
TYPE Original Research
PUBLISHED 17 June 2025
DOI 10.3389/feart.2025.1565290

OPEN ACCESS

EDITED BY

Nicole Schaffer,
Centro de Estudios Avanzados en Zonas
Áridas (CEAZA), Chile

REVIEWED BY

Rijan Bhakta Kayastha,
Kathmandu University, Nepal
Eñaut Izagirre,
University of the Basque Country, Spain

*CORRESPONDENCE

Felipe Ugalde,
felipe.ugalde@ug.uchile.cl

RECEIVED 22 January 2025
ACCEPTED 26 May 2025
PUBLISHED 17 June 2025

CITATION

Ugalde F, Valenzuela-Astudillo H, Toledo M,
Carrasco J, Ruiz L, Apey A, Pinto D and
Marangunic C (2025) Ice loss detection of
glacierets in the Desert and Central Andes of
Chile between 2018 and 2023.
Front. Earth Sci. 13:1565290.
doi: 10.3389/feart.2025.1565290

COPYRIGHT

© 2025 Ugalde, Valenzuela-Astudillo, Toledo,
Carrasco, Ruiz, Apey, Pinto and Marangunic.
This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that
the original publication in this journal is cited,
in accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Ice loss detection of glacierets in
the Desert and Central Andes of
Chile between 2018 and 2023

Felipe Ugalde1,2*, Helena Valenzuela-Astudillo1,3,4,
Martina Toledo1,4, Javiera Carrasco1,4, Lucas Ruiz1,5,
Ashley Apey1, Diego Pinto6,7 and Cedomir Marangunic1

1Geoestudios, Las Vertientes, San José de Maipo, Chile, 2Departamento de Geología, Facultad de
Ciencias Físicas y Matemáticas, Universidad de Chile, Santiago, Chile, 3Instituto de Geografía,
Pontificia Universidad Católica, Santiago, Chile, 4Criosféricas, Santiago, Chile, 5Argentine Institute of
Nivology, Glaciology and Environmental Sciences (IANIGLA), CONICET, UnCUYO, Gob.Mendoza,
Mendoza, Argentina, 6Advanced Mining Technology Center, Facultad de Ciencias Físicas y
Matemáticas, Universidad de Chile, Santiago, Chile, 7Departamento de Ingeniería Civil, Facultad de
Ciencias Físicas y Matemáticas, Universidad de Chile, Santiago, Chile

Worldwide, the shrinkage of small glaciers has occurred more rapidly in recent
decades, and the Desert and Central Andes of Chile are no exception. Among
these ice bodies are glacierets, defined as glaciers with a reduced surface
area of less than 25 km2. Their extensive and heterogeneous distribution
along the Andes makes their analysis challenging, yet the limited number of
studies documenting glacieret’s change presents an opportunity to deepen the
understanding of their response to anthropogenic climate change. In this work,
we seek to detect, at the end of the austral summer of 2023, the variation of
visible ice surfaces of glacierets between the Arica y Parinacota Region and
the Biobío Region. A combined remote sensing approach is applied to analyse
their surface cover through the Normalised Difference Snow Index (NDSI) along
with albedo and land surface temperature changes using satellite inputs from
Landsat 8 and Sentinel-2 imagery. We validate our results through a visual
inspection for all the small glacierets (area below0.01 km2) using high-resolution
optical imagery for the period 2018–2023. Lastly, we corroborate the observed
trends with temperature and precipitation data from meteorological stations.
Our results evidence a general reduction of the clean ice area of 16%, equivalent
to a surface ice loss of −4.77 km2 for the 2019–2023 period for all 1,856 glacierets
within the study area. This trend is shared by the smallest glacierets with more
than 50% having no visible surface ice by 2023–2024, such that 77 glacierets
are declared “entirely vanished” and 244 glacierets “presumably vanished,” with
an ice loss of up to 1.49 km2. Additionally, we found that more than 34%
of the glacierets analysed could be considered debris-covered, with most of
them located below 5,000 m a.s.l. throughout the study area. The observed
glacieret’s surface changes are supported by a precipitation reduction of up
to 80% in mountainous areas when comparing the 2018–2023 period with
previous decades (2000–2023). Our findings represent a valuable contribution
to local and regional hydrological assessments, particularly for regions in the
Desert and Central Andes of Chile already subjected to hydrological stress.
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1 Introduction

Chile concentrates approximately 80% of the surface area of all
Andean glaciers and is in seventh placeworldwide. Along theAndes,
Chile has a wide variety of glaciers in terms of size and morphology.
Such glacier diversity poses significant challenges to assessing the
impact of anthropogenic climate change along its different regions
(Ayala et al., 2020). From the large, debris-free outlet glaciers of the
Southern andNorthern Patagonian icefieldswith sizes exceeding the
hundreds of square kilometres, passing to the debris-covered valley
andmountain glaciers around tens of square kilometres, to the small
glacierets of less than 0.25 km2. Anthropogenic climate change is
affecting every corner of the world (Arias et al., 2021). Along the
Southern Andes, there has been a combination of increasing air
temperature and decreasing precipitation trends in recent decades
(Falvey and Garreaud, 2009; Boisier et al., 2016; Masiokas et al.,
2019), although the latter shows larger interannual and inter-decadal
variability (Garreaud, 2009). Nevertheless, this combination has led
to an increase in the 0°C isotherm and the regional equilibrium
line altitude (Carrasco et al., 2008) and the general shrinkage of
glaciers (Braun et al., 2019; Dussaillant et al., 2019) and a decrease
in snow cover (Cordero et al., 2019).

Worldwide, the shrinkage of small glaciers, including glacierets,
has occurred more rapidly in recent decades in comparison with
the end of the 20th century (Parkes and Marzeion, 2018), to the
point of being the class size (below 0.5 km2) with the highest
shrinkage rate for the Swiss Alps (Fischer et al., 2014). At the
same time, in the Pyrenees (Izagirre et al., 2024), and other low-
latitude regions such as Venezuela, Mexico, Indonesia and Africa
(Carvalho Resende et al., 2022), these shrinking glaciers are the
last remaining ice bodies. Higher shrinkage rates of small glaciers
have been attributed to their lower accumulation area ratio (Parkes
and Marzeion, 2018) and the observed global temperature increase
(Zemp et al., 2015). However, some of them,when constrained to the
most elevated and sheltered areas, start to attenuate their response
to climate change due to local topographic factors influencing
their mass balance (Florentine et al., 2018), demonstrating that
they are decoupled from regional climate forcing. This is the case
for avalanche-fed and debris-covered small glaciers (Huss and
Fischer, 2016).

Recently, the Chilean General Water Directorate (DGA)
presented the latest version of the glaciers inventory in Chile, called
the Public Glacier Inventory, hereby referred to as IPG2022. This is
an excellent opportunity to study one of the most numerous but, at
the same time, least studied ice masses, the glacierets. Cogley et al.
(2011) define glacierets as small glaciers, typically less than 0.25
km2 in extent, with no marked flow pattern visible at the surface
and no distinct shape. To qualify as a glacieret, an ice body must
persist for at least two consecutive years. However, according to
the IPG2022 (DGA, 2022), this temporal condition is extended to
five consecutive years. In addition, the IPG2022 considers that all
ice masses, excluding rock glaciers, of less than 0.25 km2, regarding
shape and percentage of debris-covered surface, are classified as
glacierets.

Because of small-scale processes and complex feedback
between precipitation, temperature, and radiative forcings,
assessing glacierets response to climate change at regional scale is

challenging (Huss and Fischer, 2016). Furthermore, the significant
number and diversity of glacierets, (18,213 glacierets accounted for
in Chile according to the IPG2022), along with the different climate
regions of the Chilean Andes (arid, semi-arid, mediterranean,
temperate and cold-and-humid) makes it even more challenging
to assess the sensitivity and response of these small ice masses to
climate change.

