST), University of Lausanne, CH-1015 Lausanne, Switzerland;

sebastian.viveroandrade@unil.ch

Byrd Polar and Climate Research Center, Ohio State University, Columbus, OH 43210, USA; vijay.20@osu.edu

8 Facultad de Ciencias Fisicas y Matematicas, Universidad Austral, CL-5110566 Valdivia, Chile;
mschaefer@uach.cl

9 Direccién General de Aguas, Ministerio de Obras Publicas, CL-8340687 Santiago, Chile;
franco.buglio@mop.gov.cl (F.B.); gino.casassa@mop.gov.cl (G.C.)

10 Universidad de Magallanes, CL-6210427 Punta Arenas, Chile

*  Correspondence: david.farias@fau.de; Tel.: +49-9131-852-2463

N Ul = W

N ]

check for
Received: 13 April 2020; Accepted: 13 May 2020; Published: 21 May 2020 updates

Abstract: Glaciers in the central Andes of Chile are fundamental freshwater sources for ecosystems
and communities. Overall, glaciers in this region have shown continuous recession and down-wasting,
but long-term glacier mass balance studies providing precise estimates of these changes are scarce.
Here, we present the first long-term (1955-2013/2015), region-specific glacier elevation and mass
change estimates for the Maipo River Basin, from which the densely populated metropolitan region
of Chile obtains most of its freshwater supply. We calculated glacier elevation and mass changes
using historical topographic maps, Shuttle Radar Topography Mission (SRTM), TerraSAR-X add-on
for Digital Elevation Measurements (TanDEM-X), and airborne Light Detection and Ranging (LiDAR)
digital elevation models. The results indicated a mean regional glacier mass balance of —0.12 + 0.06 m
w.e.a”!, with a total mass loss of 2.43 + 0.26 Gt for the Maipo River Basin between 1955-2013. The most
negative glacier mass balance was the Olivares sub-basin, with a mean value of —0.29 + 0.07 m w.e.a™!.
We observed spatially heterogeneous glacier elevation and mass changes between 1955 and 2000,
and more negative values between 2000 and 2013, with an acceleration in ice thinning rates starting
in 2010, which coincides with the severe drought. Our results provide key information to improve
glaciological and hydrological projections in a region where water resources are under pressure.

Keywords: glacier mass balance; glacier elevation changes; mountain glaciers; central Andes;
LiDAR; InSAR

1. Introduction

Glacier mass balance is a key variable for understanding the response of glaciers to climate change
and their contribution to sea level rise [1-3]. Traditionally, glacier mass balance has been obtained
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by the glaciological method, which is based on in-situ measurements of accumulation and ablation
using snow pits and stakes [1]. However, the geodetic method has become widely used in recent
years, due to the possibility to monitor large glacierised areas (e.g., [4,5]). The geodetic mass balance
can be derived, for example, from observations of elevation change derived from Global Navigation
Satellite System (GNSS) measurements, airborne Light Detection and Ranging (LiDAR) (e.g., [6,7]),
digital elevation models derived from structure from motion techniques (e.g., [7,8]), and optical images
or interferometric synthetic-aperture radar (InSAR) (e.g., [4,9,10]).

In the central Andes of Chile, glaciers have undergone retreat and thinning over the last
decades [4,11-14], mainly due to atmospheric warming and a decrease in precipitation [15-20].
Unfortunately, long-term and consistent glacier mass balance data are still limited in this part of the
Andes, mainly due to logistic and cost constraints. Direct measurements of glacier mass balance on the
Echaurren Norte Glacier are the only long-term reference for the Southern Andes (1975 to present) and
show an overall negative trend [21-23]. These records are consistent with several recent studies that
have presented negative glacier mass changes for specific areas and for the entire central Andes of
Chile and Argentina [4,10,20,23,24]. These studies have provided an updated overview of the regional
glacier mass balance and its relationship with climatic fluctuations.

Since 2010, a persistent sequence of dry years has affected this region [18,19,25], leading to
an unprecedented rainfall deficit in the region laying from 30 to 38°S [19,25] and hence, resulting in
increased glacier thinning rates [10,20,23]. This precipitation deficit has turned glacier meltwater into
an essential hydrological source, further enhancing the role of glaciers as water reservoirs during
dry periods [20,26,27].

In this study, we provide the longest geodetic glacier mass balance record for glaciers in the Maipo
River Basin, central Andes of Chile (Figure 1). Our objective is to analyse the spatial and temporal
distribution of elevation and mass changes between 1955 and 2013. For this, we use digital elevation
models (DEMs) derived from topographic maps (1955), the SRTM C-band (2000), and TanDEM-X
(2013). We complement this dataset with LIDAR measurements for fifteen glaciers, carried out in four
campaigns between 2009 and 2015.

2. Study Area

The Maipo River Basin, located in the central Andes of Chile (33°S, 70°W)), is characterised by
a Mediterranean climate with marked winter and summer seasons. Precipitation exhibits strong
interannual variability closely associated with El Nifio-Southern Oscillation (ENSO) [28], which is
also highly correlated with glacier mass balance [21,23]. Winter precipitation is mainly of frontal
origin, driven by the westerly circulation and enhanced by the orographic effect of the Andes [29].
Summer precipitation events also occur but account for less than 10% of the total annual precipitation [30,
31]. Spring and summer runoff are largely fed by snowmelt, but meltwater from glaciers is relevant at
the end of the summer and in dry years [30,32].

The Maipo River Basin contains seven high mountain sub-basin areas (Figure 1). The Chilean
glacier inventory revealed approximately 1000 individual ice bodies in this region, consisting of
debris-free glaciers, debris-covered glaciers and rock glaciers, with a total glacier area of 388.3 km? [33],
representing 1.7% of the total glacierised area of Chile. Meltwater is a fundamental natural resource
for cities, including the Chilean capital city Santiago, which comprises 40% (~7 million) of the
country’s inhabitants.
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Figure 1. (a) Location of the study area in Chile. (b) Maipo River Basin. The red box highlights the
location of the high-elevation sub-basins and topography distribution of the sub-basins. (c) Elevation
of every glacier in each sub-basin as a function of the latitude (north to south), as indicated in panel (b).
(d) Upper sub-basins of the Maipo River Basin and location of the city of Santiago with glacier outlines
in black lines.

3. Materials and Methods

3.1. Glacier Outlines

Two complete glacier inventories for the Maipo River basin are available. The earliest was
compiled by Marangunic [34] for the year 1955. The second is the official Chilean glacier inventory
based mostly on satellite imagery acquired between 2000 and 2003 [33]. In order to calculate glacier
elevation and mass changes for the period 1955-2000, we used the glacier outlines from Maranguinc [34],
which are mainly based on a stereoscopic analysis of HYCON aerial photographs from 1955 [35].
These aerial photographs were obtained as part of an agreement between Chile and the Inter-American
Geodetic Survey of the United States. As a small fraction (3%) of the glacier area was not covered by
the HYCON photogrammetric flight, these missing areas were completed by Marangunic [34] using
the maps drawn by Lliboutry in 1956 [36].

For the period 2000-2013, we used the outlines from the Chilean glacier inventory [33].
The Chilean glacier inventory is mainly based on multispectral data from the Landsat satellite
mission. However, some inconsistencies were detected over debris-covered areas. In order to improve
the glacier outlines, we used a supervised semi-automatic method based on band ratio segmentation
of TM4 and TM5 Landsat bands using the original Landsat [37]. Glacier elevation and mass change
calculations were estimated over debris-free and debris-covered glaciers. Although this is a region with
an abundant number of rock glaciers, these are not considered and should be thoroughly investigated.
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3.2. Glacier Elevation and Mass Changes

Topography maps (1:50,000) of the Chilean central Andes were published by the Instituto
Geografico Militar (IGM) in 1975, based upon HYCON (1955) aerial photographs. The original 1955
maps were horizontally referenced to the PSAD56 datum, UTM projection zone 19S. The vertical
reference is based on orthometric height (m a.s.1.) obtained from precise trigonometric levelling with
theodolites from tide gauge benchmarks located on the coast.

