‘1 remote sensing

Article

Snow Cover Trends in the Chilean Andes Derived from 39 Years
of Landsat Data and a Projection for the Year 2050

Andreas J. Dietz 1*(0, Jonas Kohler 1@, Laura Obrecht 2(0, Sebastian Rofller 11, Celia A. Baumhoer 10,
Francisco Cereceda-Balic 3 and Freddy Saavedra *

check for
updates

Academic Editor: Hongyi Li

Received: 13 March 2025
Revised: 27 April 2025
Accepted: 29 April 2025
Published: 7 May 2025

Citation: Dietz, A.J.; Kohler, ].;
Obrecht, L.; Rofler, S.; Baumhoer, C.A.;
Cereceda-Balic, F.; Saavedra, F. Snow
Cover Trends in the Chilean Andes
Derived from 39 Years of Landsat Data
and a Projection for the Year 2050.
Remote Sens. 2025,17,1651. https://
doi.org/10.3390/rs17091651

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

German Remote Sensing Data Center (DFD), German Aerospace Center (DLR), Muenchener Strasse 20,

D-82234 Wessling, Germany; jonas.koehler@dlr.de (J.K.); sebastian.roessler@dlr.de (S.R.);

celia.baumhoer@dlr.de (C.A.B.)

Earth Observation Research Cluster, Institute of Geography and Geology, University of Wiirzburg,

D-97074 Wiirzburg, Germany; laura.obrecht@stud-mail.uni-wuerzburg.de

Centre for Environmental Technologies (CETAM) and Department of Chemistry, Universidad Técnica

Federico Santa Maria, Valparaiso 2340000, Chile; francisco.cereceda@usm.cl

4 Laboratorio de Teledeteccién Ambiental (TeleAmb), HUB Ambiental, Geography, Universidad de Playa
Ancha, Valparaiso 2340000, Chile; freddy.saavedra@upla.cl

*  Correspondence: andreas.dietz@dlr.de; Tel.: +49-8152-281511

Abstract: Snow cover is an important freshwater source in many mountain ranges around
the world and is heavily affected by climate change, often leading to reduced overall snow
cover availability and duration as well as shifts in seasonality. To monitor these changes
and long-term trends, the analysis of remote sensing is a commonly used tool, as data are
available consistently and for long time series. In this study we acquired and processed
the whole archive of available Landsat data between 1985 and 2024 for two catchments
in the Chilean Andes, Aconcagua and Rio Maipo, located in the Valparaiso and Santiago
de Chile metropolitan regions, respectively. We generated monthly Snow Line Elevation
(SLE) time series from the entire archive for both catchments and performed trend analyses
on these time series. Strong positive long-term SLE change rates of 11.25 m per year for
the Aconcagua catchment and 9.85 m to 15.65 m per year for the Rio Maipo catchment
were detected, indicating a decrease in snow cover as well as available freshwater from
snowmelt. The projection to the year 2050 revealed a potential loss of snow covered area of
up to 42% during summer months, with the SLE receding up to 231 m.

Keywords: Snow Line Elevation; hydrology; Andes Mountains; Landsat; mountain ecosystems;
snow; climate change; time series; water shortage; Aconcagua; Rio Maipo

1. Introduction

Santiago de Chile, the capital of the country, has experienced an exponential growth in
population and economy during the last years. In total, 7.1 million people out of 17.5 million
people in Chile are living in the metropolitan region of the capital of Chile [1]. Water from
snow and ice melt in the Andes Mountain range is one of the most important contributors
to water supply for irrigation, industries, and hydro-power generation in this region [2].
The Andes are often referred to as a “water tower”, providing the main source of freshwater
for Chile. Recent studies of retreating glaciers and snow cover reveal the fragile future of
the freshwater supply for the population of central Chile (33-37°S) [3]. Mid-tropospheric
warming in the central Andes increases the fraction of precipitation that falls as rain rather
than snow, leading to earlier melting and peaks in river runoff [4]. This can result in
flooding in winter and spring, followed by water shortages in late spring and summer [5].
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In addition to climate change, El Nifio and La Nifia can also play a crucial role in the
amount and extent of snowfall in the Andes Mountains. While the effect is generally bigger
in the northern regions, the area around the metropolitan region of Santiago de Chile is
influenced by such events as well [6], introducing more uncertainty into the prediction
of future developments. Reliable estimations of these future snow cover dynamics are,
however, of the highest importance for policy- and decision-makers, planners, and other
stakeholders in Chile.

In remote, high-altitude mountain regions, spaceborne Earth observation (EO) plays a
crucial role in acquiring snow cover information. While Bormann et al. [7] pointed out the
limited potential of medium-resolution remote sensing data (namely, MODIS) to quantify
long-term trends of snow cover in mountain areas [8], we claim that the higher-resolution
Landsat data provide the potential to detect trends and analyze Snow Line Elevation (SLE)
dynamics in high-altitude mountain ranges. The spatial resolution of 30 m is precise enough
to capture the complex processes in mountainous regions [9] while the long time series of
available data (since the mid-1980s) is sufficient to derive possible trends. This potential
was already demonstrated by Koehler et al. [10] for the European Alps and Wang et al. for
the Himalayas [11].