Recent studies have provided relevant regional insights into
glacier surface albedo changes for the central Chilean Andes
from 1986 to 2020 (Shaw et al., 2021), geodetic mass balance
patterns (elevation differences) for Andean glaciers from 2000
to 2018 (Dussaillant et al., 2019) and an overview of recent
changes in Andean glaciers (Masiokas et al., 2020). However, the
response of glacierets and small glaciers to climate change in South
America is poorly documented. Studies include Ramírez et al.
(2001) who document the volume changes of Chacaltaya Glacier
in the Bolivian Andes between 1992 and 1998, prior to its
complete vanishment by 2009 (Veettil and Kamp, 2019), the
assessment of recent changes of small glaciers at the northeast
margin of the Southern Patagonian Icefield from 1975 to 2005
by Masiokas et al. (2015) and the geodetic mass balance and
area changes evaluation of Echaurren Norte Glacier in the Central
Chilean Andes (Región Metropolitana in Figure 1), from 1955 to
2015, by Farías-Barahona et al. (2019). The latter being of particular
importance since Echaurren Norte Glacier has the longest and
continuous mass balance time series in South America since 1975
to the present (Masiokas et al., 2016; WGMS, 2021).

This study aims to fill this knowledge gap with a detailed
assessment of recent changes of glacieret’s surface characteristics,
such as the presence or absence of visible ice, existence of a
debris cover, albedo and surface temperature, between the Arica
y Parinacota Region and the Biobío Region, Desert and Central
Andes of Chile (Northern, Central and Southern Glaciological
Zones). Although the Ñuble and Biobío regions are part of the
Southern Glaciological Zone according to the IPG2022, for this
research, we include those regions indifferently as part of the
Central Andes. Considering the latest version of the Chilean glacier
inventory, IPG2022, we describe the morphological characteristics
of Chile’s glacierets, then, we evaluate the recent changes of all
the smallest glacierets (those with an extension less than 0.01
km2) included in the IPG2022 within our study area using high-
resolution (submetric pixel size) remote sensing data, including
the persistence, or absence, of visible surface ice. According to the
IPG2022 mapping criteria, glaciers between 0.001 km2 and 0.01
km2 included in the current glacier inventory had to be mapped
in the 2014 version of the IPG (Barcaza et al., 2017), thus, we test
the hypothesis that these glacierets have lost ice throughout the
8 years between the glacier inventories (IPG2014 and IPG2022). To
better assess recent surface changes (2020–2023) of all glacierets in
the study area, we analyse albedo and surface temperature changes
using remote sensing data (Sentinel-2 and Landsat 8 data) from
the end of the 2020 and 2023 ablation seasons. Our analysis is
followed by ameteorological characterisation based on local weather
stations’ data.

We discuss our results regarding their statistical confidence,
the glacieret’s surface characteristics and their recent changes
throughout the 2018–2023 period. Our findings provide critical
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FIGURE 1
The Chilean Andes considered in this study (17.7°S −38.3°S). The three
main glaciological macrozones assessed here are highlighted, as
defined by the IPG2022, and their corresponding equivalence with
Lliboutry’s glaciological zones (Desert, Central and, partially, the Lake
District Andes) represented in the form of a latitudinal segmentation.

input to the glacieret’s response to anthropogenic climate change,
such as albedo and land surface temperature variations, along
with the potential vanishment of a significant portion of the
analysed sample. In the context of the International Year of Glaciers’
Preservation, our study is a valuable contribution to local and
regional hydrological assessments, particularly for regions in the
Desert and Central Andes of Chile subjected to hydrological stress.

1.1 Study area

Chile extends along the Southern Andes over 4,000 km
(17,5°–56° S). The vast latitude and elevation ranges create a
large diversity of climates and, consequently, glaciers. Considering
the difference in climate and elevation, Lliboutry (1998) divides
the Southern Andes into four main zones: (i) Desert Andes, (ii)
Central Andes, (iii) Lakes District Andes, and (iv) Patagonian
Andes and Tierra del Fuego. Here we focus on the glacierets
between the Arica y Parinacota Region and the Biobío Region
(17.7°S–38.3°S). This latitudinal range spans throughout the Desert
Andes, Central Andes, and part of the Lakes District glaciological
zones, which are almost equivalent to the Northern, Central and,
partially, the Southern glaciological zones of Chile (DGA, 2022;
Barcaza et al., 2017) (Figure 1).

In total, 11 regions are considered in this study (Figure 1),
with the Arica y Parinacota Region being the northernmost and
Biobío Region the southernmost in the study area. According to the
IPG2022, three out of four glaciologicalmacrozones, or glaciological
zones, are included in our study.The northern macrozone considers
the regions of Arica y Parinacota, Tarapacá, Antofagasta, Atacama,
and Coquimbo. Their climate is mainly characterised by hyper-
aridity and semi-arid conditions (Aceituno, 1996). Most of the
glaciers in this region are located at high elevations, either on the
Altiplano or on mostly dormant volcanic ranges. In this macrozone,
peaks with elevations over 5,000 m a.s.l. are common, a feature
that decreases in number and elevation when moving southwards.
The central macrozone includes the Valparaíso, Metropolitana,
O’Higgins andMaule regions. Its climate is primarilyMediterranean
with wet winters and dry summers (Garreaud et al., 2020).
Elevations range from 4,000 to 5,000, with some scarce peaks over
6,000 m a.s.l., allowing the development of proper conditions for
glaciers. Lastly, the Southern glaciological macrozone is partially
covered, as this study only includes the Ñuble and Biobío regions.
In contrast, the macrozone encompasses four additional regions
to the south. In this zone, the elevation decreases drastically to
3,000 m a.s.l. on average, with some scarce peaks reaching elevations
over 4,000 m a.s.l. Nonetheless, wetter conditions prevail, especially
during winter (Barcaza et al., 2017; Garreaud, 2009).

2 Data and methods

2.1 Chile’s glacier inventory

TheGeneral Water Directorate (DGA) of the Ministry of Public
Works is the official agency in charge of preparing the inventory
of glaciers in Chile, called the Public Glacier Inventory (IPG),
which is part of the Public Water Registry. Although the Hydrology
Division of the DGA currently carries out this inventory, the first
two versions of the IPG were developed by the former Glaciology
and Snow Unit (UGN) of the DGA, a public service in charge
of research, measurement and monitoring of glaciological issues.
For the IPG, the primary classification of the United Nations
Educational, Scientific and Cultural Organization (UNESCO) was
adopted, in which glaciers are classified as mountain glaciers
(glaciers located on the side of a mountain, greater than or equal
to 0.25 km2), glacierets (ice masses smaller than 0.25 km2), valley
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glaciers (whose main body is located in a valley, more extensive
or equal to 0.25 km2), effluent glaciers (draining from an ice field,
more extensive or equal to 0.25 km2), and rock glaciers (with total
or almost total rock cover, regardless of its size). According to
UNESCO standards (UNESCO/IASH, 1970), a minimum area of
0.01 km2 was used as a mapping criterion for new glaciers on the
inventory. However, according to the methodology followed in the
2022 version of the IPG (DGA, 2022), all ice bodies less than 0.01
km2 already in the 2014 version of the IPG (Barcaza et al., 2017),
were included and updated in 2022. This complementary approach
allows changes of the smallest ice masses to be adequately assessed
along with the inclusion of some ice masses less than 0.01 km2 on
the 2022 Public glacier Inventory.

The latest version of the Public Glacier Inventory (IPG2022) is
based on satellite images from 2017, mainly Landsat 8 (OLI) and
Sentinel-2, with spatial resolutions of 15 and 10 m, respectively.
Given their smaller size and difficulty distinguishing, satellite
images with less than 3 m resolution, such as WorldView-2 and
GeoEye imagery, were used for rock glaciers. Particularly, glaciers
that contain “almost total” debris cover are classified as covered
glaciers. Nevertheless, in their primary classification, they adopt
the categories of “glacieret,” “mountain glacier,” “valley glacier,”
or “effluent glacier” according to their shape and size without
specifying whether their total surface or part of it is covered
or not with debris. It is worth noting that the IPG2022 also
provides information regarding average slope, orientation, or aspect,
for all glaciers accounted for (including glacierets) and, more
important, an estimation of their water equivalent volume computed
through empirical relationships between area and average depth
(Chen and Ohmura, 1990) and an average density of 0.85 g/cm3

(Huss, 2013; DGA, 2022). We consider this information for our
analysis to approximate the potential volume loss after detecting
visible ice loss, as is described in the following sections.