In this study, we used the 1955 topographic maps scanned by the IGM at 1200 DPI. We georeferenced
these scanned maps to a common base using standard GIS procedures. We converted the original PSAD56
datum to WGS84 datum (Figure 2) following the processing steps described by Farias-Barahona et al. [23].
This process consists of digitizing the 50 m contour lines plotted on the 1955 maps. Using kriging
interpolation over these vectorised contours, a DEM was generated with a spatial resolution of 30 m.
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Figure 2. Dataset coverage of the Maipo River Basin. Rectangles correspond to the TanDEM-X coverage
in March 2013. Background image corresponds to the georeferenced topographic maps mosaic based
in aerial photographs (HYCON) of 1955, in which the contour lines were digitised. Points correspond
to LiDAR measurements.
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The SRTM-DEMSs were generated using bi-static radar interferometry. These DEMs are the final
products of SRTM, which was carried out in February 2000 on a near-global scale between 56°S
and 60°N in both C-band and X-band radar frequencies by the National Aeronautics and Space
Administration (NASA), and German Aerospace Centre (DLR) [38]. We used the non-gap filled SRTM
C-band, available at the US Geological Survey, which is vertically referenced to the Earth Gravitational
Model 1996 (EGM96). The non-gap filled DEM shows a very good coverage for the Maipo River Basin,
except for a few small glaciers, which are not included in the analysis (e.g., Morado Glacier).

The TanDEM-X mission is a German bistatic satellite configuration jointly operated by the DLR and
Airbus Defence and Space. It was launched in 2010, and since then, it has been acquiring single-pass
InSAR image pairs [39]. The DLR provides INSAR image pairs as co-registered single-look complex
images in HH polarization. We processed multiple along-track TanDEM-X scenes acquired on the
same day, which are concatenated and processed using differential SAR interferometry (DInSAR) with
SRTM C-band DEM as a reference (e.g., [4,40]) (Figure 2). The topographic phase is simulated from
SRTM DEM using the TanDEM-X interferometric parameter to obtain a differential interferogram.
This differential approach is generally applied to reduce difficulties in subsequent phase unwrapping,
especially in high-mountain regions [41].

To remove the noise from the differential interferogram, a Goldstein filter was applied [42].
Areas with low coherence (<0.2) were masked out [41] before unwrapping the phase. The Minimum
Cost Flow (MCF) algorithm was applied for phase unwrapping [43], keeping the reference point
on off-glacier flat terrain. Phase jumps and residual phase ramps were manually checked and
removed from the unwrapped phase, which is finally converted into absolute differential heights.
These differential heights were added to the topographic heights from the SRTM-C DEM to generate
the TanDEM-X DEM. The resulting TanDEM-X DEM was geocoded with the SRTM-C DEM to keep
planimetric consistency.

In order to ensure three-dimensional (3D) alignment between SRTM and TanDEM-X DEMs,
we further corrected for any horizontal and vertical biases before mosaicking the TanDEM-X DEMs
for our study area. This is based on an off-glacier mask derived from a slope threshold of 15° on
SRTM DEM (close to the mean slope of the glacierised area) and Landsat-based Normalised Difference
Vegetation Index (NDVI) and Normalised Difference Water Index (NDWI) masks. These masks were
used to eliminate areas of dense vegetation and water bodies from the analysis [4]. The stable mask was
used during the co-registration process of the TanDEM-X and SRTM-C DEMs, and it was performed
according to Nuth and Ké&éb [44]. The main objective is that the difference (dh) between two DEMs
on stable terrain should be as close as possible to zero. A bilinear plane fit was used to remove any
remaining vertical offset, where the elevation difference is a function of projected x- and y-coordinates
in the mapped DEM on stable ground [45]. Finally, the corrected DEMs were mosaicked [4] (Figure 2).

In order to derive the geodetic mass balances, we subtracted the difference of the topographic
DEM map and STRM DEM after horizontally co-registering them in order to estimate elevation change
for the period 1955-2000 and between the SRTM DEM and TanDEM-X for the period 2000-2013. For the
1955-2000 period, we discarded unrealistic positive values in the retreated part of the glacier present in
the period 2000-2013. We removed strongly deviating values by applying a quantile filter (1%—-99%)
(e.g., [46]) and filled them in using the hypsometry function (e.g., [4]). Since the SRTM and TanDEM-X
DEMs were acquired at the end of the austral summer (February—March), we converted the elevation
changes to mass change using a density conversion factor of 850 + 60 kg m~> [47]. For the specific
elevation and mass change, we used the mentioned inventories (Section 3.1) as a reference and not
a temporal mean, as suggested by [1] due to the lack of third inventory.

3.3. LiDAR Measurements

Four airborne Light Detection and Ranging (LiDAR) campaigns were conducted by the Water
Directorate of Chile (DGA) between 2009 and 2015. These campaigns surveyed fifteen glaciers of the Maipo



Remote Sens. 2020, 12, 1658 6 of 19

River Basin, twice during 2009, 2011 and 2012, and once in 2015 (Table 1 and Figure 2). Results for four of
the fifteen glaciers were presented and discussed by Burger et al. [20] and Farias-Barahona et al. [23].

LiDAR is a surveying method consisting of an active system, which measures the time taken
for a laser signal to travel from the source to a ground surface object and its return to the sensor.
It allows the creation of a three-dimensional set of elevation points when the platform location is
known. During the four field campaigns, two different types of LIDAR equipment were used: Trimble
Harrier 68i and Terra Remote Sensing Mark II [48-50]. Both airborne system devices were equipped
with Inertial Measurement Unit (IMU) and GNSS (Global Navigation Satellite System). Both sensor
systems allow multiple laser pulses and echoes in the air, increasing the number of points per area.
During the field measurements, a self-calibration method was implemented in order to minimise
systematic errors, which consist of a GNSS kinematic track parallel to the airborne flight.

The LiDAR survey achieved a nominal point density between 2 to 4 points per m2. In Table 1,
we present the LIDAR coverage for the measured glaciers. Due to cost and time constraints, some glaciers
were surveyed along their centre lines instead of their entire area; hence, for some glaciers, the LIDAR
coverage reaches only ~30% of the total glacier area (Table 1). In order to estimate the elevation
changes of the measured glaciers, we interpolated the LiDAR'’s point clouds using a Triangulated
Irregular Network (TIN) to obtain DEMs of 1 m spatial resolution. The reference system is WGS84
(UTM projection 19S) and ellipsoidal height. Finally, we calculated the elevation changes using the
local hypsometry method with 100 m elevation bands.

Table 1. Date of LIDAR measurements and coverage. Each year corresponds to a field campaign (4 in total).

Glaciers (North to South) Sub-Basin Date 1 Date 2 Total Coverage (%)
Juncal Sur Olivares 20-29/04/2011 02-11/04/2015 ~30
Olivares Gama Olivares 20-29/04/2011 02-11/04/2015 ~30
Olivares Beta Olivares 20-29/04/2011 02-11/04/2015 ~30
Olivares Alfa Olivares 20-29/04/2011 02-11/04/2015 ~30
Esmeralda Olivares 30/04/2012 02-11/04/2015 ~50
Paloma Molina 30/04/2012 02-11/04/2015 100
Rincén Molina 30/04/2012 02-11/04/2015 100
Plomo San Francisco 30/04/2012 02-11/04/2015 100
Yeso 1 Colorado 24/04/2012 23/02/2015 80
Yeso 2 Colorado 24/04/2012 23/02/2015 100
Bello Yeso 22/04/2012 26/02/2015 100
Yeso Yeso 24/04/2012 17/02/2015 100
Piramide Yeso 22/04/2012 23/03/2015 100
Echaurren Norte Yeso 28/04/2009 23/02/2015 100
San Francisco Volcan 29/04/2009 26/02/2015 100

3.4. Uncertainties and Error Assessment

To calculate the uncertainties of our geodetic mass balance (dM), we followed the procedure
described in Braun et al. [4] and Malz et al. [45], who use Equation (1), which includes: (1) uncertainties
in the DEM differencing (6% ) (including spatial autocorrelation), (2) error from the glacier outlines
(64), (3) uncertainty from the volume-to-mass conversion using a fixed density (6,), and (4) uncertainty
from radar signal penetration (Vpe).

2
M (([ oa saT [T, ({ Veen
o [l TR
At [%totul A Y T M

where (04,) corresponds to the relative elevation differences (%total) between SRTM-C and TanDEM-X
dt
estimated over areas of stable ground. (A) and (64) correspond to the glacier area and the uncertainty

in extent mapping, respectively. For the manual digitisation of glacier outlines, an uncertainty of 5%
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of the total area was assumed, based on Paul et al. [51]. To calculate mass conversion uncertainties,
we considered the uncertainty of the volume to mass conversion (6,) as an extra 7% of the elevation
change uncertainty, which corresponds to +60 kg m~3 [47].

