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A B S T R A C T

Chile is one of the countries with the largest glacier area in the world, accounting for approximately 80%
of the glaciers in South America and vast zones of snow cover area. Climate Change in some regions
of South America is generally characterized by increasing temperatures and decreasing precipitation,
which have accelerated glacier retreat and reduced snowfall. Furthermore, in areas of the country
conterminous to populated centers, glaciers and snow cover areas are particularly vulnerable due to
exposure to pollution from urban centers and industrial activities related to nearby mining. Emissions
from such anthropogenic sources result in increased deposition of impurities on their surfaces. These
contaminants, known as LAIs (Light Absorbing Impurities) such as Black Carbon (BC), significantly
reduce ice and snow albedo. In this study, a monitoring platform was developed to integrate satellite
imagery for observing Black Carbon on snow and glacier surfaces. Sentinel 2 satellite data, corresponding
to the Level-2 surface reflectance product, were utilized. Two glaciers were selected for analysis: one
located in the central region near an active mining operation, named Olivares Gamma Glacier and
another located away from urban centers, the Tupungatito Glacier. Satellite imagery data were compared
with in-situ measurements. Snow pit samples were processed under standard laboratory conditions to
quantify Black Carbon concentrations using single-soot particle photometry (SP2). Results indicated
elevated Black Carbon concentration levels in the samples from Olivares Gamma, located in closer
proximity to anthropogenic emission sources. These results enable the modeling of LAIs using radiative
transfer models to establish sensitivity thresholds for glaciers to contamination by anthropogenic actions.
Snow and albedo from in-situ stations present a systematic drift with satellite information, which can be
attributed to the localization of the stations.

1. Introduction
Black Carbon (BC) is one of the major pollutants linked to anthropogenic

emissions that can contribute to accelerated melting of glaciers and snow due
to changing of the surface albedo. It is primarily produced by the incomplete
combustion of fossil fuels and biomass and is considered the second-largest
contributor to anthropogenic radiative forcing (Ramanathan and Carmichael,
2008). Evidence of BC influences on the cryosphere across the world is
reflected in ice core records, showing a rapid increase of BC concentrations
since the 1850s (Sigl et al., 2018; Gulev et al., 2021). While an increase in
BC emissions continued in the beginning of the 20th century BC, a decrease
is observed since the 1970s in some regions as a result of worldwide action
plans. In Arctic and European ice cores, the reduction in BC concentration has
been partially attributed to the Clean Air Act (Kang et al., 2020). Nevertheless,
Antarctica, Asia, Oceania, South America and Africa experienced an ongoing
increase on Black Carbon emissions, still affecting the cryosphere (Liu et al.,
2023; Gulev et al., 2021; Xu et al., 2021; Cereceda-Balic et al., 2020).

The BC belongs to the Light Absorbing Impurities (LAIs) which also
includes Brown Carbon (BrC), Carbon Black (CB), and Mineral Dust. However,
BC and Mineral Dust are the most studied due to their significant impact on
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the surface of snow and glaciers (Hu et al., 2020). Global BC emissions from
anthropogenic sources affected the snow and ice reducing albedo by darkening
the surface and, in consequence, intensifying melt rates (Ren et al., 2024). In
the current climate scenario, snow and glacier melting processes are of great
relevance due to their connection with snow duration and water availability
(Réveillet et al., 2022). This process can significantly affect water reservoirs,
influencing seasonal river discharge and water availability during warmer
periods.

To understand the impact of BC, several techniques have been developed
to quantify the magnitude of these impurities. These techniques could be
classified into a) laboratory measurements, b) atmospheric measurements
and c) indirect measurements of BC concentrations. Laboratory measurements
are often based on optical thermal analysis, which quantifies elemental carbon
(proxy of BC) (Gilardoni et al., 2022; Zhang et al., 2020; Gul et al., 2021).
Another method measures the mass of refractory Black Carbon (rBC) in
aerosolized melted snow/ice samples using laser-induced incandescence
analysis with a Single Particle Soot Photometer (SP2) (Konya et al., 2021;
Wang et al., 2021). Concerning atmospheric BC mass, the most conventional
technique is the Aethalometer, which employs an optical technique to
determine BC concentrations (Panicker et al., 2021; Sandeep et al., 2022).
Finally, indirect observations based on albedometers, field spectrometers
or hyperspectral cameras measurements, allow to obtain on-site albedo
measurements and therefore can be spatialized by using satellite imagery
(Barandun et al., 2022).