Several studies about the snow and glacier development in the Andes have been
conducted in the past: Cordero et al. [12] calculated snow cover extents for 22 zones in
the Andes using Landsat data from 1986 to 2018 and a binary classification scheme based
on a single threshold for NDSI data. Snow cover was found to decline at an average rate
of about —12% per decade across the entire study area. Saavedra et al. [13,14] identified
snow climate regions by elevation and timing of snow accumulation based on the MODIS
binary snow cover product, a promising approach based on the time series of a snow
cover index, and documented an elevation change of the snowline of 10-30 m per year
south of 29-30° using the 8-days MODIS snow product. Hanshaw et al. [15] calculated
the time series of glacial areas, lakes, and snow lines in the Andes from 1975 to 2012 by
using a multi-step classification scheme based on Landsat data. They reported serious
difficulties in delineating snow lines and therefore implemented a spectral mixture analysis
with the endmembers snow, ice, and shadow. A Landsat-based glacier study from Bolivia
highlighted the importance of both precipitation and temperature patterns for the SLE.
The authors concluded that a general rising trend of the SLE is visible from the data, but
because of the short time series, with the study being conducted in 2001, the results are not
significant [16].

Nonetheless, no study has yet approached the question of how the snow cover dy-
namics around the metropolitan region of Santiago de Chile have changed on a catchment
basis while relying on a Landsat-based snow classification together with a Digital Elevation
Model (DEM) to retrieve Snow Line Elevation time series. Our approach has the advan-
tage of being able to estimate SLE also during partly clouded conditions, increasing data
availability considerably.

In this context, the main objectives of this study are as follows:

e  Derive multi-decadal time series of SLE dynamics from Landsat data, starting from 1985;

e  Calculate SLE trends for the major catchments of central Chile, including SLE anoma-
lies on a monthly and seasonal basis; SLE trends on a seasonal basis, especially for
the dry season (January through March; JFM) and for October and November, where
runoff from snowmelt is greatest and runoff from glacier melt at its minimum;

e  Project the evolution of the SLE based on the derived trends for the potential SLE situ-
ation in the year 2050 and determine whether remote sensing-based data and methods
can be used to predict small-scale developments and changes of the cryosphere in the
Andes Mountains.
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The presented study showcases the successful application of the SLE method to the
Andes Mountains, a region where it had not been previously applied. Building on its proven
efficacy in the Carpathian Mountains [17] and European Alps [10,18], this study breaks new
ground by deriving SLE statistics seasonally for the first time. This innovative approach
provides more nuanced insights into the impact of climate change on the development of
seasonal snow cover, revealing distinct seasonal trends.

2. Study Area

With Aconcagua and Rio Maipo, the two most relevant catchments for the water supply
of Valparaiso and Santiago de Chile, respectively, have been selected as study areas. These
two catchments are situated in the western Main Cordillera east of the metropolitan region
of Santiago de Chile in the Mediterranean central Chile. Details about the investigated
catchments are summarized in Table 1. Both catchments are W-E-oriented and reach
elevations from sea level to 6961 m a.s.l (above sea level). SLE is known to decrease strongly
with latitude [13,19]. Considering the entire Andes, the SLE decreases from 5000 m a.s.l. at
10°S to 700 m a.s.1. at 38°S [13]. The day of year with the lowest SLE is usually in July for the
metropolitan region of Santiago de Chile, with an elevation of 2018 m 4 725 m [13]. At this
latitude (34°S), differences in SLE between the eastern and western sides of the Andes are
most pronounced because the mountains are particularly high, and the orographic effects
on local precipitation decrease further south, where elevations do not reach such high
values. North-facing, wind-sheltered slopes were found to have lower snow accumulation
than south-facing, wind-exposed hillslopes, suggesting that the radiation budget is more
important than wind transport [20].

Table 1. Statistics of investigated catchments. Glaciated area derived from the GLIMS Glacier
database. Rio Maipo has been divided into a western part (Rio Maipo 1) and an eastern part (Rio
Maipo 2) due to Landsat tile coverage.

River Total Area Max. Elevation Glaciated Area Melzl(i):r%gfgn;ul
Catchment [km?] [m a.s.l] [km?2] y
[m a.s.l.]
Aconcagua 7322 5748 46 2410
Maipo-1: west 6998 5193 6 2136
Maipo-2: east 4 838 6961 360 2020

The vegetation in the study region is limited to geomorphologically stable areas below
~3200 m a.s.l. [21] and consists of shrubs and small trees adapted to dry conditions in lower
elevations, which transition into grasses, mosses, and lichens in high-elevation zones. The
0 °C isotherm altitude of mean air temperature is estimated at 3600 m a.s.l. [22].