Odn/dt = E,ST;Gdh/thW for S¢>Se @

Odh/dt = Odn/dtAW for Sgp<S,

To obtain (64 ), we used standard deviations (o) derived from 5° slope bins on stable ground
and calculated the slope-binned area-weighted standard deviation (o dn 4w) on glacierised areas (e.g., 4,
40, 45) (Equation (2)). Additionally, we calculated the spatial autocorrelation to obtain the error
budget [52]. We generated semi-variograms of the elevation change values on stable ground to
determine the mean lag distance (dc) to determine the correlation area S, = dc?*rm, and Sy corresponds
to the glacier area.

Other sources of uncertainties come from the radar signal penetration of SRTM-C and TanDEM-X.
Radar signal penetration depends on several factors, such as the type of surface (ice/snow), water content,
and structure of the medium, alongside the radar frequency. Signal penetration was anticipated to be
high in the Northern Hemisphere as SRTM data was acquired in February (mid-winter), and therefore,
must be accounted for (e.g., [41]). In the hyper-humid region of Patagonia (Northern Patagonia
Icefield), studies reported negligible radar signal penetration into the firn/snow below 2900 m a.s.1.
(e.g., [53]), and only a few centimetres of band penetration have been found between the SRTM-X
and SRTM-C bands (e.g., [54]). From the evaluation of 20 glaciers located between 3500 and ~5000 m
a.s.l, the Maipo River Basin also shows no significant band penetration between X and C bands [23].
Photographs taken four days before the TanDEM-X acquisition show the glacier surface comprising bare
ice ~4600 m a.s.l (Supplementary Figure S1). However, for consistency with other studies regarding
uncertainty assessment using TanDEM-X over the Andes [4,40], we applied a similar procedure as
Braun et al. [4], who assumed a linear increase of radar signal penetration (V) difference from 0 m
up to 5 m at the maximum elevation of the study region, which is integrated over the area above the
Equilibrium Line Altitude (ELA) to obtain (V}ey), in this case, ~4000 m a.s.1 [15].

We identified other sources of uncertainties as: (1) The classification of very small glaciers in the
first glacier inventory, (2) potential bias in the vertical reference (m a.s.l) between the 1955 topographic
maps and SRTM-C, and (3) LiDAR accuracy. There are some small glaciers in the second inventory
that were not mapped in the first one (1955-2000), this led to uncertainties related to whether the first
inventory interpreted these as snow patches or glacierets (<0.05 km?). In any case, these were not
considered in the glacier mass balance, because they represent a very small fraction of the total area
(~1%). Although the topographic maps have been previously used in the Chilean Andes (e.g., [55-57]),
another potential bias can be caused by different vertical reference used in the 1955 topographic
maps and the SRTM DEMs. The elevation of the IGM topographic maps is referenced to orthometric
heights (m a.s.1.) obtained from trigonometric levelling, whereas SRTM-C is converted to elevation
(m a.s.l) with the EGM96 system. However, the co-registration results, in which a good agreement
between DEMs of each sub-basin in stable areas was observed (+0.05 m a~!), may also cover any geoid
undulation residual.

The LiDAR measurements did not cover areas of stable ground. Therefore, we assumed the
reported accuracy corresponding to +0.30 m between GNSS and LiDAR. This accuracy is based on
simultaneous GNSS and LiDAR airborne measurements on stable ground and glacier surfaces during
the field campaigns [49,50].
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4. Results

4.1. Glacier Elevation and Mass Changes from Satellite Products

Spatially distributed glacier elevation changes in the Maipo River Basin for the 1955-2000 and
2000-2013 periods are shown in Figure 3. The regional average glacier elevation change rates for the
Maipo River Basin are —0.13 + 0.05 m a~! and —0.18 + 0.08 m a~! for the 1955-2000 and 2000-2013
periods, respectively. While the first period evidenced spatially heterogeneous patterns between
sub-basins (Table 2), we observed a consistent mass loss during our second period, except for the
Colorado sub-basin. We computed a total mass loss of 2.43 + 0.26 Gt for glaciers in the Maipo River
Basin between 1955 and 2013. Table 2 shows the mean geodetic mass balance rates for each sub-basin
of the Maipo River Basin. Glaciers in the Olivares sub-basin show the most negative glacier mass
balance rates with —0.29 + 0.07 m w.e.a~! between 1955 and 2013 (Figure 4), and the Olivares Alfa
Glacier shows the highest negative glacier mass balance of —0.62 + 0.08 m w.e.a™! (1955 and 2013).

Figures 5 and 6 show the correlation between rates of elevation change and latitude with
topographic and glaciological parameters (aspect, elevation, and area) for glaciers with areas larger
than 0.05 km? in both study periods. In the first interval, the largest negative rates of elevation
change correspond to glaciers with easterly (E) and northwest (NW) aspects, whereas glaciers with
south (S) and southwest aspects (SW) show positive elevation changes (Figure 5), specifically in the
latitude between 33.5° and 34°S. However, in glaciers located at ~33°S, high rates were observed
(Olivares sub-basin) independent of their aspect (Figure 5). During this period, the thinning rates were
concentrated in glaciers with an area larger than 1 km? (Figure 5 and Supplementary Figure S2).

In the second interval (between 2000 and 2013), many glaciers have changed their aspect due to
their fragmentation. Overall, we observed the highest percentage of thinning rates in the glaciers with
E aspect. While a reduction in the thinning rates is observed on glaciers with W and NW aspects, this is
related to an increase of the mean elevation of the glaciers (Figure 6), especially for glaciers located at
~33.5°S. Unlike the first period, between 2000 and 2013, we observed an increase in the thinning rates
in glaciers with S and SW aspects (Figure 6). During this period, the thinning rates were concentrated
in the largest glaciers (>5 km?) (Figure 6 and Supplementary Figure S2).

It is interesting that some of the sub-basins exhibited opposite temporal behaviour. While negative
mass balance results in Colorado were obtained in the first period, a slight positive or neutral glacier
mass balance was observed between 2000 and 2013. The opposite behaviour was found in the
Volcan and the Upper Maipo sub-basins: positive/neutral mass balance between 1955 and 2000 and
negative mass balance between 2000 and 2013. Our observations also revealed that during the second
analysis period, the debris-covered glaciers have also been thinning, in some cases at similar rates
as the debris-free glaciers (Supplementary Figures S3 and S4). We also confirmed some surge events
inferred from positive elevation changes in the ablation area of some glaciers during both periods
(Supplementary Figure S5).
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Figure 3. Spatially distributed elevation changes in the Maipo River Basin for the periods 1955-2000
and 2000-2013. Main glaciers mentioned in the text are indicated with numbers. Background: Hillshade
of the SRTM digital elevation model.
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Figure 4. Spatially distributed elevation changes in the Olivares sub-basin for the periods 1955-2000
and 2000-2013. Olivares is the sub-basin with the highest thinning rates in both periods. Background:
Hillshade of the SRTM digital elevation model.

4.2. Glacier Elevation Changes with LiDAR

Strong acceleration in the thinning rates after 2010 were detected for the glaciers measured with
airborne LiDAR. The elevation change maps show high thinning rates for most glaciers (Supplementary
Figure S6). Overall, we observed the highest negative glacier elevation changes in the Olivares and
Molina sub-basins. For glaciers of the Olivares sub-basin (Juncal Sur, Olivares Alfa, Olivares Beta,
and Olivares Gama) an average elevation change of —1.51 + 0.10 m a~! was found between 2011 and
2015. Both glaciers located at the Molina sub-basin, the Paloma, and Rincon glaciers, together showed
an average of —1.81 + 0.14 m a~! between 2012 and 2015.

Positive elevation changes were obtained for Yeso 1 and Yeso 2 glaciers (Colorado sub-basin),
with an average of 0.35 + 0.14 m a~! between 2012 and 2015. Conversely, for glaciers in the Yeso
sub-basin an average thinning rate of 1.0 + 0.08 m a~! was computed (2009/12-2015).
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In Figure 7, we show a comparison of elevation change rates for all observation periods for the
fifteen glaciers measured by LiDAR in comparison with the INSAR and topographic maps dataset.
Overall, the differences between glaciers are related to mean altitude and debris-covered factors.
In terms of individual glaciers, the most negative glacier elevation change was the San Francisco
Glacier located in the Volcan sub-basin, with —2.12 m a~! on average (2009-2015). This glacier presents
the lowest mean altitude (~3300 m a.s.l.) of the glaciers measured with airborne LiDAR.

km*  (a) (b) dh/dt (m a™)
Skm?

m

LA

10km?
0.5

0.0

-

0m 55

0m 5000m 4500m 4000m 35 OmE W

-0.5

Figure 5. (a) Glacier elevation change (colour bar) displayed against mean aspect (circle angles), average
glacier elevation (radial distances), and glacier area (marker size) in a polar plot. (b) Glacier elevation
change (colour bar) displayed against mean aspect (circle angles), latitude, and glacier area (marker
size) in a polar plot. Elevation change (m a1 by glacier > 0.05 km? for the entire Maipo River Basin
for the period 1955-2000. The Equilibrium Line Altitude was obtained from Carrasco et al. [15] and
relates to the year 2001.