The IPG2022 accounts for 26,169 glaciers and rock glaciers
on the continental territory of Chile. Of this total, 18,213 (69.6%)
correspond to glacierets. Although a vast number of the Chilean
glacierets are located in the Aysén and Magallanes regions, 31.8%
and 20.3%, respectively, 1,856 glacierets are recognised in our study
area, equivalent to 10.2% of all glacierets in the IPG2022 with an
equivalent surface of 76.56 km2. Glacierets are distributed in the
three macrozones considered by this study as follows: 592 (32%)
are located in the Northern macrozone; 1,101 (59%) are within the
Central macrozone, whereas the other 163 (9%) glacierets are found
in the Southern macrozone, specifically on its northern portion
comprised by the Ñuble and Biobío regions (Figure 1). Across the
study area, we observe an average size and average elevation of 0.041
km2 and 4,254 m a.s.l., respectively. When analysing the glacierets
by their respective glaciological macrozone, these values change to
0.035 km2 and 5,492 m a.s.l. for the Northernmacrozone; 0.047 km2

and 3,830 m a.s.l. for the Central macrozone and, lastly, 0.030 km2

and 2,620 m a.s.l. for the partially covered Southern macrozone. It
is worth noting that two-thirds of the analysed glacierets have an
orientation predominantly to the south, including southeast and
southwest aspects.

As for the regional distribution of glacierets, the O’Higgins
and Atacama regions have the largest concentration of glacierets
in number with 456 (25%) and 408 (22%), respectively (Figure 2),
whereas the Metropolitana and O’Higgins regions concentrate the

largest cummulated glacieret extension with 21 km2 and 19 km2,
respectively. On the other hand, the Tarapacá Region has the lowest
number and area with only 6 glacierets covering an area of 0.09
km2 (Figure 2).

2.2 Visual inspection of glacierets with
surface less than 0.01 km2

The IPG2022 methodology DGA (2022) establishes that all
“new” glaciers (those not included in the previous glacier inventory,
IPG2014) had to have a surface area greater than or equal to
0.01 km2. Nonetheless, glaciers with a surface less than 0.01 km2,
and down to 0.001 km2, were included if they had already been
inventoried in the IPG2014 (Barcaza et al., 2017). In this sense,
according to DGA (2022), a very small glacieret (with a surface
between 0.001 km2 and 0.01 km2) was included in the IPG2022
if it fulfilled either one of the following conditions: (1) the glacier
was individually mapped in the IPG2014 and persisted in the
IPG2022 with a surface area between 0.001 and 0.01 km2, or
(2) the glacier had fragmented from a larger glacier mapped in
the IPG2014. Considering that there are approximately 8 years
between the IPG2014 and IPG2022 and that rapid mass loss has
been observed for glacierets in the Swiss Alps in recent decades
(Fischer et al., 2014), we expect that the very small glacierets in our
study area have also experienced recent mass loss. We also expect
that, due to their particularly small surface (below 0.01 km2) most
of these very small glacierets have vanished in the years after their
mapping as part of the IPG2022. In order to test these hypotheses,
a detailed on-screen inspection was conducted for all 588 glacierets
whose surface area is between 0.001 and 0.01 km2 in the IPG2022
within our study area (Figure 1).

The 588 small glacierets analysed represent 31.68% of the total
glacierets within the study area. We employed high-resolution
imagery available on ESRI basemaps, Google Earth Pro platform,
and PlanetScope data, which were utilised to analyse the presence
or absence of visible surface ice (Table 1). The inspection was
conducted intensively, one by one for each glacieret, comparing
manually all available sources in parallel.Thehigh-resolution images
allowed us to accurately assess the surface characteristics of very
small glacierets over 5 years from 2018 to 2023. Nevertheless,
in some instances, imagery from 2024 was also employed to
corroborate their status. We chose this 5-year period as it represents
the minimum established time for an ice mass to continuously
endure to qualify as a glacier by the IPG2022. If the ice mass was
not recognisable in one of the images, then it would be a snow patch
instead of a glacier according to this criteria (DGA, 2022).

Considering all available imagery, and after the visual on-screen
inspection throughout the IPG2022 glacier outlines, all the 588
very small glacierets, with a surface between 0.001 km2 and 0.01
km2, were classified into three categories: visible surface ice, non-
visible surface ice (when either bedrock or regolith was observed
instead of ice), and undetermined. This classification was based on
the presence or absence of visible ice. In cases where all available
imagery showed an extended snow cover over the glacieret, we
classified it as undetermined (Figure 3). A further classification was
applied to the non-visible surface ice category. When bedrock or
waterbeds were observed, the classification “entirely vanished” was
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FIGURE 2
Surface area and number of glacierets by region. In parentheses, the percentage of the total is shown. Regions are shown from the largest to the
smallest area and number of glacierets.

TABLE 1 Summary of images used to analyse 588 glacierets smaller than 0.01 km2.

Source Image Resolution (m) Number of glacierets

ESRI

GeoEye 01 0.46–1.2 124

WorldView 02 0.46–1.2 203

WorldView 03 0.31–1.2 102

Planet Labs PlanetScope 3 61

Google Earth Pro
Airbus 0.5–1.5a 61

Maxar 0.31–0.46a 32

Image source indeterminable (snow-covered) 5

Total 588

aResolution ranges are based on technical specifications provided by the image providers, as Google Earth Pro does not display exact resolution values in its interface.

applied, and when regolith was observed, “presumably vanished”
was applied. In the latter case, the morphological context of the
analysed glacieret’s location was also considered: When it was

surrounded by slopes with potential debris input, the likelihood
that the ice was covered, rather than having completely vanished,
increased.This interpretationwas based on visual evidence obtained
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FIGURE 3
Examples of classification of glacierets into three categories based on visual inspection: visible surface ice, non-visible surface ice, and undetermined.
Glacieret’s codes are derived from the IPG2022.

from the high-resolution satellite imagery used, as well as the
analysis of local geomorphology. Although this approach carried a
certain degree of uncertainty, the subcategorisation enabled a higher
level of confidence in determining whether a small glacierets had
completely vanished or, to a lesser extent, whether its surface was
potentially covered by debris.

2.3 Glacier surface albedo

Glacier surface albedo is one of the most critical factors
in quantifying the radiative forcing and, thus, assessing glacier
surface mass balance. Additionally, it can help assess the amount
of debris cover and its changes over time. Surface albedo is
defined as the proportion of solar radiation reflected by the
Earth’s surface compared to the incident solar radiation, and it is
expressed by Equation 1:

α =
SWref

SWin
(1)

Where SWref is the reflected shortwave radiation, and SWin is
the incoming shortwave radiation.

Broadband albedo, also known as shortwave (SW) albedo,
is the ratio of reflected flux density (W/m2) to incident flux
density across the full solar spectrum (0.3–3μm). In contrast,
narrowband albedo refers to reflectivity over specific wavelength
ranges. Estimating surface albedo using satellite data can be
achieved through variousmethods, including narrow-to-broadband
conversion and angular modelling of the bidirectional reflectance
distribution function (BRDF).

Broadband surface albedo α was estimated using a narrow-
to-broadband conversion (Bonafoni and Sekertekin, 2020). This
method converts the Bottom of Atmosphere (BOA) reflectances
measured in specific spectral bands (narrow bands) into a
representative broadband albedo estimate. This approach achieves
a spatial resolution of 10 m and has shown high accuracy for albedo
estimation, particularly in cloud-free Sentinel-2 observations.

The broadband surface albedo α is estimated by the integration
of narrowband reflectances across the shortwave (SW) spectrum as
expressed by Equation 2:

α =
B

∑
B=1

ρB ⋅wB (2)
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TABLE 2 MSI spectral bands (similar for Sentinel-2A and -2B) and
weighting coefficientswB.

MSI channels wB

B2 0.2266

B3 0.1236

B4 0.1573

B8 0.3417

B11 0.1170

B12 0.0338

Where ρB is the Bottom of Atmosphere (BOA) reflectance for
a specific band B of the SW spectrum, and wB are the weighting
coefficients. The specific bands and their corresponding weighting
coefficients used in this study are presented in Table 2.

To detect recent changes in surface albedo, we analysed Sentinel-
2 images from two time periods: 2019–2020 and 2022–2023. We
used images from December to March for both time periods.
All image filtering and processing were performed in Google
Earth Engine (GEE). To facilitate the visual comparison of albedo
conditions inside and outside the glacieret boundaries, a 500-m
buffer was applied around each glacieret. We used the buffer to
qualitatively show the contrast between the glacieret’s surface and
its surroundings (Figure 4).