2.1. Aconcagua Catchment

The Aconcagua River is located at the boundary between semi-arid and central Chile.
The river basin has a total area of 7 322 km? [23]. Ohlanders et al. [24] have shown, for a
sub-catchment of the Aconcagua catchment (Juncal Basin), that glacier melt is the dominant
source of streamflow at times of high discharge. Snowmelt is dominant during spring
(mid-October to mid-November), which makes these months especially interesting to
our study. Trend analysis of streamflow at several stations in the Aconcagua basin has
revealed a significant decreasing trend for the period from 1970 to 2002 [25,26]. In contrast
to streamflow, precipitation did not show a decreasing trend, suggesting that the decrease
in streamflow during this period was due to changes in glacier volume and area.
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2.2. Rio Maipo Catchment

With Santiago de Chile in the center, the Rio Maipo river basin is the most populated
region of Chile. For the Rio Maipo catchment, we calculated SLE dynamics for two sub-
basins (Rio Maipo 1 in the west and Rio Maipo 2 in the east), partially due to the reason
that the Rio Maipo catchment is covered by two adjacent Landsat tiles, leading to shifted
observation dates. An overview of the study site and the location of the catchments is

available in Figure 1.

7 o Cities

[ Catchments
Elevation
Meters a.m.s.l.
5 6961

-

RKiomet ‘
llometers
N O

68

Figure 1. Overview of the study region. Catchment boundaries refer to the HydroBASINS dataset [23].
The Rio Maipo catchment has been divided into a western part (Rio Maipo 1) and an eastern part
(Rio Maipo 2) due to topographic conditions and Landsat tile borders.

2.3. Climate

In central Chile, summers are dry and precipitation—mainly of frontal and orographic
origin—concentrates on winter months. During summer months, precipitation is low
due to the blocking of a high-pressure cell over the south-east Pacific Ocean [27], while
runoff is at its maximum during the same months [28]. On average, most precipitation
occurs between May and August, with 62% of the total precipitation occurring during the
winter months (June through August; JJA). During the summer months (December through
February; DJF) precipitation is less than 2% of the annual sum [26].

The metropolitan region of Santiago de Chile experiences great interannual variability
of precipitations due to large-scale modes such as the El Nifio-Southern Oscillation (ENSO)
and Southern Annular Mode (SAM). As indicated in the introduction, El Nifio and La
Nifia can have a significant impact on the amount of snowfall, particularly in the northern
regions of the Andes [6]. Cordero et al. [12] have shown that changes in El Nifio account
for most of the Andean snow cover losses, as El Nifio determines Sea Surface Temperature
(SST) anomalies, resulting in altered precipitation regimes. The decline in snow cover is
more pronounced on the western side of the Andes than on the eastern side [12,14]. Rainfall
shows positive anomalies during the developing stage of warm events of the Southern
Oscillation, while cold events correspond to dry conditions [27].

Between 1975 and 2001, the central Andes experienced an air temperature increase
of approximately 0.25 °C per decade [29]. This temperature rise caused the 0 °C isotherm
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to shift upward by about 120 m in winter and roughly 200 m in summer between 30° and
38°S, as reported by Carrasco et al. [30]. Central Chile has been severely affected by a
so-called megadrought since 2010 [31,32], with reduced snowfall altering water supply to
its headwaters. Corripio et al. [28] have modeled SST increase impacts on the Aconcagua
catchments and found that runoff during the ablation season is likely to decrease in the
future after a short period of enhanced runoff due to effects caused by glacier melt. At the
same time, winter precipitation will not increase, depleting ice rapidly and leading to an
overall decrease in the glaciated area.

3. Materials and Methods

For the metropolitan region of Santiago de Chile, we generated time series of Snow
Line Elevation (SLE) for the Aconcagua and Rio Maipo catchments. Utilizing a modified
approach based on Hu et al. [18], and further refined by Koehler et al. [10] for large-
scale applications, we computed SLE values from Landsat data spanning nearly four
decades (1985-2024). To ensure data quality, the SLE observations underwent a reliability
filtering process, followed by a resampling to obtain monthly means. Any data gaps were
subsequently filled using linear interpolation, resulting in a continuous and evenly spaced
time series of monthly SLE observations.

3.1. Data

Our analysis leveraged the Landsat sensor family, which provided a unique opportu-
nity to generate extensive time series of Snow Line Elevation (SLE) observations. A key
strength of Landsat data lies in its exceptional continuity, with regular and comparable
acquisitions dating back to 1985. The Landsat constellation offers a revisit time of 16 days,
which is further enhanced during periods when multiple Landsat sensors are operational,
thereby increasing the temporal resolution. This enables a detailed understanding of intra-
annual dynamics. With a spatial resolution of up to 30 m for multispectral bands, Landsat
makes a detailed mapping of land surface features possible, even in complex and frag-
mented mountainous regions. Furthermore, Landsat’s multispectral capabilities encompass
not only visible wavelengths but also near-infrared and short-wave infrared (SWIR) bands.
Additionally, the thermal sensor, with a resolution of 60 m, proves particularly valuable for
distinguishing between snow and clouds, a crucial aspect of SLE monitoring.