5. Discussion

Our results revealed that negative values of glacier mass balance dominated between 1955 and
2013, but with some spatial and temporal differences in the responses of sub-basins and glaciers.
While glacier mass balance showed negative and positive values in the different sub-basins and
glaciers for the first study period (1955-2000), there was a generalised negative trend in the second
one (2000-2013), with the exception of the Colorado sub-basin. After 2010, we observed that mass
losses accelerate everywhere, with nearly all analysed glaciers showing high negative mass balance.
The differences between these periods can be explained by a combination of precipitation variability
and a sustained increase of air temperature associated with global warming. Glacier mass balance
in the central Andes is very sensitive to precipitation, which is mainly related to El Nifio Southern
Oscillation (ENSO) events, where positive mass balances have been associated with El Nifio events
and vice-versa with La Nifia events [21-23,58]. However, at longer time scales, the Pacific Decadal
Oscillation (PDO) and the Interdecadal Pacific Oscillation (IPO) play an important role in the climatic
conditions over the Central Andes [59,60]. It is noteworthy that at present, this region is being affected
by a severe drought that started in 2010, with an annual rainfall deficit that ranges between 25% and
45% [19,25]. Besides the precipitation deficit, recent studies have indicated an increase in the autumn
and spring temperature of inland Maipo [61]. Both factors may affect glaciers at a local and regional
spatial scale, but also depend on the response time of the individual glaciers to those forcings, latitude,
and the glacier characteristics, such as elevation and aspect, and the variability of ice melt [20].
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Table 2. Summary of elevation and mass change rates during the periods 19552000 and 2000-2013
for the seven sub-basins of the Maipo basin. Glacier area evaluated at 381.64 and 258.44 km? for the
periods 1955-2000 and 20002013, respectively.

Sub-Basin Area 2000 Mass Balance Rate Mass Balance Rate Glacier Runoff
(km?) 1955-2000 (m w.e.a)  2000-2013 (m w.e.a~1) Contribution
Olivares 71.94 —-0.28 + 0.07 -0.32+0.13 Maipo River
Colorado 63.11 —-0.18 + 0.07 0.05 +0.12 Maipo River
Yeso 21.58 —0.13 £ 0.07 -0.15+0.12 Maipo River
Volcan 50.22 0.14 + 0.07 -0.17 £ 0.13 Maipo River
Maipo (Upper) 46.56 —0.01 £ 0.07 -0.16 £ 0.13 Maipo River

Rio Molina 2.02 0.18 + 0.07 -0.17 £ 0.12 Mapocho River

San Francisco 3.01 —0.04 £ 0.07 -0.17 £0.13 Mapocho River
1km*  (a) N (b) N dh/dt (m a™")

(

Figure 6. (a) Glacier elevation change (colour bar) displayed against mean aspect (circle angles), average
glacier elevation (radial distances), and glacier area (marker size) in a polar plot. (b) Glacier elevation
change (colour bar) displayed against mean aspect (circle angles), latitude, and glacier area (marker size) in
a polar plot. Elevation change (m a™!) by glacier > 0.05 km? for the entire Maipo River Basin for the period
2000-2013. The Equilibrium Line Altitude was obtained from Carrasco et al. [15] and relates to the year 2001.
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Figure 7. Comparison of glacier elevation changes between topographic maps, SRTM, TanDEM-X and
LiDAR measurements for the different observation periods of this study. The black line corresponds to
the mean altitude of each glacier. * corresponds to Farias-Barahona et al. [23] and ** to Burger et al. [20].
(O) corresponds to Olivares, (M) Molina, (S.F) San Francisco, (C) Colorado, (Y) Yeso, and (V) Volcan sub-basins.

Glaciers Yeso 1 and 2, in the period 1955-2000 were joined in one glacier, hence, mean elevation is equal.
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Our results represent the first estimation of glacier mass changes for the second half of the 20th
century in this region. Between 1955 and 2000, the highest thinning rates in the Maipo River Basin
were observed in the Olivares sub-basin. One possible reason for this is related to the location of this
sub-basin, which is adjacent to two open-pit mines. These mines generate dust that can be transported
and deposited over the surface of glaciers in Olivares. This process potentially leads to a lowering of
the surface albedo, which in turn increases the absorbed incoming shortwave radiation and energy
available for melt. It is beyond the scope of this work to assess and quantify the impact of the deposition
of dust originated from mining activity; hence, additional studies are required. Another possible
explanation for these differences between sub-basins is that the Maipo River Basin presents a shift
between two hydroclimatic regimes, where an increment in the precipitation amounts towards south
of the 34°S have been observed [60]. This could also explain the observed north to south glacier
mass balance gradient observed during this period (Table 2 and Figure 5), where positive and nearly
neutral mass balance was observed for Volcan and Upper Maipo for the period 1955-2000, respectively
(Figure 5). The difference between both sub-basins is related to elevation of the glaciers, where the
Volcan sub-basin contains big glaciers that are located at higher elevations on the western and southern
flanks of active volcanoes (Marmolejo and San Jose Volcano).

Throughout the second period (2000-2013), our results agree well with recent findings in the central
Andes of Chile and Argentina [4,10,24], including those focusing on individual glaciers (e.g., [20-23]).
Again, in the Olivares sub-basin, we obtained the highest negative glacier mass balances during this
period. However, in this period, the latitudinal gradient was not observed, instead, we obtained similar
negative glacier mass balance, with the exception of glaciers located in the Colorado sub-basin, where it
seems that these glaciers are in balance with the present climate, likely due to their high elevation.
This was also confirmed by the LIDAR measurements.

Comparing our results with those for the Southern Andes macro-region (RGI 17) [5,62] can be
misleading, since this macro-region encompasses the Patagonian Icefields which provide nearly all
of the regional mass loss [4,10,62]. In Figure 8, we illustrate the glacier elevation changes of these
previous studies that include glaciers of the Maipo River Basin from 2000 onwards. On a local
scale, our estimate of glacier mass balance for the Maipo River Basin was more positive than that
derived by the glaciological method for the Echaurren Norte Glacier. This glacier shows largely
negative mass balance rates [21-23], but the representativeness of the Echaurren Norte Glacier is
still a matter of further analysis, since there are differences between the glaciological and geodetic
methods. The geodetic mass balance of the Echaurren Norte Glacier [23] was positive between 2000
and 2009, and this trend has been confirmed by other authors [10,20]. The acceleration thinning rates
based on LiDAR data indicates the role of the extensive drought that has been affecting the region
since 2010 [19,25]. It is likely that after 2013, the drought exacerbated thinning rates, which may
also explain the differences between the two recent region-wide glacier mass balance records for
the central Andes [4,10]. In fact, observing other studies, it seems that the effects of the drought
were not prominent before 2013 for glaciers located in the Yeso sub-basin [20,23,63,64]. For instance,
GNSS measurements on Bello and Yeso glaciers showed —0.24 and —0.17 m a~! between April 2012
and March 2014 [63], and measurements during the ablation period of 2012 and 2013 showed 0.67
and 0.44 m, respectively [64]. The acceleration of thinning rates has also been observed by other
authors [10,20,65]. For instance, Hernandez et al. [65] estimated thinning rates of —1.64 + 0.08 m a~land
—0.94 + 0.10 m a~! for the Olivares Alfa and Olivares Beta glaciers between 2013 and 2016 respectively,
using airborne LiDAR. Our results also showed similar rates: Olivares Alfa Glacier: —1.61 + 0.08 m a™!
and Olivares Beta Glacier: —1.39 + 0.08 m a~!. The slight difference may be related to the time span
and the dataset coverage (Table 1 and Supplementary Figure S6). Conversely, glaciers located in the
Colorado sub-basin seem to be in equilibrium after an important reduction of their area size (Figure 3),
as we observed in our elevation change results (2000-2015) (Figure 7 and Table 2). This may be related
to the new mean altitude of these glaciers, which in the case of Yeso 1 and 2, are nearly located at
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5000 m a.s.l., whereas in a prior period (1955-2000) both glaciers were part of a larger, lower-lying
glacier (Figure 3).
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Figure 8. Measured and previously reported glacier elevation changes for the Maipo River Basin.
Colours denote all the different studies with their respective error estimation. CA: central Andes,
OA: Olivares Alfa Glacier, OB: Olivares Beta Glacier, ECN: Echaurren Norte Glacier, BE: Bello Glacier,
YE: Yeso Glacier. Braun et al. [4] and Dussaillant et al. [10] estimated the elevation changes for CA,
which includes the Maipo River Basin.