Chile is one of the countries in South America which presents the most
abundance in glaciers and snow cover, which are affected by the climate
forcing variables (Pérez et al., 2018; Olivares-Contreras et al., 2019). The
Andes mountains gathered more than 30,000 glaciers and more than 4,000

1 of 8 https://www.recentadvancesin.com/remote-sensing

https://crossmark.crossref.org/dialog/?doi=10.62880/rars25004
https://doi.org/10.62880/rars25004
https://creativecommons.org/licenses/by/4.0/


Sánchez-López et al. Recent Advances in Remote Sensing 4 (2025)

km² of snow cover. In the central and southern zone of Chile, where BC
research is still ongoing, a persistence of BC over the Andes has been detected
(Rowe et al., 2019; Cordero et al., 2022). Several works have documented
the transport of black carbon from anthropogenic centers throughout the
central Andes cordillera revealing a high impact on glaciers and snow cover
(Lapere et al., 2022) or new analytical methods for BC estimation over snow
(Cereceda-Balic et al., 2019). This evidence can also be compared to remote
sensing imagery, particularly, surface albedo, which also reveals the impact of
BC and dust in its darkening trend (Barandun et al., 2022; Shaw et al., 2021).
Despite these previous studies, there is still no consensus about the magnitude
of BC concentration levels for many glaciers and snow covered areas. This
knowledge is however critical to assess the impact of BC more quantitatively
in terms of its radiative impact on the snow/glacier melting rate, which is of
high social and economic relevance as it directly affects the water reservoirs
for the summer season. The impact of BC can be modelled by using radiative
transfer models such as the Snow Ice Aerosol Radiative version 3 (SNICAR
v3) model (Hu et al., 2020; Flanner et al., 2021; Zhang et al., 2024), but
information of BC concentrations from measurements are therefore required
to surrogate information. To this end, the monitoring of BC is necessary to
understand the anthropogenic contribution and its impact in water security at
catchment scale. Thus, the main objective of this work aimed to estimate the
BC concentration over the Central Andes of Chile and its relation to snowfall
assessed by satellite and in-situ measurements. The structure of this work is
detailed as follows; Section 2 describes the Study Area, Section 3, present data
set, laboratory measurements and remote sensing data. Section 4 presents
the results and analysis. Section 5 presents a brief discussion and section 6
shows the conclusion of this work.

2. Study Area
The Maipo River Basin, situated in the Central Andes of Chile, is one of

the main water sources for Santiago, the main city of Chile. Glaciers and snow
cover within this basin play a vital role in water availability, especially during
summer seasons. The main land uses in this basin include urban, agriculture,
prairies, scrub and forests, wetlands, bare soil, snow and glaciers, and water
bodies. The basin has a Mediterranean climate, with a snow accumulation
season from April to September and a melt season from October to March; this
implies that streamflow is fed from precipitation mostly during winter and by
snowmelt from the upper mountains during spring and summer (Genova and
Wei, 2023). In this basin, glaciers are classified as debris covered, debris free
and rock glaciers (Barcaza et al., 2017; Ayala et al., 2020). This work focuses
on two free debris glaciers, the Olivares Gamma and the Tupungatito glaciers,
affected by the Chilean Megadrought (Dussaillant et al., 2019; McCarthy et al.,
2022) and subject to different sources of atmospheric deposition (Lapere
et al., 2022). The Olivares Gamma Glacier is located in the Olivares River
sub-basin, exposed to mining activities due to its proximity to large-scale
extraction operations and the pollutants generated by the city of Santiago. The
Tupungatito Glacier is located near the Tupungatito Volcano and influenced
by volcanic activity, which could deposit particles such as ash and carbon
aerosols. These deposits can similarly alter snow reflectivity, mirroring the
effects of anthropogenic emissions. Figure 1 presents the study area.