To optimize processing efficiency, we utilized Landsat Collection 2 Level-2 Tier 1
Surface Reflectance (SR) products, which offer atmospherically and topographically cor-
rected reflectance values. These corrections enable seamless comparability across multiple
Landsat sensors, facilitating robust time series analysis [33]. The study area was covered
by six Landsat tiles, encompassing acquisition paths 232, 233, and 234, with data provided
by the United States Geological Survey (USGS). In total, we processed 5261 scenes, with
each tile contributing between 1041 and 1069 scenes. Notably, data coverage increased in
recent years due to the concurrent operation of multiple Landsat sensors. We chose not to
apply a cloud cover threshold for data exclusion, as the SLE is derived at the catchment
level, which typically constitutes a subset of the entire scene and may be less affected by
cloud cover. Moreover, as a statistical measure, the SLE can be estimated from a relatively
small subset of data, albeit with reduced reliability [10].

For the extraction of the SLE from Landsat-based snow classifications, we employed
the Copernicus Global Digital Elevation Model (DEM) as our topographic reference. Specifi-
cally, we utilized the GLO-30 variant, which provides a spatial resolution of one arc-second,
corresponding to the 30 m resolution of the Landsat data [34]. Given the significance of
snow as a hydrological parameter, we selected river catchments as the primary spatial unit
of analysis for SLE calculation. To define these catchments, we leveraged the HydroBASINS
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dataset, a product of the HydroSHEDS project [23], which provides a comprehensive and
standardized framework for hydrological analysis.

3.2. Snow Classification

As suggested by Hu et al. [18] and validated for the entire Alps region by Koehler
etal. [10], we utilized a threshold-based snow classification methodology. This approach
integrates a temperature and shadow thresholding strategy as outlined by the Satellite
Snow Product Intercomparison and Evaluation Exercise (SnowPEx) [35] and an index-
based thresholding scheme originally designed for MODIS [36-38]. In this methodology,
potential snow pixels are identified through a decision tree that examines thresholds in
the green and near-infrared (NIR) spectral bands, as well as spectral indices including the
normalized difference snow index (NDSI) [39] and the normalized difference vegetation
index (NDVI) [37,40]. The subsequent application of several masks refines the snow classi-
fication: A temperature mask for values exceeding 288 K excludes pixels with temperatures
too high for snow occurrence, while a combination of the normalized difference water
index (NDWI > 0) [41] and reflectance in the visible green band (<0.2) delineates water
bodies. Additionally, a combination of low values in the short-wave infrared (SWIR, <0.02),
green (<0.2), and NDVI (<0.1) identifies topographical shadows. Finally, a cloud mask
based on the FMASK algorithm [42] is applied. The binary cloud mask is generated from
the pixel quality bands within the SR data. The NDSI, derived from the green and SWIR
bands, plays a pivotal role in snow classification but is subject to limitations under certain
conditions, such as the presence of water bodies and dense forests, which can result in false
classification. To mitigate these limitations, we introduced a normalized difference between
the blue and NIR bands to the classification scheme, enhancing the ability to differentiate
snow from sunlit rock, bare soil, water, and clouds. The resultant classification encompasses
the categories “clear land”, “snow”, “clouds”, “water/shadow”, and “no data”.

The efficiency of the classification scheme was previously assessed in the Alps using
validation polygons on Landsat, Sentinel-2 imagery, and the Google Satellite Base Map in
Google Earth Engine [10], where it demonstrated overall accuracy values of 87.5% (Landsat
5), 95.5% (Landsat 7), and 94.5% (Landsat 8). In addition, we performed an accuracy
assessment of the Landsat snow classifications, relying on Sentinel-2 snow cover data
retrieved through the Sen2Cor routine [43]. This assessment comprised 23 Sentinel-2 scenes
after 2015, containing less than 50% clouds as well as a reasonable (at least 10%) percentage
of snow-covered ground, and matching the Landsat observation date. This accuracy
assessment revealed an overall accuracy of 96.84%. An exemplary map showing the
Sentinal-2 comparison with Landsat is illustrated in the Supplementary Material (Figure S1).
The confusion matrix resulting from the comparison of all 23 Sentinel-2-Landsat pairs is
attached as Table S1.

3.3. Snow Line Elevation Retrieval and Time Series Generation

Using snow classifications based on data from Landsat and the Copernicus DEM,
the SLE was calculated for each observation on a catchment basis. We applied a method
originally developed by Krajci et al. [17], who derived the SLE for a catchment in the
Carpathian Mountains from daily MODIS data over the period 2000-2013. They defined
the SLE as the elevation at which the sum of snow-covered pixels below and snow-free
pixels above can be minimized. This method was adapted for use in the Alps with Landsat
data by Hu et al. [18], who described the SLE as a statistical measure that can be calculated
using the minimum of the two cumulative histograms of “snow” and “clear land” pixels.
This approach enables SLE estimation even in cloudy conditions if there are enough sample
pixels available [17]. To assess the accuracy and reliability of the SLE estimation, several
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quality indices were calculated for each derived SLE. We used the Representativeness
Index (RI) to evaluate the number of valid pixels (i.e., “snow” and “clear land”) available
for the SLE estimation. The Root Mean Square Error (RMSE) provided a measure of the
accuracy of the derived snow line by calculating the distance of falsely classified pixels
(i.e., “snow” below the SLE, “clear land” above the SLE) from the estimated SLE. The Error
Index (EI) [18] was used to calculate the proportion of these erroneous pixels.