Annual composites were generated by selecting the best-
available images with minimal cloud cover (< 10%), prioritising
those with the fewest pixels showing exposed snow or ice. For
discriminating surfaces with visible ice or snow, we used the
Normalised Difference Snow Index (NDSI, Equation 3):

NDSI =
ρGREEN − ρSWIR

ρGREEN + ρSWIR
(3)

Although previous studies have suggested NDSI thresholds
between 0.3 and 0.6 (Durán-Alarcón et al., 2015; Singh et al., 2021),
we adopted a conservative empirical threshold of 0.4 for this study
to better distinguish surfaces with visible ice or snow. Thus, for
all the 1,856 glacierets within the study area, we calculated the
clean ice area as the sum of all Sentinel-2-derived NDSI pixels that
meet the following criteria: (1) had a value over the 0.4 threshold,
(2) fall within the IPG2022 glacier outlines, and (3) have passed
all prior image selection and NDSI filtering steps. Pixels meeting
these three conditions were assumed to represent visible surface ice.
Surface albedo was calculated then at two different scales: (1) at
the pixel level, preserving the 10-m native resolution of Sentinel-
2, and (2) as arithmetic mean values per glacieret. This dual-scale
approach enabled the evaluation of detailed spatial patterns and
broader trends across different glacierets in the study area.

2.4 Glacier surface temperature

As another independent measurement of the extension change
of debris cover for all the studied glacierets, we assessed changes

in Land Surface Temperature (LST) in a 3 years period, comparing
Landsat 8 images from December to March of 2019–2020
and 2022–2023 periods, the driest months of the hydrological
year in Chile. The analysis included a buffer of 500 m around
each glacieret to visually compare surface thermal results inside
and outside the glacieret contours. In this way, results can be
validated visually (Supplementary Figure S1).

The analysis to derive LST was performed on Google Earth
Engine, using Landsat 8 images for both periods from the collection,
which have built-in atmospheric correction (USGS Landsat 8 Level
2, Collection 2, Tier 1). The images used have a resolution of
30 m for optical (B2, B3, B4) and near-infrared/shortwave infrared
bands (B5 or NIR, B6 or SWIR1), and 100 m for the thermal band
(B10 or TB).

Mosaics were built with the images by selecting up to four
images with two principal filters. Firstly, we choose images with the
lowest cloud coverage (< 10%), as indicated by the image properties.
Secondly, we considered those images with the fewest pixels with
exposed snow or ice cover within the glacier boundary.

The LST was estimated by applying the inverse Planck
Equation 7 to convert radiance to temperature, which is based on the
surface’s emissivity (EM) (Equation 6).The emissivity was calculated
using the vegetation fraction (FV) (Equation 5) derived from
the Normalised Difference Vegetation Index (NDVI) (Equation 4)
as has been done before, including for glaciers in the Andes
and the Alps (Durán-Alarcón et al., 2015; Roy and Bari, 2022;
Gadekar et al., 2023; Gök et al., 2024).TheNDVI index is considered
because vegetation has a higher emissivity (0.99) compared to rock
or sedimentary surfaces (0.986), meaning vegetated areas tend to
have a lower temperature than rock surfaces under the same emitted
energy. Although glacierets do not have vegetation on their surface,
the areas surrounding them might (e.g., Maule, Ñuble or Biobío
regions in the southern margin of the study area).

Based on visual inspection and the results of Lo Vecchio et al.
(2018), a temperature variation threshold of ± 4°C is defined.
Variations above 4°C are considered an increase in temperature,
while those below −4°C are considered a decrease.

NDVI =
ρNIR − ρRED
ρNIR + ρRED

(4)

FV = (
NDVI−NDVImin

NDVImax −NDVImin
)
2

(5)

EM = 0.004× FV+ 0.986 (6)

LST [°C] = TB
1+ (0.00115× ( TB

1.438
)) × ln (EM)

− 273.15 (7)

As a summary, the three previously developed stages
complement the overall workflow for the glacieret analysis
(Figure 4). These include: (1) the visual inspection of glacierets
with a surface area smaller than 0.01 km2, carried out to
validate their presence and morphological characteristics; (2) the
calculation of surface albedo using Sentinel-2 mosaics, which
allows for the assessment of snow surface reflectance; and (3)
the estimation of glacier surface temperature based on Landsat 8
thermal imagery, aimed at identifying relevant thermal patterns.
Together, these stages enhance the multivariable characterisation
and enable a more accurate evaluation of the current state of
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FIGURE 4
Workflow for glacieret analysis. The process includes: (1) the Public Glacier Inventory (IPG2022_v2) and the defined buffer for analysis [Panels (A,B)]; (2)
calculation of the Normalised Difference Snow Index (NDSI) and surface albedo from Sentinel-2 mosaics [Panels (C,D)]; and (3) estimation of Land
Surface Temperature (LST) using Landsat 8 data [Panels (E,F)].

glacierets. Lastly, we determined the statistical significance of
our results through the p-value Wilcoxon test for most of the
glacieret’s sample (Supplementary Table S1) as a function of the
NDSI, albedo and LST differences. We complemented this analysis
with the graphic representation of the 95% confidence interval for
each variable.

2.5 Statistical analysis of bias and
confidence intervals

To quantify the bias between two paired samples of the same
variable (NDSI, albedo and Land Surface Temperature changes)
and to assess its statistical significance, a combined approach was
implemented, incorporating normality testing, confidence interval
estimation, and non-parametric inference.

First, a vector of paired differences (bias) was computed
following Equation 8:

Δ = xt1 − xt0 (8)

Where xt1,xt0 representmeasurements taken at two distinct time
points.The normality of Δ was then assessed using the Shapiro-Wilk
test. Depending on the result, the appropriate method was selected
to compute a 95% confidence interval:

• If normality was assumed (p > 0.05), a parametric confidence
interval for the mean bias was estimated based on the Student’s
t distribution.
• If normality was not supported (p ≤ 0.05), a non-parametric
bootstrap method (percentile bootstrap) was applied to
estimate the confidence interval for the median bias, using
1,000 resamples with replacement.

To assess whether the bias was significantly different from
zero, the Wilcoxon signed-rank test was performed under
the null hypothesis that the median of Δ is zero. Then, a
histogram of the bias was also generated and annotated with
the observed median and confidence interval bounds, enabling
a graphical interpretation of the bias magnitude, direction, and
associated uncertainty. The results of this analysis are presented as
part of the Supplementary Material.
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2.6 Meteorological data

Meteorology plays a key role in the energy balance of
glaciers, making the analysis of annual mean temperature and
precipitation critically important. In this study, annual mean
temperature and precipitation data from meteorological stations
(647 for precipitation and 379 for temperature) included in
the Center for Climate and Resilience Research, CR2, Vismet
repository (https://vismet.cr2.cl/) were analysed for two periods:
(1) 2000–2023 and (2) 2018–2023. The data was processed
using RStudio software. Special emphasis was placed on the
2018–2023 period, as it encompasses the entire visual inspection
timeframe for the smallest glacierets, as well as the remote sensing
assessment period (southern hemisphere hydrological years 2019
and 2022).

3 Results

3.1 Observed changes on glacierets smaller
than 0.01 km2

From themanual on-screen analysis of the 588 glacierets smaller
than 0.01 km2, 321 glacierets were identified as having no visible
surface ice, representing a surface reduction of 1.49 km2 (50.83%
of total surface) between 3rd February 2020, and 10th April 2024.
Of the glacierets without visible surface ice, 244 glacierets were
subclassified as underlaid by regolith, 75 by bedrock, and two by
water bodies. Considering the possibility of glacierets being covered
by debris, the 77 glacierets where we found bedrock, or water bodies,
can be considered “entirely vanished,” representing an ice loss of 0.38
km2. Meanwhile, the 244 glacierets classified as regolith could be
considered “presumably vanished,” representing a potential ice loss
of 1.11 km2.

Considering the spatial variability of the 321 smallest
glacierets identified as having no visible surface ice, the O’Higgins
Region exhibited the most significant ice loss in terms of
number of “vanished” or “presumably vanished” glacierets,
reaching 83.56% (Table 3). This was followed by the Maule
Region, with a reduction of 64.95%. Valparaíso and Biobío regions
showed similar levels of ice loss, with values of 57.58% and
57.38%, respectively. In contrast, the Metropolitana, Coquimbo,
and Antofagasta regions exhibited more moderate losses, with
reductions of 40%, 36.14%, and 33.33% in number, respectively.
Finally, the Ñuble and Atacama regions recorded the lowest ice loss,
at 31.82% and 26.88%, respectively.