3. Data and Methods

3.1. Data Collection and Laboratory Measurements
A field expedition was carried out at the Olivares Gamma and Tupungatito

glaciers during September of 2024. Snow samples were collected following
a standardized field protocol to ensure data consistency and minimize
contamination. Sampling sites were selected based on accessibility, spatial
representativeness, and proximity to potential contamination sources. Prior
to fieldwork, meteorological conditions were monitored for 10 days to assess
precipitation, temperature, and wind speed. Sites were positioned upwind to
minimize contamination from field personnel.

Snow pits were excavated and stratified into four depth layers: 0˘5 cm,
5˘25 cm, 25˘50 cm, and 50˘80 cm. Each layer was measured and charac-
terized using the crystal card and English folding fiberglass ruler to measure
the depth of each horizon. For each stratified snow horizon, two samples
were extracted using a Snow density wedge sampler 1000 cc (Snowmetrics
®), obtaining the same volume which was carefully sampled to prevent

cross-contamination and stored over Whirl-Pak bags. The snow temperature
for each snow horizon was measured by using a Dial Extern Thermometer
(snowmetrics ®).

Two snow pits were dug near the front of the Tupungatito Glacier, reaching
a depth of 80 cm, while at the Olivares Gamma Glacier, due to lower
snow accumulation, the snow pit reached up to 50 cm maximum depth.
Samples were collected using sterilized tools, stored in Whirl-Pak bags, labeled
according to a standardized coding system and transported using a portable
freezer which maintains the temperature below −5C. This portable freezer
uses an AC adaptor, and it has a battery capacity for 12 hours to prevent the
melting process during transportation. Finally, styrofoam and dry ice were used
to preserve the samples integrity until laboratory analysis. The collected snow
samples were sent to the Paul Scherrer Institute (PSI) in Switzerland, where
BC concentrations were analyzed using the Single Particle Soot Photometer
(SP2). The SP2 technique allows for high-precision quantification of BC mass
concentrations by detecting incandescence from soot particles exposed to a
laser beam.

Snow samples collected during the field expedition were analyzed
for refractory black carbon (rBC) concentrations, after melting at room
temperature and 25 min sonication in an ultrasonic bath, using a Single
Particle Soot Photometer (SP2, Droplet Measurement Technologies, USA) at
PSI in Switzerland. The instrument was coupled to an APEX-Q equipped with
a jet nebulizer (Elemental Scientific Inc., USA), with full details about the
analytical set-up for liquid samples described in Wendl et al. (2014). More
details about the later improved procedures applied in a study on Holocene
black carbon based on and ice-core record of biomass burning in the Amazon
Basin from Illimani, Bolivia (Osmont et al., 2019), and which were exactly
followed here, can be found in Osmont et al. (2018). All samples were split
into three sub-samples, allowing for triplicate measurements.

3.2. Remote Sensing Data
To evaluate the spatial variability of NDSI and albedo, values are extracted

from the sampling points used and from a 1 km × 1 km quadrant, represented
by a 1 km² area (Fig. 2).

To ensure the suitability of the images for snow and albedo analysis, the
Sentinel-2 Level 2A dataset (COPERNICUS/S2_SR), pre-processed using the
ESA’s Sen2Cor algorithm, were used. This provides imagery with atmospheric
and radiometric correction. Image selection is confined to the period between
October 1, 2023, and September 30, 2024.

Sentinel-2 imagery was filtered to retain only scenes with less than
20% cloud cover and full spatial coverage of the study area, defined as a
1 km² buffer at the glacier front. Cloud-contaminated and anomalous pixels
were removed using the Scene Classification Layer (SCL), by masking pixels
classified as clouds, cloud shadows, or saturated/defective. An additional
reflectance-based filter excluded pixels with unrealistic values (e.g., reflectance
> 1.0 in any band). The cloud removal filter is essential for Andes mountains
terrain to extract the correct values of snow cover (Mattar et al., 2022).

To determine the snow cover, the Normalized Difference Snow Index
(NDSI) proposed by Hall et al. (1995) was used. This multispectral index
is useful to estimate snow phenology and the impact of snowfall which
are directly related to snowpit characteristics. This multispectral index is
calculated using the following equation:

NDSI=
σ(green)−σ(swir)
σ(green) +σ(swir)

(1)

Where, σ(green) is the reflectance band in the green spectrum (0.5238−
0.5958 µm), and σ(SWIR)is the reflectance band in the short-wave infrared
spectrum (1.523 − 1.705 µm) (Hall et al., 1995). The NDSI values were
compared to in-situ measurements to estimate the seasonal snowfalls and
their relation to the snow horizons obtained from the snowpit on Olivares
Gamma and Tupungatito glaciers.