For the subsequent trend analyses, a time series with a regular observation frequency
was required. First, we filtered the derived SLEs based on their quality. SLEs derived from
images with an RI of less than 0.2 were rejected, as well as SLEs outside the elevation range
of each catchment, as determined by the DEM. The remaining observations were then
aggregated to monthly mean values to create a time series with regular time intervals. Any
remaining data gaps were filled using linear interpolation. The time series was truncated to
start in January 1985 (January 1990 for Rio Maipo-2, as there was no Landsat data available
before that time) and end in December 2023, resulting in a time series comprising 468 SLE
estimations for each catchment, which served as the foundation for the following analyses.

We applied the two-sided seasonal Mann—Kendall test [44] to evaluate the signifi-
cance of any long-term trends within the time series and used the seasonal Theil-Sen
estimator [45] to calculate annual change rates. For the analysis of seasonal dynamics,
the three SLE observations within a season were aggregated by their mean. Anomalies
were calculated by subtracting each seasonal SLE observation from the respective seasonal
median, which was calculated for a 30-year reference period (1991-2020). We chose to
calculate the median for the long-term reference period instead of the mean to minimize
the impact of outliers that sometimes occur during extreme years. The seasonal trends were
calculated using the conventional (non-seasonal) variants of the Mann—-Kendall test and
Theil-Sen estimator, as they represent yearly values. The SLE value for the year 2050 was
extrapolated based on the linear seasonal trends, using the reference period as a baseline
for comparison. The snow cover area and its change percentage were calculated from the
area above the derived and extrapolated SLE of the DEM.

4. Results
4.1. Properties of the SLE Time Series and Long-Term Dynamics

In addition to the SLE values for each catchment, quality indicators were derived from
the Landsat-based snow classifications. Figure 2 illustrates the distributions of RI, EI, and
RMSE. More than 80% of the derived SLEs were estimated on at least 52% of available
clear-sky pixels, with the median Rl located at 0.76. The number of incorrectly classified
pixels (i.e., “snow” below the estimated SLE and “clear land” above the SLE) was low,
with a median EI of 0.012, and the 80th percentile was 0.017. The median accuracy of the
estimated SLE as measured by the RMSE was 453 m.

After applying the quality thresholds to the data, between 76% and 92% of all observa-
tions remained. The remaining observations were then aggregated to monthly mean SLE to
generate regular, evenly spaced time series. The time series for the investigated catchments
are illustrated in Figure 3 and exhibit the expected seasonal patterns, with low SLE in
winter months and high elevations in summer. All catchments experienced a significant
(p < 0.01) positive SLE change during the observation period, with the strongest trend in the
eastern part of the Rio Maipo catchment (Rio Maipo-2, 15.65 m/y), followed by Aconcagua
(11.25 m/y) and the western part of the Rio Maipo catchment Rio (Maipo-1, 9.85 m/y). The
highest Snow Line Elevations typically occur during the dry season in summer in January,
February, and March (JEM), while the lowest SLE occurs in winter in July, August, and
September (JAS). Inter-annual variations of the SLE are usually more pronounced in the
transitional months between summer and winter. Here, snowfall and snow melt contribute
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to a high dynamic of the SLE. Positive and negative outliers, however, have been observed
in every month.
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Figure 3. Left: Monthly SLE time series from 1985 to 2024 for the Aconcagua, lower (1), and upper
(2) Rio Maipo catchment. Note that for the upper (2) Rio Maipo catchment, no observations before
1990 were available. The red lines show the minimum and maximum elevations in the respective
catchment. The dark gray line shows the long-term linear trend calculated over the entire time series
using a Theil-Sen estimator. The asterisk denotes that the statistical significance exceeds the 99%
threshold, as calculated by the seasonal Mann-Kendall trend test. Right: SLE distribution for every
month calculated across the entire time series.
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The positive trends of the SLE are reflected in the SLE anomalies from the long-term
median (Figure 4). Positive SLE anomalies, i.e., less snow cover, have become more frequent
since 2010. Anomalies tend to be more pronounced in spring and fall. However, a long
period of positive SLE anomalies was also recorded during the dry season in the upper
(2) Rio Maipo catchment. Overall, positive SLE anomalies are generally more pronounced
than negative anomalies and can exceed the long-term median by up to 2000 m a.s.l. Note
that particularly strong anomalies in the early years of the time series may be due to the
limited availability of suitable satellite observations and interpolation.
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Figure 4. SLE anomalies per season for the analyzed catchments. The deviation is calculated from the
median SLE of the reference period 1991-2020 for the respective season. Positive SLE anomalies (less
snow cover) are indicated in red, negative SLE anomalies (more snow cover) in light blue.