Based on the categorisation from the IPG 2022, of the
321 smallest glacierets identified as having “non visible surface
ice,” those glacierets with southeast orientation were the most
affected by ice loss, accounting for 25.5%, in number, of the
total analysed glacierets. This was followed by those with south
(23.05%), east (17.13%), and north (8.41%) orientation. The
remaining orientations represented a smaller percentage of the total,
highlighting the greater vulnerability of those glacierets exposed to
solar radiation from the southeast.

Regarding elevation, the 588 analysed glacierets are distributed
along an altitudinal belt of 4,527 m, with an average elevation of
3,964 m a.s.l. The average maximum and minimum elevations of

the glacierets are 3,987 and 3,940 m a.s.l., respectively. These data
indicate a concentration of glacierets within a relatively narrow
elevation range, although the extremes reach 2,086 and 6,613 m a.s.l.
As for those smallest glaciers entirely, or presumably vanished, we
observe a widespread distribution throughout their elevation range
of 2,200–6,200 m a.s.l. (Supplementary Figure S2). Nonetheless,
there is a large cluster of vanished glaciers below 3,700 m a.s.l.
around 34°S and 35°S, with nearly one-third of the whole subsample
of vanished small glacierets.

3.2 Glacierets characteristics along the
study area

Here, we present the main characteristics of the 1,856 glacierets
recognised in our study area according to the IPG2022 and our
obtained results through the remote sensing assessment. Although
the IPG2022 mentioned in their methodology that the amount of
debris on the surface is assessed (DGA, 2022), none of the 1,856
glacierets recognised in our study area have information about the
degree of debris cover.

In this regard, when assessing the median NDSI of the glacierets
(Figure 5), we found regional differences that are worth mentioning
and could help to assess the surface characteristics of Chilean
glacierets better. Those at lower elevations (below 5,000 m a.s.l)
in the Central macrozone have the lowest NDSI in 2020 and
2023. This pattern is independent of the glacierets’ size; thus, these
ice bodies could likely be considered partially or entirely debris-
covered, a feature shared by those smallest glacierets, as shown in
section 3.1. However, the highest NDSI is shown in those glacierets
at higher elevations in the Central and Southern macrozones,
which could also indicate clean surface ice (Figure 5). Although,
due to the small size of the glacierets, the spatial resolution of
the satellite images used here (10 m), and the time difference
between the mapping date (average of the year 2017 according
to the IPG2022), it is possible that not all the pixels assessed in
our analysis are part of the glacierets. Instead, edge effects due
to glacier extensional variations could be involved, as discussed
in Section 4.1.

Also, we assess the presence of pixels with NDSI > 0.4 for
the 1,856 glacierets. We found that 34.75% of the sample (645
glacierets) doesn’t have any pixel with an NDSI higher than 0.4
and, thus, could be considered as totally debris-covered in both
the 2019 and 2023 analysed years. This subsample of glacierets
with all of their NDSI pixels below 0.4 represents a debris-covered
surface of 18.1 km2. They also have the lowest median NDSI, and
are primarily concentrated in the Central and Southern macrozones
(Figure 5). On the contrary, glacierets with pixels with NDSI > 0.4
are also those with higher median NDSI values and are found in
the Northern and Central macrozones, mostly above 5,000 m a.s.l.
peaks, such as prominent peaks and volcanoes on the Altiplano
and in the semi-arid Andes (Atacama, Coquimbo, Valparaíso and
Metropolitana regions). We observe another large concentration of
glacierets withNDSI pixels over 0.4, alongwith a highmedianNDSI,
around 33.3°S near 6,000 m a.s.l., corresponding to the Tupungato
Volcanic Complex (Figure 5).

Considering the presence of pixels with NDSI > 0.4 for the
1,856 glacierets along the different macrozones and regions, we
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TABLE 3 Summary of smallest glacierets ( < 0.01 km2) and observed changes for the different regions and macrozones.

Macrozone Region Total Non-visible ice Visible ice Undet

Quantity % Quantity % Quantity %

Northern Macrozone

Arica y parinacota 1 - 0 - 0 1 100

Tarapacá 1 - 0 - - 1 100

Antofagasta 6 2 33.33 4 66.67 - -

Atacama 93 25 26.88 67 72.04 1 1.08

Coquimbo 83 30 36.14 52 62.65 1 1.20

Central Macrozone

Valparaíso 33 19 57.58 13 39.39 1 3.03

Metropolitana 45 18 40 27 60 - -

O’Higgins 146 122 83.56 24 16.44 - -

Maule 97 63 64.95 34 35.05 - -

Southern Macrozone
Ñuble 22 7 31.82 15 68.18 - -

Biobío 61 35 57.38 26 42.62 - -

Total 588 321 54.59 262 44.56 5 0.85

assess the change in the extent of clean ice between 2019 and 2023.
The clean ice area identified by the NDSI threshold is only 37.8%
of the total glacierets area and had a reduction of 16.5% between
2019 and 2023. The reduction in area is considerable in the Central
macrozone, where 3.84 km2 of clean ice has been lost between
2019 and 2023 (Table 4).

The different regions of the Central macrozone show a general
reduction in the clean ice area, ranging from 27.1% in the
Metropolitana Region to 34.0% in the Valparaíso Region, with
an overall decrease of 29.5% for the whole Central macrozone.
Although the extent of the area covered by glacierets is small
in the Northern macrozone, some regions, such as Tarapacá and
Antofagasta, experienced a reduction of 50% in the extent of clean
ice. In contrast, the Atacama Region, which has the greatest extent
of clean ice in the Northern macrozone, shows a slight increase of
3.8% between 2019 and 2023, likely related to the presence of snow
in the 2023 images. Meanwhile, in the Southern macrozone, the
Biobío Region experienced the most considerable relative reduction
of clean ice, with a decrease of 49.2%. This contributed to an overall
reduction of 46.9% in clean ice area for the analysed portion of the
Southern macrozone (Table 4).

3.3 Surface albedo

To assess the satellite-derived albedo between 2019–2020
and 2022–2023, we split the glacierets subset in two: those
with and without NDSI pixels greater than 0.4 (Figures 6, 7).
Glacierets with NDSI’s pixels lower than 0.4 are more common
at lower elevations in the Central Macrozone, showing lower
albedo values and no change in albedo between 2019–2020 and

2022–2023 (Figure 6). Meanwhile, those with NDSI pixels greater
than 0.4 are present along all the different regions and show
the highest albedo values, particularly in the southern margin
of the Northern macrozone (Figure 7). Although no general
changes are detectable, there are regions where a decrease in
albedo between 2019–2020 and 2022–2023 is observed. For
example, the highest glacierets of the Northern macrozone
show an albedo decrease around 0.3, with a local concentration
of this trend evidenced in the Atacama Region. This is also
observed in some of the regions of the Central Macrozone, such
as the O’Higgins and Valparaíso regions (Figure 8). Overall,
the Northern macrozone shows the highest albedo variability
mostly concentrated on those glacierets above 5,500 m a.s.l.,
whereas the Central macrozone shows a similar pattern, mostly
for its northern portion in the Coquimbo Region and over
4,000 m a.s.l. (Figure 7).

On a regional basis, we observe a general decrease of the mean
albedo for the glacierets located at Arica y Parinacota, Tarapacá,
Antofagasta, Coquimbo, Valparaíso, O’Higgins, and Biobío regions
(Figure 8). On the other hand, this trend is not clearly observed
for the Atacama, Metropolitana, Maule and Ñuble regions. In the
particular case of the Atacama Region, Northern macrozone, we
observed a heterogeneous trend for the albedo change, as the
glacierets in this region have an elevation range of over 2,000 m
along with a latitudinal range of 4°. In other cases, when the
glacierets are comprised within a short latitudinal range, such as
the case of the O’Higgins Region (34°S to 35°S), we observe an
albedo distribution with no apparent changes between the periods
2019–2020 and 2022–2023. However, this is not the case for the
Valparaíso Region, where, besides an albedo reduction of 0.2, the
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FIGURE 5
Median NDSI latitudinal and altitude distribution for glacierets in the study area in 2019 and 2023.

mean albedo for the 2022–2023 period is far more concentrated
towards values under 0.5 (Figure 8).