We also calculated thinning rates for several debris-covered glaciers during the second study
period and we estimated that some of them are thinning at similar rates (Supplementary Figure S2).
Ayala et al. [26] showed that the glacier runoff contribution of the low-lying, debris-covered Piramide
Glacier is similar to that of the high-elevation, debris-free Bello and Yeso of the same sub-basin,
suggesting that elevation differences and debris cover can explain the similar mass balance of these
two types of glaciers [20]. In fact, when comparing the Echaurren Norte Glacier and Piramide Glacier
(debris-covered), which present a similar mean elevation (~3700 m a.s.1.), thinning rates at the Echaurren
Norte Glacier are twice of those at the Piramide Glacier (Figure 7). Hence, although the Piramide
Glacier presents negative rates, the supraglacial debris clearly reduces the thinning compared with
debris-free surfaces at the same elevation. Nevertheless, it is likely that ice cliffs and supraglacial
lakes are playing a key role by enhancing the total ablation [66,67]. Ice cliffs on debris-covered glaciers
have been identified as “hot-spots” and hence as major contributors of mass loss, which outplay
the insulating role of debris cover. This phenomenon was confirmed by the LIDAR measurements,
which show strong ablation at several ice cliffs and supraglacial lakes with depths of up to 40 m on the
Piramide Glacier (Supplementary Figures S3, 54, and S6). Other debris-covered glaciers in the region
were also displaying ice cliffs and supraglacial lakes in the SRTM and TanDEM-X elevation changes
(Supplementary Figure S4), but further monitoring studies with high-resolution data (e.g., LIDAR) are
required to understand the role of ice cliffs in the mass balance of debris-covered glaciers at the basin
or region scale in the central Andes.

We observed signals of surge in some glaciers, although not with the same magnitude as in other
regions, e.g., Himalaya [68]. Overall, only a few surging glaciers have been the focus of historically
detailed studies in the central Andes, such as the Horcones Inferior [69,70] and Grande del Nevado [71,72]
in Argentina, and Cachapoal Glacier in Chile [73]. Other surge events were reported in the past by
Lliboutry [35], such as those of Juncal Sur (1947), Nieves Negras (1927), and Glaciar del Rio (1935).
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However, we did not observe clear surge events in those glaciers between 1955 and 2000, with the
exception of Nieves Negras Glacier. Instead, there were small signals of surge at Picos del Barroso,
Loma Larga, Sierra Bella, Azufre (Tupungatito volcanic complex), and Oeste del Cerro Alto Glaciers
(Supplementary Figure S5). For the second period, our results also confirmed small signals of surge-type
behaviour for a few glacier systems, as noted by Falaschi et al. [74], in glaciers such as Loma Larga,
Qeste del Cerro Alto, and Sierra Bella.

6. Conclusions

In this study, we have estimated the long-term region-wide glacier elevation and mass changes
for the Maipo River Basin in the central Chilean Andes, which was previously sparsely investigated.
We estimated a glacier mass balance of —0.12 + 0.06 m w.e.a! with a total mass loss of 2.43 + 0.26 Gt for
the glaciers throughout the Maipo River Basin between 1955 and 2013. Heterogeneous spatial patterns in
the elevation changes were observed between sub-basins in the first period (1955-2000), and an increase
in the thinning rates in the following analysed period (2000-2013). A strong acceleration in the
thinning rates was found until 2015, where fifteen glaciers were observed using in-situ techniques.
The acceleration of glacier thinning after 2010 is coincident with the current severe dry period
(2010 onwards) in the central Andes of Chile and Argentina.

Over the entire study period, the most negative glacier mass balance was found in glaciers located
in the Olivares sub-basin. This large mass loss may be attributed to a decreasing surface albedo and less
precipitation amounts in comparison with the southern sub-basins. However, additional studies are
required to elucidate the relationship between dust on the glacier surface and anthropogenic activities
(e.g., mining and transport of city pollution to mountain areas).

Our results provide the first long-term spatio-temporal glacier elevation and mass change analysis,
and again prove the feasibility of using remote sensing techniques to monitor glaciers. However, it
is critical to extend the field glacier monitoring over the basin, due the relevance of glaciers in the
Maipo River Basin. Here, we also provide a key dataset to further validate hydrological projections as
well as for the implementation of water management plans, as the demand for water resources has
been considerably increasing during the last decades.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/12/10/1658/s1:
Figure S1: Melt conditions and bare ice upper sections of (a) Bello Glacier and (b) Yeso Glacier at 4600 m a.s.1.
Photographs taken by Geoestudios© on 27 March 2013, which is approximately 4 days after the TanDEM-X
acquisition. Hence, we discard any radar signal penetration at this altitude. Figure S2: Basic glaciological
parameters plot. Elevation change in percentage (%) per number of glaciers in relation to size interval (km?).
* corresponds to very small glaciers (<0.05 km?) in the first glacier inventory (1955-2000), which were not
taken into account. Figure S3: Selected debris-covered glaciers in Maipo catchment from 2000 to 2013. (a), (c),
(d) unnamed glaciers, (b) Piramide, and (e) Cerro Castillo glaciers, with their respective mean elevation change
rates (m a~!). Figure S4: Elevation change maps of the Piramide debris-covered glacier, derived between LiDAR'’s
2012 and 2015. (a) corresponds to the entire glacier, (b) and (c) correspond to a specific section with supraglacial
lakes with their respective profiles. Profile A-A’ is display in Supplementary Figure S7. Figure S5: Elevation
changes maps (m) between 1955 and 2000 (a—e) and 2000-2013 (f-i) of some small signal of surge derived
from positive elevation changes at the glacier front: (a) corresponds to Sierra Bella Glacier, (b) Azufre Glacier
(Tupungaiito volcanic complex), (c) Loma Larga Glacier, (d) Nieves Negras Glacier, and (e) Cerro Castillo, between
1955 and 2000. (f) corresponds to Sierra Bella, (g) Oeste del Cerro Alto, (h) Loma Larga, and (i) Cerro Castillo
glaciers, between 2000 and 2013. Figure S6: Glacier elevation changes measured with airborne LiDAR (a) Juncal
Sur Glacier, (b) Olivares Gama Glacier, (c) Olivares Beta Glacier, (d) Olivares Alfa Glacier correspond to the 2011
and 2015 period. (e) Esmeralda Glacier, (f) La Paloma Glacier, (g) Rincon Glacier, (h) Cerro del Plomo Glacier,
(i) Bello Glacier, (j) Yeso Glacier, (k) Yeso 1 Glacier, (1) Yeso 2 Glacier, (m) Pirdmide Glacier were measured
bewteen 2012 and 2015. (n) Echaurren Norte Glacier, (0) San Francisco Glacier correspond to the 20092015 period.
Figure S7: Piramide Glacier located at the elevation range of 3200-4100 m a.s.l. Several ice cliffs and supraglacial
lakes, which enhance negatives elevation change rates. (b) corresponds to the supraglacial lake from Figure S4b.

Author Contributions: Conceptualization, D.F.-B., A.A.and CB.; methodology, D.E-B. and T.S.; software, D.F.-B.,
T.S. and S.V. (Saurabh Vijay); formal analysis, D.F.-B.; investigation, D.F.-B., M.S. and A.A.; resources, M.H.B.;
data curation, D.F.-B.; writing—original draft preparation, D.F.-B.; visualization, D.E-B., EB. and S.V. (Sebastian
Vivero); supervision, M.H.B.; funding acquisition, M.H.B., and G.C. All authors have read and providing a critical
discussion of results and agreed to the published version of the manuscript.


http://www.mdpi.com/2072-4292/12/10/1658/s1

Remote Sens. 2020, 12, 1658 16 of 19

Funding: We thank the financial support by the German Research Foundation DFG under grant BR 2105/14-1,
the German Space Agency (DLR), and the Ministry of Economy (BMWi) under contract 50EE1544, and the
support by the Chilean National Science Foundation (Fondecyt) under grant agreement N° 1161130 “Present and
future projections of glacier extent and water yield at Maipo basin in Central Chile”. The University of
Erlangen—-Nuremberg supported this study from its Open Access Publishing fund.