4.2. Seasonal SLE Trends and Extrapolation

Significant SLE trends are prevalent in the dry period in summer and the melting
season in spring (Figure 5). The strongest trend in summer is observed in the eastern part
of the Rio Maipo catchment (Rio Maipo-2) with a yearly change rate of 7.69 m, followed by
the Aconcagua (4.80 m/y) and the western part of the Rio Maipo catchment (Rio Maipo-1,
4.31 m/y). In spring, the strongest trend is observed in the western part of the Rio Maipo
catchment (Rio Maipo 1) with 8.17 m/y, followed by Aconcagua (5.85 m/y). Although
the change rate in the eastern part of theRio Maipo catchment (Rio Maipo-2) is quite high
(6.17 m/y), it did not pass the significance test. No significant trends were detected for
the fall and winter seasons in any catchment, even though the trend slopes might suggest
otherwise. Note that compared to the trend analysis of the full time series, the trends
calculated on a seasonal basis are less likely to surpass the significance threshold since the
reduced amount of observations renders the trend estimation less robust. This is especially
true for the eastern part of the Rio Maipo catchment, where the time series starts in the year
1990, and for seasons with a high SLE variance, such as fall.

Linear extrapolation of these trends until the year 2050 reveals that the seasonal SLE
in summer will increase by 144 m in the Aconcagua basin, by 129 m in the western part
of the Rio Maipo catchment, and by 231 m in the eastern part of the Rio Maipo catchment
(Table 2). The extrapolated SLE shift is even higher in spring, with an increase of 175 m in
Aconcagua and 245 m in the western Rio Maipo area. A positive SLE shift directly translates
into a reduction of snow-covered area (SCA), the extent of which depends on the unique
catchment topography. The reduction of SCA is proportionally largest in Aconcagua in
summer and the western part of the Rio Maipo catchment in spring, with —41% and —42%,
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respectively. The spatial effect of a future SLE shift on the SCA for the spring season (OND)
is demonstrated in Figure 6.

Aconcagua Rio Maipo-1 Rio Maipo-2
6000
5000 6000
4000 4000
S| 3000- S | 4000+ 5
= = =
2000 1 2000 1
trend: 4.80 m/y * 1000 4 trend: 4.31 m/y * ] 20004 trend: 7.69 m/y *
0 0
6000
5000 1 6000
4000 4000+
Z | 3000 Z | 4000+ P
2000 1 2000 1
E trend: 4.60 m/y ‘ 1000 - trend: 4.73 m/y 2000+ trend: 9.00 m/y
c O | — ——
'% 6000 0
3 5000+ 6000+ ' trend: 2.84 m/y
" 40004 4000+
< - < | 4000 <
5 3000 a %
2000 1 2000 1
trend: 0.32 m/y 1000 4 trend: -1.56 m/y 2000 4
0 0
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Figure 5. SLE time series (blue) and trends (gray) for each respective season and catchment. Time
series show seasonally aggregated (median) SLE values. The trend slope (meters per year) is cal-
culated using the Theil-Sen slope estimator. Significant trends as calculated by the Mann-Kendall
test (p-value < 0.01) are marked with an asterisk. The red lines show the minimum and maximum
elevations in the respective catchment. For the Rio Maipo-2 catchment, no observations before 1990
were available.
Table 2. Extrapolated SLE for the year 2050 in comparison to the median SLE of the reference period
(1991-2020). The change in snow-covered area (SCA) by 2050 is also included. * denotes results which
did not pass the significance tests.
Jan./Feb./Mar. Oct./Nov./Dec.
. . SCA . . SCA
Catchment  Median SLE 2050 Difference Median SLE2050 Difference
Change Change
Aconcagua 4618 m 4762 m +144 m —41% 3610 m 3786 m +176 m —35%
Rio Maipo-1 4810 m 4939 m +129 m —40% 3748 m 3993 m +245 m —42%

Rio Maipo-2 4607 m 4838 m +231m —38% 3341 m * 3526 m * +185m * —20% *
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Figure 6. Effect of the extrapolated seasonal snow cover shift in 2050 for the months from October

through December (OND) on the snow-covered area (SCA). Enlarged views for (A) Paso de los Patos,
(B) Valle Nevado, and (C) Volcan Maipo. Light blue areas highlight the SCA in 2050 and red areas are
the resulting SCA deficit compared to the long-term median (1991-2020). The figures in the middle
column showcase detailed subsets of the whole study region.