3.4 Land surface temperature

Land surface temperature for the assessed glacierets ranges
between−10°C and 40°C.Higher temperatures are observed,mostly,
at lower elevation glacierets, in particular for the year 2023 for
those glacierets whose NDSI pixel values were below 0.4 (Figure 9),
whereas lower temperature values are observed for those glacierets
with at least one pixel with NDSI values over 0.4 located at higher
elevations, above 6,000 and 5,000 m a.s.l., for the Northern and
Central macrozones, respectively (Figure 10). As for the rest of
the glacierets, we do not observe other clear temperature variation
trends through their latitudinal and elevation range, independently
of their NDSI values.

Overall, a high range of temperature values is observed along
the different regions (Figure 11). In this regard, a positive land
surface temperature variation is observed mostly at the Southern
macrozone (Ñuble and Biobío regions) with increases ranging

between 5°C and 10°C (Figure 11). Particularly, the Biobío Region
stands out, with 83% of the glacierets recording increases greater
than 4°C. As for the land surface temperature variability in other
regions, we observe a slight temperature increase of 1.5°C for the
Maule and O’Higgins regions. However, this trend is not clearly
observed for those regions ranging from the Metropolitana Region
northwards.

3.5 Temperature and precipitation changes

The annual mean temperature for the historical period
(2000–2023) ranges from −1°C in the mountainous regions to
over 20°C in the coastal and valley areas (Figure 12A). During
the 2018–2023 period (Figure 12B), no clear temperature trend
is observed, with stations showing both increases and decreases
ranging between −1°C and 1°C across the region (Figure 12C). In
contrast, over the past 5 years, an overall decrease has been observed
across the study area (Figure 12F), except in themountainous region
north of 20°S. This could be explained by the predominance of
convective rainfall in that area (Viale et al., 2019), where rising

Frontiers in Earth Science 11 frontiersin.org

https://doi.org/10.3389/feart.2025.1565290
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Ugalde et al. 10.3389/feart.2025.1565290

TABLE 4 Changes in clean ice surface area (NDSI > 0.4) for glacierets by macrozone and region between 2019 and 2023.

Macrozones Regions Glacierets area Clean Clean ice Clean ice

[km2] Ice [km2] Change [km2] Change [% ]

Northern Macrozone

Arica y Parinacota 1.50 0.42 −0.07 −16.7

Tarapacá 0.09 0.08 −0.04 −50.0

Antofagasta 0.73 0.32 −0.16 −50.0

Atacama 16.56 12.18 0.46 3.8

Coquimbo 1.60 0.84 −0.12 −14.3

Total 20.48 13.84 0.06 0.5

Central Macrozone

Valparaíso 4.58 1.59 −0.54 −34.0

Metropolitana 20.65 6.09 −1.65 −27.1

O’Higgins 18.93 4.09 −1.24 −30.3

Maule 7.09 1.21 −0.40 −33.1

Total 51.25 12.98 −3.84 −29.5

Southern Macrozone

Ñuble 1.55 0.30 −0.10 −33.3

Biobío 3.28 1.81 −0.89 −49.2

Total 4.83 2.12 −0.99 −46.9

All 76.56 28.94 −4.77 −16.5

temperatures enhance its occurrence. In the rest of the country,
decreases of up to 80% are observed in the mountain range from
30°S southward.

4 Discussion

4.1 Methodological limitations

This research confronts several methodological limitations
that require careful consideration to interpret its results properly.
Among the primary constraints identified are edge effects, glacieret
morphology, shadow effects, and the presence of clouds and
seasonal snow.

As for the manual inspection of the 588 glacierets with an area
smaller than 0.01 km2, this method relied primarily on satellite
imagery, which inherently introduces a margin of error due to
the lack of direct field validation (Paul et al., 2013), despite using
the highest available spatial resolution for the images (Table 1).
This limitation is particularly evident in the subcategorisation
of “presumably vanished” for regolith beds. Such classification
should be confirmed through field visits, considering that the
morphological context suggests a high likelihood of the surface ice
being covered by debris, making it extremely difficult to completely
rule out the presence of covered ice in the area. Nonetheless, for
those 75 glacierets whose bed material was identified as bedrock,

we consider their vanishment as very likely during the 2018–2023
observed period.

Edge effects represent a particularly critical methodological
limitation in our analysis. Figure 13 illustrates the relationship
between glacieret surface area, as determined by the IPG2022
glacier outlines, and the percentage error associated with area
estimation derived from pixel counting (the sum of the area covered
by all Sentinel-2 pixels intersecting within the glacieret’s outlines
minus the area derived from the IPG2022 outlines expressed as
a percentage of the total IPG2022 area). A clear decreasing trend
is observed: smaller glacierets ( < 0.01 km2) exhibit substantially
higher relative difference ( > 20%), whereas larger areas show
a significant reduction in percentage difference (less than 5%).
Negative variation values potentially indicate: (1) absence of
available albedo data (NaN values), (2) exclusion due to applied
filters like cloud or snow coverage, or (3) insufficient pixel coverage
within the glacieret outlines. Conversely, positive values indicate that
portions of pixels extend beyond the glacieret delimitation, an effect
particularly significant in percentage terms for glacierets of reduced
dimensions.

This pattern demonstrates the increased impact of spatial
discretisation due to raster resolution on small glacier units,
where minimal deviations along the glacier boundary represent
a considerable proportion of the total area. To address this
limitation, particularly for small glacierets, we implemented a
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FIGURE 6
Median albedo of glacierets with NDSI < 0.4 for the ablation seasons of 2019 and 2023.

control mechanism that included a 500-m buffer zone around each
glacieret’s outline 4.This buffer was specifically designed to facilitate
a visual comparison between albedo and land surface temperature
characteristics inside and outside the glacieret’s boundaries. This
comparative approach allowed us to visually confirm that the
albedo within the glacieret areas remained distinctly different
from the surrounding non-glaciated terrain, despite potential edge
contamination.

Several factors impact the accurate estimation of albedo
from satellite images. For instance, topographic shadow effects
generate a systematic underestimation of albedo in affected areas.
On the contrary, snow cover and cloud presence can generate
a systematic overestimation of albedo. While we implemented
a protocol for selecting images captured during summer to
minimise snow presence and ensure that the recorded albedo
corresponds primarily to ice, this approach presents additional
challenges. In northern regions, the characteristic presence of
summer cloudiness incorporates a new source of error. Although
we applied specific filters to detect images with minimal cloud
coverage, in certain cases, these are insufficient to guarantee the
complete absence of clouds over the areas of interest, potentially

causing overestimation of albedo. The combined influence of these
factors—edge effects, pixel resolution relative to glacieret size,
glacieret morphology, topographic shadowing, cloud presence, and
ephemeral snow cover demands a nuanced interpretation of the
observed albedo patterns and their temporal variations throughout
the study period.

Regarding land surface temperature (LST), the study area has
a very limited amount of vegetation in the vicinity of glacierets,
primarily located between the Maule and Biobío regions. Therefore,
the vegetation fraction used for calculating emissivity and LST
does not introduce significant first-order influences. Although the
work of Gök et al. (2024) in the Alps and Durán-Alarcón et al.
(2015) in the Andes demonstrates its valid use over glaciers,
considering additional parameters, such as the emissivity difference
between ice/snow and debris/rock surfaces, might be appropriate.
Nevertheless, omitting this difference is also justified as the ice’s
emissivity varies within a narrow range of 0.97–0.99 (Aubry-
Wake et al., 2015; Wu et al., 2015). Consequently, we can consider
the emissivity of the glacieret’s surrounding rock or debris surface
and that of the glacieret itself to be equally 0.98. Nonetheless,
considering differential emissivities per material could be a more
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FIGURE 7
Median albedo of glacierets with NDSI > 0.4 for the ablation seasons of 2019 and 2023.

refined approach for particular cases with more detailed local
information.

Additionally, the spatial resolution of the Landsat 8 bands used
varies between 30 m for the optical and near/short infrared bands
and 100 m for the thermal band (pixel size of 0.01 km2). All glacierets
subjected to this analysis have areas smaller than 0.25 km2, with
50% of them having smaller areas than 0.18 km2. Consequently, the
majority of glacierets are primarily covered by fewer than 20 thermal
pixels. Furthermore, the 588 glacierets with less than 0.01 km2 areas
(see Section 3.1) are covered only by 1 pixel. However, given their
non-uniform geomorphology, often including elongated lobes, they
will have a greater intersection with the surrounding pixels. This
leads to a stronger influence from the adjacent material, whether it
is snow, water, rock, or debris. For two glacierets of equal area, the
one with a more elongated contour will have a greater intersection
with the surrounding pixels and, therefore, a greater influence from
the adjacent material (see Supplementary Figures S1, S13).