Acknowledgments: We greatly acknowledge the Chilean Transparency Agency and the Water Directorate of Chile
(DGA) for the LiDAR data. The director Crl. J. Riquelme and deputy director Tte. Crl. C. Prado from the Instituto
Geografico Militar (IGM) kindly provided invaluable historical data. Landsat TM and SRTM-C were kindly
provided by USGS. D. Farias and C. Bravo acknowledge the support from Agencia Nacional de Investigacion y
Desarrollo de Chile (ANID) through the Chilean scholarship program for both PhD studies. D. Farias thanks

project F413 and Frankischen Geographischen Gesellschaft for funding a field trip. A. Ayala acknowledges the
research collaboration “Glacier runoff contributions in the Maipo River catchment” between the Fundacién para la
Transferencia Tecnolégica (UNTEC), Santiago, Chile, and ETH Zurich, Switzerland, CONICYT-Program Regional
R16A10003, Shelley MacDonell for support at CEAZA, and CONICYT-Fondecyt 3190732 grant. We thank Thomas
Shaw for revising the English of our manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funding sponsors had no role in the design of
the study; in the collection, analyses or interpretation of data; in the writing of the manuscript, and in the decision
to publish the results.

References

1. Cogley, ].G.; Hock, R.; Rasmussen, L.A.; Arendt, A.A.; Bauder, A.; Braithwaite, R.].; Jansson, P; Kaser, G.;
Moller, M.; Nicholson, L. Glossary of Glacier Mass Balance and Related Terms; IHP-VII Technical Documents in
Hydrology No. 86, IACS Contribution No. 2; UNESCO-IHP: Paris, France, 2011.

2. Hock, R.; Rasul, G.; Adler, C.; Céceres, B.; Gruber, S.; Hirabayashi, Y.; Jackson, M.; Kaéb, A.; Kang, S.;
Kutuzov, S.; et al. High Mountain Areas. In IPCC Special Report on Ocean and the Cryosphere in a Changing
Climate (SROCC); IPCC: Geneva, Switzerland, 2019.

3. Huss, M.; Hock, R. A new model for global glacier change and sea-level rise. Front. Earth Sci. 2015, 3, 54.
[CrossRef]

4.  Braun, M.H.; Malz, P.; Sommer, C.; Farias Barahona, D.; Sauter, T.; Casassa, G.; Soruco, A.; Skvarca, P;
Seehaus, T.C. Constraining glacier elevation and mass changes in South America. Nat. Clim. Chang. 2019, 9,
131-136. [CrossRef]

5. Zemp, M.; Huss, M.; Thibert, E.; Eckert, N.; McNabb, R.; Huber, J.; Barandun, M.; Machguth, H,;
Nussbaumer, S.U.; Gértner-Roer, I.; et al. Global glacier mass changes and their contributions to sea-level
rise from 1961 to 2016. Nature 2019, 568, 382-386. [CrossRef] [PubMed]

6. Bamber, J.L.; Rivera, A. A review of remote sensing methods for glacier mass balance determination.
Glob. Planet. Chang. 2007, 59, 138-148. [CrossRef]

7. Fischer, M.; Huss, M.; Kummert, M.; Hoelzle, M. Application and validation of long-range terrestrial laser
scanning to monitor the mass balance of very small glaciers in the Swiss Alps. Cryosphere 2016, 10, 1279-1295.
[CrossRef]

8. Molg, N.; Bolch, T. Structure-from-Motion Using Historical Aerial Images to Analyse Changes in Glacier
Surface Elevation. Remote Sens. 2017, 9, 1021. [CrossRef]

9. Berthier, E.; Vincent, C.; Magntsson, E.; Gunnlaugsson, A.P.; Pitte, P; Le Meur, E.; Masiokas, M.; Ruiz, L.;
Palsson, F,; Belart, ].M.C,; et al. Glacier topography and elevation changes derived from Pléiades sub-meter
stereo images. Cryosphere 2014, 8, 2275-2291. [CrossRef]

10. Dussaillant, I; Berthier, E.; Brun, F.; Masiokas, M.; Hugonnet, R.; Favier, V.; Rabatel, A ; Pitte, P.; Ruiz, P.
Two decades of glacier mass loss along the Andes. Nat. Geosci. 2019, 12, 802-808. [CrossRef]

11. Rivera, A.; Casassa, G.; Acuiia, C.; Lange, H. Variaciones recientes de glaciares en Chile. Investig. Geogr.
2000, 34, 29-60. [CrossRef]

12. Casassa, G.; Rivera, A.; Schwikowski, M. Glacier mass-balance data for southern South America (30°5-56°S).
In Glacier Science and Environmental Change; Knight, P., Ed.; Blackwell Science Ltd.: Hoboken, NJ, USA, 2006;
pp. 239-241.

13.  Zemp, M.; Frey, H.; Gartner-Roer, I.; Nussbaumer, S.U.; Hoelzle, M.; Paul, F.; Haeberli, W.; Denzinger, E.;
Ahlstrom, A.P.; Anderson, B.; et al. Historically unprecedented global glacier decline in the early 21st century.
J. Glaciol. 2015, 61, 745-762. [CrossRef]


http://dx.doi.org/10.3389/feart.2015.00054
http://dx.doi.org/10.1038/s41558-018-0375-7
http://dx.doi.org/10.1038/s41586-019-1071-0
http://www.ncbi.nlm.nih.gov/pubmed/30962533
http://dx.doi.org/10.1016/j.gloplacha.2006.11.031
http://dx.doi.org/10.5194/tc-10-1279-2016
http://dx.doi.org/10.3390/rs9101021
http://dx.doi.org/10.5194/tc-8-2275-2014
http://dx.doi.org/10.1038/s41561-019-0432-5
http://dx.doi.org/10.5354/0719-5370.2000.27709
http://dx.doi.org/10.3189/2015JoG15J017

Remote Sens. 2020, 12, 1658 17 of 19

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Malmros, ].K.; Mernild, S.H.; Wilson, R.; Fensholt, R.; Yde, J.C. Glacier area changes in the central Chilean
and Argentinean Andes 1955-2013/2014. J. Glaciol. 2016, 62, 391-401. [CrossRef]

Carrasco, ].; Casassa, G.; Quintana, J. Changes of the 0 °C isotherm in central Chile during the last quarter of
the XXth Century. Hydrol. Sci. J. 2005, 50, 933-948. [CrossRef]

Pellicciotti, F.; Burlando, P.; Van Vliet, K. Recent trends in precipitation and streamflow in the Aconcagua
River Basin, central Chile. In Glacier Mass Balance Changes and Meltwater Discharge (Selected Papers from Sessions
at the IAHS Assembly in Foz do Iguagu, Brazil, 2005); IAHS Publ.: Wallingford, Oxfordshire, UK, 2007; p. 318.
Falvey, M.; Garreaud, R. Regional cooling in a warming world: Recent temperature trends in the southeast
Pacific and along the west coast of subtropical South America (1979-2006). J. Geophys. Res. 2009, 114, D04102.
[CrossRef]

Boisier, J.P.; Rondanelli, R.; Garreaud, R.; Mufioz, F. Anthropogenic and natural contributions to the Southeast
Pacific precipitation decline and recent megadrought in Central Chile. Geophys. Res. Lett. 2016, 43, 413-421.
[CrossRef]

Garreaud, R.; Alvarez-Garreton, C.; Barichivich, ].; Boisier, J.P.; Christie, D.; Galleguillos, M.; LeQuesne, C.;
McPhee, J.; Zambrano-Bigiarini, M. The 2010-2015 mega drought in Central Chile: Impacts on regional
hydroclimate and vegetation. Hydrol. Earth Syst. Sci. 2017, 21, 6307-6327. [CrossRef]

Burger, F; Ayala, A.; Farias, D.; Shaw, T.; MacDorell, S.; Brock, B.; McPhee, ].; Pelliciotti, F. Interannual
variability in glacier contribution to runoff from a high-elevation Andean catchment: Understanding the role
of debris cover in glacier hydrology. Hydrol. Process 2019, 33, 214-229. [CrossRef]

Escobar, F.; Casassa, G.; Pozo, V. Variaciones de un glaciar de montafia en los Andes de Chile central en las
ultimas dos décadas. Bull. Inst. Fr. Etudes Andin. 1995, 24, 683—695.