On the other hand, surface albedo is estimated following the method
proposed by Liang (2001), which integrates various Sentinel-2 bands Lin et al.
(2022).

α= 0.356b2 + 0.130b4 + 0.737b5 + 0.085b6 + 0.072b7 − 0.0018 (2)

Where b2, b4, b5, b6 and b7 are the spectral bands of Sentinel-2. This
equation was selected because it has been shown to have higher accuracy
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Figure 1: Context and location of the study area of this work. Upper left provides the regional context of the Maipo River Basin in South America (in yellow). Upper right
shows the delineation of the basins where glaciers are located. Lower left shows the frontal zone of the Olivares Gamma Glacier, and lower right shows the frontal zone of
the Tupungatito Glacier. Diamonds indicate the location of Chilean National Water Secretariat (DGA) monitoring stations. Source: Google Satellite Imagery

than other Landsat albedo algorithms (Naegeli et al., 2017; Traversa et al.,
2021).

Only images where both albedo and NDSI were successfully generated
were retained for analysis. Time series of mean albedo and NDSI were
extracted over three spatial scales: (i) the full 1 km² quadrant, (ii) the central
snowpit point, and (iii) a 3× 3 pixel window (∼ 30 × 30 m) centered on the
snowpit pixel.

In-situ measurements obtained from the Chilean National Water Secre-
tariat (DGA) were also used. These stations are named Olivares Gamma Glacier
and Tupungatito Glacier, respectively, which were selected according to the
snowpit locations. These stations are well instrumentally equipped to measure
short and long wave radiation, air temperature and relative humidity, snow
depth, wind speed and direction and solid/liquid precipitation. The surface
albedo, snow depth, liquid/solid precipitation data and air temperature and
relative humidity were used to compare satellite imagery and to validate
the snowfall occurrence, which may affect BC concentration. In the case of
wind speed and direction, these measurements were used to evaluate the BC

backtrajectory to determine the possible sources of anthropogenic (mining
and city) or natural emissions (volcano).

3.3. Snow, Ice, and Aerosol Radiative Model (SNICAR)
Modelling

The SNICAR Model was developed by Flanner et al. (2021) in order
to estimate the impact of black carbon and snow/ice impurities on the
spectral albedo. In order to assess the effect of BC in the spectral albedo
for Tupungatito and Olivares snow pits, SNICAR ADv3 was used in this work.
For the simulation, clear sky, summer, high mountain atmospheric conditions
were assumed, and snow grain size was measured using a ruled plate (see
Figure 3 and 4), with average isolated crystal size ranging from 500 to 1000
um for all depths. The depths of the snowpack layers in each snowpit for
Tupungatito were 5, 20, 25 and 30 cm, and in the case of Olivares they were
5, 25 and 30 cm, from shallow to deeper layers. The density in both snow pits
was assumed equivalent to 400 kg m-3 which was also used in previous work
(Figueroa-Villanueva et al., 2023; Cornwell et al., 2016). The solar zenith
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Figure 2: Quadrants used for spatial analysis, panels a) and b) show the 1 km × 1 km quadrants located at the front of Olivares Gamma and Tupungatito glaciers,
respectively, panels c) and d) display the 3-pixel Sentinel-2 grids, centered on each snowpit pixel.Source: Google Satellite Imagery (b, d) and Bing Satellite (a, c)

angle values were estimated from the time and geographic position for each
snowpit during the field campaign.

4. Results

4.1. Snowpit Characterization
For Tupungatito Glacier, the snowpit is presented in Figure 3. Four main

layers were identified from the 0-5 cm, 5 to 25, 25 to 50 and 50 to 80 cm depth.
In most cases, the structure of snow is characterized by faceted snow grains.
The temperature difference between the first and the last layer was about
−5°C in the first snowpit and −1C in the second. The snow hardness varies
from very low to high from the first to the last layer. It might be attributed to
a recent snowfall which may affect the first layer. It is important to note that
the two snowpits generated in Tupungatito Glacier present similar features
for each layer.