The numerical properties assigned to each glacier (NDSI,
Albedo, and LST) use different inputs. The former two are derived
from Sentinel 2 images with a 10 m resolution, while LST derived
from Landsat 8 images has a spatial resolution of 30 and 100 m.

On the other hand, NDSI and Albedo analysis considered the best
image fromDecember toMarch (minimumcloud, shadow and snow
coverage). In contrast, LST analysis was based on a mosaic built
with the best four images of its corresponding period (March 2020
and March 2023). Therefore, although the images are associated
with the same general time period, they don’t correspond to the
exact same date or localmeteorological conditions.This discrepancy
is important to consider when analysing specific cases, such as
glacierets exhibiting high albedo values and high temperatures
(Figures 7, 10).

The most frequently observed factors that increase the
temperature of a glacieret are smaller ice/snow cover, decreased
shadow in the image, specific climatic conditions resulting in a
higher overall surface temperature, and the number of available
pixels in each mosaic. Furthermore, the glacieret’s orientation,
area, and shape also influence surface temperature results through
solar incidence and the predominant surface type (debris, rock,
or ice, Figure 3). While filters for snow and cloud cover were
applied, these factors and those mentioned before could not be
entirely neglected as they reflect climatic variability resulting from
topography, geographic location, daily atmospheric conditions, and
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FIGURE 8
Relative probability distribution of the median albedo for glacierets across Chilean regions, with at least one NDSI pixel over 0.4, comparing data from
2019 to 2020 (blue) and 2022–2023 (red). Vertical dashed lines represent the arithmetic mean temperature value for each region and year.

image acquisition availability and timing.This leads to varied results
across different regions; however, macrozonal trends can still be
identified (Figure 11).

Although glacierets with external influences were not excluded
due to their large number, LST allows for observing regional-
scale trends or variations. Generally, it has been observed that for

Frontiers in Earth Science 15 frontiersin.org

https://doi.org/10.3389/feart.2025.1565290
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Ugalde et al. 10.3389/feart.2025.1565290

FIGURE 9
Median land surface temperature of glacierets with NDSI < 0.4 for the ablation seasons of 2019 and 2023.

glacierets with areas greater than 0.05 km2, a temperature contrast
between the ice surface and the surrounding environment can be
observed (Supplementary Figure S1). However, these observations
should be complemented with other methods and higher-precision
local data. LST alone cannot discern the state of a glacieret, nor
its absolute temperature due to external influences unrelated to the
glacieret itself.The weak relationship found between low albedo and
high temperatures (R2 < 0.2, see Supplementary Figure S3) suggests
the existence of other factors, in addition to debris cover, that exert
a positive thermal influence on the results. The temperature trends
of the surface adjacent to the glacierets are clearly distinguished
by comparing the resulting image and the LST mosaics within the
buffer around each glacieret (Figure 4).

4.2 Glacierets characteristics

In terms of the number of glacierets whose surface has at least
100 m2 (one pixel of Sentinel-2 imagery) of visible surface ice
(Sentinel-2 derived NDSI pixel values over 0.4), according to the
NDSI results (Figure 5), we account for 1,211 glacierets (65.2%)

that meet this condition. Although the corresponding accumulated
area of this subsample of glacierets is 58.4 km2, the estimated clean
ice surface, as the sum of all NDSI pixels over 0.4, is only 28.9
km2 (Table 4). This surface difference implies that 29.5 km2 of the
area of the 1,211 glacierets could likely be debris-covered.

Considering that 645 (34.75%) of the 1,856 glacierets have all
of their NDSI pixels below 0.4, and, thus, their surface is likely
completely covered by debris, we can account, in total, for 47.6 km2

of debris-covered surface (62.2%) in the whole glacieret sample.This
is the result of the sum between 18.1 km2 of all those potentially
debris-covered glacierets (Section 3.2; Figure 5) plus the 29.5 km2

of debris-covered surface of those glacierets with at least one NDSI
pixel over 0.4.

Most of these debris-covered glacierets (81.1% of the subsample)
are located in the Central macrozone, mainly below 5,000 m a.s.l.
(Figure 5). This feature is consistent with the Central Andes’ rugged
relief, favouring the conditions for debris inputs onto glaciers due
to mass-wasting process. Such is the case of the large concentration
of debris-covered glaciers evidenced on the Central Andes of
Argentina (Zalazar et al., 2017). As the IPG2022 doesn’t report
information regarding the surface nature of glaciers in Chile (DGA,
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FIGURE 10
Median land surface temperature of glacierets with NDSI > 0.4 for the ablation seasons of 2019 and 2023.

2022), we can’t make a similar comparative analysis. As for the
Northern and Southern macrozones, we observe that glacierets
without visible ice surface are mainly located below 5,000 and
3,000 m a.s.l., respectively, following a similar distribution pattern as
observed for theCentralmacrozone.However, it is worth noting that
the Northern and Southern macrozones concentrate only the 12.1%
and 6.8% of the potential debris-covered glacierets, respectively.
Until a detailed visual inspection of each of the glacierets has
been done, it is worth keeping these as “potential” debris-covered
glacierets.

Our findings regarding the potential debris-covered glacierets
at the lower elevations of each macrozone are consistent with
the obtained median albedo values (Figures 6, 7). Lower albedo
values (below 0.2) are observed mainly in the Central and Southern
macrozones, between 2,100 and 5,000 m a.s.l. In contrast, the
Northern macrozone regions present the largest concentration
of high albedo values (over 0.4), with 86.8% of their glacierets
meeting this condition. This scenario is plausible when considering
the smoother terrain for the Altiplano and the semiarid Andes

of the Coquimbo Region. This condition has led to the concept
of “reservoir glaciers” (Lliboutry, 1956), which implies that a
glacier can experience years with either accumulation or ablation
throughout its whole extension. Furthermore, the dry, windy, and
cold climate of this region makes sublimation the primary process
controlling the ablation of these ice masses (Ayala et al., 2017;
MacDonell et al., 2013). Although we also observe high albedo
values, over 0.4, in the Valparaíso, Metropolitana and O’Higgins
regions, the Central macrozone has experienced a more sustained
darkening of its glaciers, as discussed in Section 4.2, when compared
to the Northern macrozone (Figure 8).

Having a characterisation of the glacieret’s surface features
allows us to better understand the mass balance process and its
relationship with local climate. Such is the case of a higher albedo
of those glaciers in the northern regions, which, besides agreeing
with higher NDSI values (Figure 5), matches the lower surface
temperatures observed both in 2019 and 2023 (Figure 10).The latter
relationship poses significant implications for the energy balance
and, thus, the whole mass balance for glacierets.
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FIGURE 11
Relative probability distribution of pixel-level land surface temperature values for glacierets across Chilean regions, with at least one NDSI pixel over
0.4, comparing data from 2019 to 2020 (blue) and 2022–2023 (red). Vertical dashed lines represent the arithmetic mean temperature value for each
region and year.
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FIGURE 12
Annual temperature and precipitation changes derived from meteorological station data for the 2000–2023 and 2018–2023 periods. (a): Annual
mean temperature for the 2000-2023 period. (b): Annual mean temperature for the 2018-2023 period. (c): temperature changes between 2000-2023
and 2018-2023 periods. (d): Annual mean precipitation for the 2000-2023 period. (e): Annual mean precipitation for the 2018-2023 period. (f):
precipitation changes between 2000–2023 and 2018–2023 periods.

4.3 Recent changes in glacieret’s surface
characteristics

When comparing the extent of the area with NDSI higher than
0.4 between 2019 and 2023, we detect a general reduction of the
clean ice area of 16% (Table 4). Nevertheless, the changes are more
pronounced at the regional scale, in agreement with the albedo
reduction observed in Figure 8, highlighting the impact of the recent
drought and increased air temperatures along the Northern and
Central macro zones, as observed in Figure 12.