5. Discussion

The analysis of remote sensing-based time series provides a valuable tool for un-

derstanding and quantifying the impact of climate change and human activities on the

environment. This has been demonstrated for many components of the Earth system, with

snow being no exception [46—49]. Mountain regions present particular challenges when

analyzing remote sensing data. These challenges arise due to the complex terrain, which

affects the observation geometry, cloud occurrence, and persistence. Additional challenges

arise due to factors such as mountain shadows, mixed pixel effects, and particularly low

temperatures in high elevation zones. These factors can lead to problems when applying

standard classification algorithms (e.g., temperature thresholds for snow—cloud discrimina-

tion) and must be considered when analyzing and discussing the results obtained from this

study. Before addressing these potential issues in more detail, the results from the trend

analysis shall be discussed in the subsequent section.
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5.1. Accuracy of the Derived SLEs and Aspects Influencing This Accuracy

As outlined in Section 3.3, the RMSE is used to represent the accuracy of the derived
SLE. It is calculated from the distance of falsely classified pixels (i.e., “snow” below the SLE,
“clear land” above the SLE) from the actual SLE. The SLE is always calculated uniformly for
the entire catchment (or sub-catchment), incorporating north-, east-, south-, and west-facing
slopes as well as all different land cover classes, therefore generalizing considerably. In
a region like the Andes Mountains, where precipitating clouds originate from the Pacific
Ocean in the west and fall as snow primarily on the west-facing slopes, the SLE will be
situated lower here than on the east-facing slopes. In addition, solar radiation contributes
to snowmelt on the north-facing slopes more than in the south. The comparably high RMSE
errors that were retrieved in the presented study reflect these circumstances. The unique
topography and climate conditions in the Andes Mountains can lead to SLE variabilities of
several hundred meters.

The SLE calculations could be divided into several sub-catchments and slopes to
reduce the RMSE. However, we chose to derive the SLE for the whole catchment because
we believe that the results give a very good representation of the general developments
occurring in the area. The catchment is the most meaningful unit because all slopes in their
entirety contribute to the total amount of available water, regardless of their slope direction.
Analyzing the SLE in the context of their potential impact on water availability in a given
area requires catchment-based statistics.

5.2. SLE Trends and Anomalies for Rio Maipo and Aconcagua Catchments in the Chilean
Central Andes

Earlier studies on the development of SLEs in the Chilean Andes were based on
MODIS data, which theoretically allow for daily observations but are limited to 500 m
spatial resolution and a time series starting in the year 2000 only [13,50]. A study by
Notarnicola [51] from 2022 revealed trends of up to —5% SCA for the Andes, but was
again based on MODIS with a relatively coarse spatial resolution, providing only a rough
estimate of the actual conditions in place [51]. The recommended spatial resolution for
analyses of snow cover in mountain regions is 100 m [9], while the minimum time series
length for the analysis of climate change impacts on snow cover is 30 years [9,52].

The fact that Landsat data have been consistently and regularly available for the Andes
Mountains since 1985 allowed the trend analysis presented in this study. No other data
source would provide the same consistent high-resolution legacy required for such a study.
The trends for Rio Maipo and Aconcagua presented in Section 4 agree with the comparable
studies of Saavedra et al. [13], Cordero et al. [12], and Bown et al. [53]: snow cover is
receding to higher elevations at 11.25 m per year for the Aconcagua catchments, 9.85 m for
the western (low-laying) part of the Rio Maipo catchment, and 15.65 m for the eastern part
of the Rio Maipo catchment, respectively (Figure 3). These trends are strong, compared to
other mountain regions in the world where similar studies have been conducted: 2 m to
8 m/y in the past 37 year have been confirmed for the European Alps in a Landsat-based
study [10]; 0.4 m to 9 m/y have been reported for glaciated basins in the Himalayas for
the time series from 1991 to 2022 [11]; and an increasing trend of 16 m/y was reported for
the Xinjiang region in China for the years 20012015 [54]. It is worth mentioning here that
the results from all of these studies, including our study on the Andes Mountains, rely on
linear trend analysis. The potential application of exponential trends, evident in the most
recent data, remains to be examined.

Given that Aconcagua and Maipu provide freshwater for the metropolitan region of
Santiago de Chile and Valparaiso, and considering that the majority of the precipitation falls
during winter months as snow [24,26,27], the receding SLE indicates a significant challenge



Remote Sens. 2025, 17, 1651

13 of 17

for the water management of the region, as already roughly summarized by the Intergovern-
mental Panel on Climate Change (IPCC) [55]. Water availability in the Rio Maipo catchment
has been declining for decades—partially caused by the observed megadrought [31] and
partially due to the long-term drying trend affecting the subtropical South Pacific [4,56].
Already now, actions to counteract the diminishing water availability are being taken,
such as the drilling of deeper wells to access more groundwater [57]. Such measures can
however only be a short-term solution. More strategies need to be developed to address
these changes, as summarized by Vicuiia et al. [58] and the OECD [59]. In the United
Nations Climate Change (UNFCCC) report about “Chile’s Long-term climate strategy”, a
chapter about the adaptation to climate change provides valuable high-level guidelines.