Masiokas, M.H.; Christie, D.A.; Le Quesne, C.; Pitte, P.; Ruiz, L.; Villalba, R.; Luckman, B.H.; Berthier, E.;
Nussbaumer, S.U.; Gonzalez-Reyes, A.; et al. Reconstructing the annual mass balance of the Echaurren Norte
glacier (Central Andes, 33.5, S) using local and regional hydroclimatic data. Cryosphere 2016, 10, 927-940.
[CrossRef]

Farias-Barahona, D.; Vivero, S.; Casassa, G.; Schaefer, M.; Burger, F; Seehaus, T.; Iribarren-Anacona, P;
Escobar, F.; Braun, M.H. Geodetic mass balances and area changes of Echaurren Norte Glacier (Central
Andes, Chile) between 1955 and 2015. Remote Sens. 2019, 11, 260. [CrossRef]

Falaschi, D.; Lenzano, M.G.; Tadono, T.; Vich, A.I; Lenzano, L.E. Balance de masa geodésico 2000-2011 de
los glaciares de la cuenca del rio Atuel, Andes Centrales de Mendoza (Argentina). Geoacta 2018, 42, 7-22.
Garreaud, R.; Boisier, ].P; Rondanelli, R.; Montecinos, A.; Septlveda, H.; Veloso—Aguila, D. The Central Chile
Mega Drought (2010-2018): A Climate dynamics perspective. Int. ]. Climatol. 2020, 40, 421-439. [CrossRef]
Ayala, A.; Pellicciotti, F.; MacDonell, S.; McPhee, ].; Vivero, S.; Campos, C.; Egli, P. Modelling the hydrological
response of debris-free and debris-covered glaciers to present climatic conditions in the semiarid Andes of
central Chile. Hydrol. Process 2016, 30, 4036—4058. [CrossRef]

Bravo, C.; Loriaux, T.; Rivera, A.; Brock, B.W. Assessing glacier melt contribution to streamflow at Universidad
Glacier, central Andes of Chile. Hydrol. Earth Syst. Sci. 2017, 21, 3249-3266. [CrossRef]

Montecinos, A.; Aceituno, P. Seasonality of the ENSO-related rainfall variability in central Chile and
associated circulation anomalies. . Clim. 2003, 16, 281-296. [CrossRef]

Viale, M.; Garreaud, R. Orographic effects of the subtropical and extratropical Andes on upwind precipitating
clouds. J. Geophys. Res. 2015, 120, 4962-4974. [CrossRef]

Garreaud, R. Warm winter storms in Central Chile. |. Hydrometeorol. 2013, 14, 1515-1534. [CrossRef]

Viale, M.; Garreaud, R. Summer precipitation events over the western slope of the subtropical Andes.
Mon. Wea. Rev. 2014, 142, 1074-1092. [CrossRef]

Masiokas, M.H.; Villalba, R.; Luckman, B.H.; Le Quesne, C.; Aravena, J.C. Snowpack variations in the central
Andes of Argentina and Chile, 1951-2005: Large-scale atmospheric influences and implications for water
resources in the region. J. Clim. 2006, 19, 6334-6352. [CrossRef]

Barcaza, G.; Nussbaumer, S.; Tapia, G.; Valdés, J.; Garcia, J.; Videla, Y.; Albornoz, A.; Arias, V. Glacier
inventory and recent glacier variations in the Andes of Chile, South America. Ann. Glaciol. 2017, 58, 1-15.
[CrossRef]

Marangunic, C. Inventario de Glaciares. Hoya del rio Maipo. Direcciéon General de Aguas, Publicacion G-2,
Santiago. Technical Report 1979. Available online: www.dga.cl (accessed on 13 April 2020).


http://dx.doi.org/10.1017/jog.2016.43
http://dx.doi.org/10.1623/hysj.2005.50.6.933
http://dx.doi.org/10.1029/2008JD010519
http://dx.doi.org/10.1002/2015GL067265
http://dx.doi.org/10.5194/hess-21-6307-2017
http://dx.doi.org/10.1002/hyp.13354
http://dx.doi.org/10.5194/tc-10-927-2016
http://dx.doi.org/10.3390/rs11030260
http://dx.doi.org/10.1002/joc.6219
http://dx.doi.org/10.1002/hyp.10971
http://dx.doi.org/10.5194/hess-21-3249-2017
http://dx.doi.org/10.1175/1520-0442(2003)016&lt;0281:SOTERR&gt;2.0.CO;2
http://dx.doi.org/10.1002/2014JD023014
http://dx.doi.org/10.1175/JHM-D-12-0135.1
http://dx.doi.org/10.1175/MWR-D-13-00259.1
http://dx.doi.org/10.1175/JCLI3969.1
http://dx.doi.org/10.1017/aog.2017.28
www.dga.cl

Remote Sens. 2020, 12, 1658 18 of 19

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Mikhail, E.M.; Bethel, J.S.; McGlone, J.C. Introduction to Modern Photogrammetry; John Wiley and Sons Inc.:
New York, NY, USA, 2001.

Lliboutry, L. Nieves y Glaciares de Chile: Fundamentos de Glaciologia, Ediciones de la Universidad de Chile 1956;
Universidad de Chile: Santiago, RM, Chile, 1956.

Paul, F; Huggel, C.; Kdédb, A. Combining satellite multispectral image data and a digital elevation model for
mapping debris-covered glaciers. Remote Sens. Environ. 2004, 89, 510-518. [CrossRef]

Farr, T.G.; Rosen, P.; Caro, E.; Crippen, R.; Duren, R.; Hensley, S.; Kobrick, M.; Paller, M.; Rodriguez, E.;
Roth, L.; et al. The Shuttle Radar Topography Mission. Rev. Geophys. 2007, 45, RG2004. [CrossRef]

Krieger, G.; Moreira, A.; Fiedler, H.; Hajnsek, I.; Werner, M.; Younis, M.; Zink, M. TanDEM-X: A satellite
formation for high-resolution SAR interferometry. IEEE Trans. Geosci. Remote Sens. 2007, 45, 3317-3341.
[CrossRef]

Seehaus, T.; Malz, P.; Sommer, C.; Lippl, S.; Cochachin, A.; Braun, M. Changes of the tropical glaciers
throughout Peru between 2000 and 2016 — mass balance and area fluctuations. Cryosphere 2019, 13, 2537-2556.
[CrossRef]

Vijay, S.; Braun, M.H. Elevation Change Rates of Glaciers in the Lahaul-Spiti (Western Himalaya, India)
during 2000-2012 and 2012-2013. Remote Sens. 2016, 8, 1038. [CrossRef]

Goldstein, R.M.; Werner, C.L. Radar interferogram filtering for geophysical applications. Geophys. Res. Lett.
1998, 25, 4035-4038. [CrossRef]

Costantini, M. A novel phase unwrapping method based on network programming. IEEE Trans. Geosci. Remote
Sens. 1998, 36, 813-821. [CrossRef]

Nuth, C.; Kdédb, A. Co-registration and bias corrections of satellite elevation data sets for quantifying glacier
thickness change. Cryosphere 2011, 5, 271-290. [CrossRef]

Malz, P; Meier, E.; Casassa, G.; Jafa, R.; Skvarca, P.; Braun, M. Elevation and mass changes of the Southern
Patagonia Icefield derived from TanDEM-X and SRTM data. Remote Sens. 2018, 10, 188. [CrossRef]
Farias-Barahona, D.; Sommer, C.; Sauter, T.; Bannister, D.; Seehaus, T.; Malz, P; Casassa, G.; Mayewski, P.A;
Turton, J.V.; Braun, M.H. Detailed quantification of glacier elevation and mass changes in South Georgia.
Environ. Res. Lett. 2020, 15, 034036. [CrossRef]

Huss, M. Density assumptions for converting geodetic glacier volume change to mass change. Cryosphere
2013, 7, 877-887. [CrossRef]

DGA. Levantamiento Topografico Ldser Aerotransportado para los Glaciares Echaurren Norte y San Francisco;
Technical Report; Terra Remote Sensing Inc.: Sidney, BC, Canada, 2009.

DGA. Levantamiento Laser Aerotransportado de los Glaciares Cipreses, Cortaderal y Palomo, Cuenca del rio Cachapoal,
Zona Central, Chile; Technical Report; Terra Remote Sensing Inc.: Sidney, BC, Canada, 2011.

DGA. Modelo Digital de Elevacion de Centros Montafiosos y Glaciares de las Zonas Glaciolégicas Norte y Centro,
Mediante LiDAR Aerotranpsortado; Technical Report; Digimapas: Santiago, Chile, 2015.