The albedo distribution for each assessed region between 2019
and 2023, as observed in Figure 8, allow us to determine which
macrozones experience the most significant albedo fluctuations. In
this regard, Figure 14 shows the NDSI, albedo and land surface
temperature differences for the whole analysed period (2019–2023

in the case of NDSI and albedo and 2020–2023 for LST) for
those glacierets with visible ice surface. Significant negative albedo
differences are observed in the northern portion of the Central
macrozone (Metropolitana andValparaíso regions), alongwithmost
glacierets of the Arica y Parinacota, Tarapacá and Antofagasta
regions. Nonetheless, we also observe a small cluster of negative
albedo change on those glacierets above 6,000 m a.s.l. at theAtacama
Region. Although the analysis considers only two hydrological years
(2019 and 2022), our results agree with the albedo reduction trends
constrained by Shaw et al. (2021) of −0.14, on average, for 18 larger
mountain and valley glaciers of theCentral Andes ofChile (33–34°S)
when comparing the year 2020 with the 1986–2009 period.

These trends are also observed when comparing the
same differences for all glacierets larger than 0.01 km2

(Supplementary Figures S5, S6). At the same time, this subset of
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FIGURE 13
Relationship between glacier area and percentage error in pixel-based area estimation (Sentinel-2 derived albedo, 2022–2023).

glacierets shows more significant changes than those glacierets
with a smaller surface area (Supplementary Figure S13), hence
the relevance of the manual inspection. On the contrary, we also
observe positive albedo differences for a small subset of glacierets in
the Atacama Region between 5,000 and 6,000 m a.s.l. which could
be, likely, influenced by the presence of snow cover in the 2023
images (Figure 4), as also revealed by the higher NDSI values on
Figure 5. However, this potential positive solid precipitation trend
is not clearly observed in the Atacama Region in Figure 12. On
the other hand, for those glacierets whose NDSI values report no
clean ice (Supplementary Figure S4), we observed the lower albedo
values and, at the same time, no significant changes throughout
2019 to 2023 (Supplementary Figures S7, S8).

As a validation assessment, our on-screen analysis of the 588
glacierets smaller than 0.01 km2 shows that more than 50% (N
= 321), both in quantity and extent, have no visible surface ice
or snow on the 2018–2024 period. Considering the characteristics
of the surface underlying the glacieret, once no ice is visible, we
declare it as “entirely vanished (N = 77)” when it was possible to
identify the bedrock and water bodies and “presumably vanished
(N = 244)” when we identified the presence of regolith. Thus,
we can’t discard those ice bodies as being debris-covered. On
a complementary basis, Supplementary Figures S9–S12, show the
NDSI, albedo and LST median values, and bias distribution for the
small glacierets subset. For the NDSI analysis, we observe a general
reduction in the Central and Southern macrozones for the “visible
ice” subset (N = 267) (Supplementary Figures S9–S10). As for the
“no visible ice” subset (N= 321), we don’t observe significant changes
(Supplementary Figures S11–S12), in agreement with lower NDSI
values at the beginning of the period due to an already lost ice
surface for those “entirely” and “presumably” vanished glacierets.On
the other hand, we don’t observe clear changes in albedo and land
surface temperature, with the exceptions of the Central macrozone

for albedo fluctuations (Supplementary Figure S9) and the Southern
macrozone (Ñuble and Biobío regions) for surface temperature
variation (Supplementary Figure S9), attributed to the loss of surface
ice in those vanished glacierets, in particular for the Biobío Region
where 57% (N = 35) of its small glacierets vanished in the last
5 years (Table 3). Such a trend is in agreement with the precipitation
decrease observed in Figure 12.

The ice loss within glacierets has led to an average land surface
temperature increase across all three macrozones for some specific
glaciers. From north to south, notable regions include Tarapacá and
Atacama in the Northern macrozone, with increases between 13°C
and 15°C; the Metropolitan Region (11°C–14°C) and O’Higgins
Region (10°C–11°C) in the Central macrozone; and Ñuble and
Biobío regions, where LST has risen between 10°C and 12°C
(Supplementary Figures S5–S6). The visual inspection of glacierets
with decreasing temperatures does not show any advancement
or increase in ice content; the reduction is attributed to external
factors, as was discussed in section 4.1. For instance, in the Arica
y Parinacota Region, 50% of the glacierets experienced a decrease
in average land surface temperature associated with a greater snow
cover due to summer precipitation from the Altiplano winter.

In larger glacierets, the expected correlation between areas
with temperatures typical of frozen environments (0°C ± 2°C)
and the presence of visible bare ice in the Landsat 8 mosaics
is more clearly observed (e.g., glacieret CL103801041@ of 0.09
km2, Supplementary Figure S1). In contrast, glacierets with LST
exceeding the expected values are also identified, reaching between
30°C and 40°C, ranges consistent with rock or soil surfaces
(Brenning et al., 2012; Lo Vecchio et al., 2018; Ren et al., 2024;
Liao et al., 2020). This phenomenon suggests the influence
of the surrounding debris material adjacent to the glacierets,
identified as edge effects, or even the glacieret disappearance, as
occurs on some glacierets smaller than 0.01 km2, Section 3.1;
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FIGURE 14
NDSI, albedo and LST changes between 2019 and 2023 for all glacierets with NDSI pixel values greater than 0.4.

Supplementary Figures S11–S12. Such temperature trends reflect
environmental influences, even when glacierets with decreasing
temperatures are excluded. Additionally, we observed that
temperatures decrease with glacieret area, with gradients ranging
from−52.7°C/km2 in the north to −22.5°C/km2 in the south. Studies
such as Lo Vecchio et al. (2018) and Ren et al. (2024) suggest
validating these results with local data or climatic models like ERA5,
especially for smaller areas or large cryoforms with higher thermal
resolution.

5 Conclusion

Considering the latest version of the Chilean Public Glacier
Inventory, IPG2022, remote sensing, and meteorological stations
data, we describe the morphological characteristics of Chile’s
glacierets and assess their recent surface changes, including albedo
and Land Surface Temperature (LST), from the Arica y Parinacota
to the Biobío regions (Desert and Central Andes of Chile).
Also, considering the smallest glacierets (those with an extension

less than 0.01 km2) included in the IPG2022, we assessed their
current status in detail, focusing on the persistence of visible
surface ice.

Our study analysed the presence of clean ice for 1,856 glacierets
using a threshold of 0.4 for NDSI derived from Landsat 8 (OLI)
and Sentinel-2 images between 2019 and 2023. We found that more
than 34% of the glacierets could be considered debris-covered,
which, at the same time, don’t show significant changes in NDSI
between 2019 and 2023, further supporting the hypothesis that their
surface is mainly covered by debris. These potential debris-covered
glacierets are primarily concentrated inChile’s Central and Southern
macrozones below 5,000 m a.s.l. likely associated with the rugged
relief of the Central Andes along with active mass-wasting process.
Above 5,000 m a.s.l., we found that glacierets with clean ice and high
medianNDSI values aremore common in theNorthern andCentral
macrozones. In terms of ice loss, we detect a general reduction of the
clean ice area of 16%, equivalent to a surface ice loss of −4.77 km2

for the 2019–2023 period. Such changes are more pronounced at the
regional scale, highlighting the impact of the negative precipitation
trends along the Northern and Central macrozones.
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Our analysis of albedo changes shows that those glacierets
with no clean ice have lower albedo values and thus don’t show
significant changes. Meanwhile, glacierets with clean ice have the
highest albedo values and, at the same time, manifest a slight
albedo decrease in the Central and Southern macrozones, in
concordance with the shrinkage of the clean ice surface. The
land surface temperature changes between 2019 and 2023 show
positive regional trends for most glacierets within the study
area, particularly those in the Southern macrozone (Biobío and
Ñuble regions).

Our on-screen analysis of the 588 glacierets smaller than
0.01 km2 included in the IPG2022 shows that more than 50%
(N = 321), quantity and extent, had no visible surface ice by
2023–2024. Considering the characteristics of the exposed glacier
bed, we declare 77 glacierets as “entirely vanished” when bedrock
or water bodies were exposed, and 244 glacierets as “presumably
vanished” for those glacierets underlaid by regolith. Thus, we can
account for an ice loss of up to 1.49 km2 directly linked to
the vanishment of those glacierets that already had an ongoing
reduction trend.

The glacieret’s surface changes accounted for in this study are
supported by the precipitation reduction trends observed from the
meteorological station’s data. In fact, the last 5 years (2018–2023)
have been drier than in previous decades (2000–2023), with
decreases of up to 80% in mountainous areas.

We hope our analysis of the characteristics and recent
changes of these small ice masses helps to better assess
their future response to climate change. Our results and
discussion represent a valuable contribution to local and
regional hydrological assessments, particularly for regions in
the Desert and Central Andes of Chile already subjected to
hydrological stress.
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