Inter-annual variations of SLE are more pronounced during summer months, while
during winter months (July, August, and September), SLE differences are typically below
500 m. We found unusually high anomalies of more than 1000 m SLE difference from
the long-term median accumulating since 2010 for specific seasons. We focused on the
dry season (January, February, and March: JEM), inspired by Cordero et al. [12], when
precipitation has exhibited significant anomalies in recent decades. The anomalies are
presented in Figure 4. Furthermore, as outlined in Section 2.1 and shown by Ohlanders
et al. [24], snow melt dominates stream flow in October and November (ON), suggesting
that positive SLE anomalies in these months result from unusually strong snow melt events.
June, July, and August (JJA) are typically the months with the highest snow cover extent
and lowest SLE.

5.3. Future SLE Dynamics in the Andes and the Impact on Water Availability

The catchments of Aconcagua and Rio Maipo show a positive long-term SLE trend for
the future. Based on these trends, a projection of the potential future SLE situation in 2050
has been derived. This projection is based exclusively on the Landsat time series. No tem-
perature or precipitation data have been included in this attempted prediction. This needs
to be considered when interpreting the potential future SLE situation. The temperature is
increasing rapidly in mountain regions, with the Andes being no exception [29,55]. If the
temperature increase accelerates further, SLEs will consequently recede faster as well—an
effect that is not included in the projections presented in this study.

During summer, SLEs will increase by 144 m for Aconcagua and between 129 m and
231 m for Rio Maipo, which will undoubtedly have an impact on the available snowmelt
and therefore freshwater. The receding SLE will lead to a deficit in SCA of up to 42%
(Table 2). Considering that, at the same time, the water demand from agriculture will most
likely increase [32] and the glaciers in the Andes will continue losing mass at alarming
rates (12.9% of their mass lost between 2000 and 2023 [60]), considerable water shortages
must be anticipated.

6. Conclusions

Snow cover changes in the Aconcagua and Rio Maipo catchments will have a strong
impact on the availability of future water resources. If snow cover changes and the sea-
sonality shifts, e.g., to earlier snowmelt, the amount of water available for irrigation,
agriculture, and groundwater recharge is directly affected. The trend towards reduced
snow cover/receding Snow Line Elevations (SLEs) will lead to reduced runoff, which
was already reported before, although precise trend calculations and predictions were
still missing.

Here, we present the trends of receding SLEs for the Aconcagua and Rio Maipo
catchments located around the metropolitan region of Santiago de Chile based on the
analysis of Landsat time series for the years between 1985 and 2024. An unprecedented
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amount of high-resolution Earth observation data have been exploited to classify snow-
covered areas, derive SLEs, and calculate the corresponding trends. These trends slightly
differ for the Aconcagua and Rio Maipo catchments: The SLEs are receding at 11.25 m per
year for the Aconcagua catchment and between 9.85 m and 15.65 m per year for the western
and eastern part of the Rio Maipo catchment, respectively. Although the SLE for the fall
season indicates a strong positive trend, fall and winter did not exhibit any significant
trends. The significant changes only occur during spring (except the eastern part of the Rio
Maipo catchment) and summer. The more recent years since 2015 appear to have stronger
and consistently negative SLE deviations, which could indicate an acceleration of the snow
decline. These years fall into the period of the observed megadrought that started in 2010,
which could be another explanation for the exceptionally high SLEs in these years.

The trends in the Rio Maipo and Aconcagua catchments are stronger than those
identified in other mountain regions like the Alps or Himalayas, which emphasizes the
severity of the situation. The lack of snow contributes to the water scarcity in the region,
which will potentially increase further in the future. A projection of the SLE until 2050
reveals that the SLEs will recede by 144 m for the Aconcagua basin, 129 m for the western
part of the Rio Maipo, and by 231 m for the eastern part of the Rio Maipo catchment. This
recession will lead to a loss of snow-covered area of up to 42% for the Aconcagua catchment
during summer and the western part of the Rio Maipo catchment during spring. With
that much snow being lost, concerted efforts need to be made to ensure sufficient water
availability for the metropolitan region of Santiago de Chile.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/rs17091651/s1, Figure S1: Excerpt of the accuracy assessment
comparing Sentinel-2 with Landsat snow cover classification, with TN (True Negative) representing
snow-free pixels in both datasets, FN (False Negative) snow-free pixels in Landsat and snow-covered
pixels in Sentinel-2, FP (False Positive) snow-covered pixels in Landsat and snow-free pixels in
Sentinel-2, and TP (True Positive) snow-covered pixels in both datasets. The scene was acquired on
1 September 2018 from both Landsat and Sentinel-2 satellites; Table S1: Confusion matrix of the com-
parison between 23 Sentinel-2-Landsat pairs, resulting in an overall accuracy of 96.84%. An additional
accuracy assessment has been performed, comparing 23 Sentinel-2 snow cover classifications with
Landsat snow classifications from the same observation date. We used the Sen2Cor [43] algorithms to
detect the snow cover from Sentinel-2. Figure S1 contains an example of one Sentinel-2-Landsat pair,
while Table S1 contains the confusion matrix for all 23 comparisons.
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