Paul, F; Barrand, N.E.; Baumann, S.; Berthier, E.; Bolch, T.; Casey, K.; Frey, H.; Joshi, S.P.; Konovalov, V.;
Bris, R.L. On the accuracy of glacier outlines derived from remote-sensing data. Ann. Glaciol. 2013, 54,
171-182. [CrossRef]

Rolstad, C.; Haug, T.; Denby, B. Spatially integrated geodetic glacier mass balance and its uncertainty based
on geostatistical analysis: Application to the western Svartisen ice cap, Norway. J. Glaciol. 2009, 55, 666—680.
[CrossRef]

Dussaillant, I.; Berthier, E.; Brun, F. Geodetic Mass Balance of the Northern Patagonian Icefield from 2000 to
2012 Using Two Independent Methods. Front. Earth Sci. 2018, 6, 8. [CrossRef]

Falaschi, D.; Bolch, T.; Rastner, P.; Lenzano, M.G.; Lenzano, L.; Lo Vecchio, A.; Moragues, S. Mass changes of
alpine glaciers at the eastern margin of the Northern and Southern Patagonian Icefields between 2000 and
2012. J. Glaciol. 2017, 63, 258-272. [CrossRef]

Rignot, E.; Rivera, A.; Casassa, G. Contribution of the Patagonia Icefields of South America to Sea Level Rise.
Science 2003, 302, 434-437. [CrossRef] [PubMed]

Rivera, A.; Benham, T.; Casassa, G.; Bamber, J.; Dowdeswell, J.A. Ice elevation and areal changes of glaciers
from the Northern Patagonia Icefield, Chile. Glob. Planet. Chang. 2007, 59, 126-137. [CrossRef]

Bown, F; Rivera, A.; Acufia, C. Recent glacier variations at the Aconcagua basin, central Chilean Andes.
Ann. Glaciol. 2008, 48, 43-48. [CrossRef]


http://dx.doi.org/10.1016/j.rse.2003.11.007
http://dx.doi.org/10.1029/2005RG000183
http://dx.doi.org/10.1109/TGRS.2007.900693
http://dx.doi.org/10.5194/tc-13-2537-2019
http://dx.doi.org/10.3390/rs8121038
http://dx.doi.org/10.1029/1998GL900033
http://dx.doi.org/10.1109/36.673674
http://dx.doi.org/10.5194/tc-5-271-2011
http://dx.doi.org/10.3390/rs10020188
http://dx.doi.org/10.1088/1748-9326/ab6b32
http://dx.doi.org/10.5194/tc-7-877-2013
http://dx.doi.org/10.3189/2013AoG63A296
http://dx.doi.org/10.3189/002214309789470950
http://dx.doi.org/10.3389/feart.2018.00008
http://dx.doi.org/10.1017/jog.2016.136
http://dx.doi.org/10.1126/science.1087393
http://www.ncbi.nlm.nih.gov/pubmed/14564005
http://dx.doi.org/10.1016/j.gloplacha.2006.11.037
http://dx.doi.org/10.3189/172756408784700572

Remote Sens. 2020, 12, 1658 19 of 19

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Rabatel, A.; Castebrunet, H.; Favier, V.; Nicholson, L.; Kinnard, C. Glacier changes in the Pascua-Lama region,
Chilean Andes (29° S): Recent mass balance and 50 yr surface area variations. Cryosphere 2011, 5, 1029-1041.
[CrossRef]

Jacques-Coper, M.; Garreaud, R. Characterization of the 1970s climate shift in South America. Int. J. Climatol.
2014, 35, 2164-2179. [CrossRef]

Gonzélez-Reyes, A.; McPhee, J.; Christie, D.A.; Le Quesne, C.; Szejner, P; Masiokas, M.H.; Villalba, R.; Mufioz, A.A.;
Crespo, S. Spatiotemporal Variations in Hydroclimate across the Mediterranean Andes (30°-37° S) since the Early
Twentieth Century. J. Hydrometeorol. 2017, 18, 1929-1942. [CrossRef]

Burger, F.; Brock, B.; Montecinos, A. Seasonal and elevation contrasts in temperature trends in Central Chile
between 1979 and 2015. Glob. Planet. Chang. 2018, 162, 136-147. [CrossRef]

Wouters, B.; Gardner, A.S.; Moholdt, G. Global glacier mass loss during the GRACE Satellite Mission
(2002-2016). Front. Earth Sci. 2019, 7, 96. [CrossRef]

Barcaza, G.; Segovia, A.; Farias, D.; Huenante, .; Varela, B.; Gonzalez, D.; Vergara, A. Surface elevation change
of Andean glaciers in Central Chile, based upon airborne laser altimetry and ground-truth GPS measurements.
In Proceedings of the 26th International Union Geodesy and Geophysics, Prague, Czech Republic,
22 June-2 July 2015.

Geoestudios, S.A. Implementacion Nivel 2 Estrategia Nacional de Glaciares: Mediciones Glacioldgicas Terrestres en
Chile Central, Zona Sur y Patagonia. S.1.T. 327; Direccién General de Aguas: Santiago, Chile, 2013.
Hernandez, J.; Paredes, P.; Carrion, D.; Rivera, A. Ice elevation changes surveyed with Airborne laser
scanning data. In Proceedings of the First IEEE International Symposium of Geoscience and Remote Sensing
(GRSS-CHILE), Valdivia, Chile, 15-16 June 2017. [CrossRef]

Reid, T.; Brock, B. Assessing ice-cliff backwasting and its contribution to total ablation of debris-covered
Miage glacier, Mont Blanc massif, Italy. J. Glaciol. 2014, 60, 3-13. [CrossRef]

Brun, F.; Wagnon, P; Berthier, E.; Shea, ]. M.; Immerzeel, WW.; Kraaijenbrink, P.D.A.; Vincent, C.; Reverchon, C.;
Shrestha, D.; Arnaud, Y. Ice cliff contribution to the tongue-wide ablation of Changri Nup Glacier, Nepal,
central Himalaya. Cryosphere 2018, 12, 3439-3457. [CrossRef]

Rankl, M.; Braun, M. Glacier elevation and mass changes over the central Karakoram region estimated from
TanDEM-X and SRTM/X-SAR digital elevation models. Ann. Glaciol. 2016, 51, 273-281. [CrossRef]

Milana, J.P. A model of the Glaciar Horcones Inferior surge, Aconcagua region, Argentina. J. Glaciol. 2007, 53,
565-572. [CrossRef]

Pitte, P.; Berthier, E.; Masiokas, M.H.; Cabot, V.; Ruiz, L.; Ferri Hidalgo, L.; Gargantini, H.; Zalazar, L.
Geometric evolution of the Horcones Inferior Glacier (Mount Aconcagua, Central Andes) during the
2002-2006 surge: Horcones Inferior Glacier Surge. J. Geophys. Res. 2016, 121, 111-127. [CrossRef]

Bruce, R.H.; Cabrera, G.; Leiva, ].C.; Lenzano, L. The 1985 surge and ice dam of Glaciar Grande del Nevado
del Plomo, Argentina. J. Glaciol. 1987, 33, 131-132. [CrossRef]

Espizua, L.E.; Bengochea, J.D. Surge of Grande del Nevado glacier (Mendoza, Argentina) in 1984: Its evolution
through satellite images. Geogr. Ann. 1990, 72, 255-259. [CrossRef]

Pefia, H.; Klohn, W. Hidrologia de desastres en Chile: Crecidas catastroficas recientes de origen meterologicos.
Rev. de la Soc. Chil. de Ing. Hidraiilica 1990, 5, 21-38.

Falaschi, D.; Bolch, T.; Lenzano, G.; Tadono, T.; Lo Vecchio, A.; Lenzano, L. New evidence of glacier surges in
the Central Andes of Argentina and Chile. Progr. Phys. Geogr. 2018, 42, 792-825. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.5194/tc-5-1029-2011
http://dx.doi.org/10.1002/joc.4120
http://dx.doi.org/10.1175/JHM-D-16-0004.1
http://dx.doi.org/10.1016/j.gloplacha.2018.01.005
http://dx.doi.org/10.3389/feart.2019.00096
http://dx.doi.org/10.1109/GRSS-CHILE.2017.7996012
http://dx.doi.org/10.3189/2014JoG13J045
http://dx.doi.org/10.5194/tc-12-3439-2018
http://dx.doi.org/10.3189/2016AoG71A024
http://dx.doi.org/10.3189/002214307784409324
http://dx.doi.org/10.1002/2015JF003522
http://dx.doi.org/10.1017/S0022143000005475
http://dx.doi.org/10.1080/04353676.1990.11880321
http://dx.doi.org/10.1177/0309133318803014
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Study Area 
	Materials and Methods 
	Glacier Outlines 
	Glacier Elevation and Mass Changes 
	LiDAR Measurements 
	Uncertainties and Error Assessment 

	Results 
	Glacier Elevation and Mass Changes from Satellite Products 
	Glacier Elevation Changes with LiDAR 

	Discussion 
	Conclusions 
	References