On the other hand, for Olivares Glacier snow pit is presented in Figure 4.
In this case, only three stratigraphic snow layers were identified at 0-5 cm, 5
to 25, 25 to 50 cm depth. The temperature difference between the first and
the last layer was about 1.5C. The snow hardness varies from very low to
medium from the first to the last layer. This might be attributed to the fact
that the snow pit is located on the frozen lake and the snow melt season is

close to starting, so the hardness of the snow is lower than Tupungatito. In
this snowpit, a marked brown layer was identified and attributable to the
particle deposition during the snow season.

4.2. Black Carbon Concentration
Table 1 presents the BC derived from laboratory measurements. Snow pits

from Tupungatito Glacier (GT) exhibit higher variability in BC concentrations,
particularly in the upper depth intervals (0-5 cm and 5-25 cm). For example,
GT-N2-1 (0-5 cm) shows the highest BC concentration of 3.9 ppb. The deeper
layers (25-50 cm and 50-80 cm) generally display lower variability and
concentrations. BC concentrations in Olivares Gamma Glacier (GO) snow
pits are consistently lower and less variable compared to GT. The highest
concentration observed in GO is 2.3 ppb in GO-3 (25-50 cm).

4.3. Snowfall Analysis and Albedo
The time series of surface albedo for Olivares Gama Glacier and Tupun-

gatito Glacier are presented in Figure 5 and Figure 6. In the case of Olivares
Gamma Glacier, the albedo reflects a decrease between October and December
related to the melted season, with decreasing values from 0.8 to 0.2. During
January to April, the albedo showed slight variations in terms of its magnitude
based on the proportion of cloud free pixels. The first snowfall was during
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Figure 3: Snowpit at Tupungatito Glacier where four stratigraphic layers were
identified for a) 0 - 5 cm, b) 5 - 25 cm, c) 25 - 50 cm and d) 50 - 80 cm.

Figure 4: Snowpit at Olivares Glacier where three stratigraphic layers were identified
for (a) 0-5 cm, (b) 5 - 25 cm and (c) 25 - 50 cm.

April, marked by an abrupt change from 0.2 to 0.5. Then, the snow season
generates a prevalence of the albedo values higher than 0.6. The differences
between the glacier front and the snowpit points are strongly related to the
number of cloud free pixels used for the average and topography. Indeed, the
topography is a critical factor for albedo retrievals, which generate sudden
uncertainties in the impact of pollutants on remote sensing correction artifacts.

In the case of Tupungatito Glacier, the albedo shows the same seasonal
behavior as Olivares Gamma Glacier. This means that local factors based on
the elevation of both glaciers did not affect the seasonal snow decrease or
snowfall start season. The albedo retrieved from Sentinel - 2 during July is
about 0.7 ± 0.2, in contrast to in-situ data which presents for the same time
period albedo values of about 0.9 ± 0.1. The first snowfall of the season
for the Tupungatito was detected on April 13, 2024. The satellite imagery
acquisition for the 17th April showed values about 0.76 ± 0.05 and a value
of 0.7 ± 0.1 for the 30m × 30m and 1km × 1km quadrants, respectively. In
contrast, the in-situ sensor presented albedo values between 0.69 and 0.95
for 13th and 15th April, respectively. Lately, the albedo values increased by
several snowfalls between May and October. Indeed, during that period, the
albedo values obtained from S1 range between 0.65 and 0.85, in contrast to
the in-situ values which range between 0.14 and 0.9. The lowest values of
in-situ data during July and August might be attributed to local effects (i.e.
topography or location of the station) which shows an accelerated melted
process in relation to satellite derived snow and the influences on the albedo.

Table 1
BC results from SP2 for snow samples obtained from Glacier Olivares (GO) and
Glacier Tupungatito (GT), with the analytical 1σ uncertainty provided. N represents
the number of SnowPit (1 or 2). and the index I and SO, indicate the substrate ice
or soil, respectively.

Depth Sample label rBC concentration (ppb) rBC site average (ppb)

0 - 5 cm GO-N1-1-I 0.4 ± 0.2
5 - 25 m GO-N1-2-I 2.2 ± 0.4 1.7

25 - 50 cm GO-N1-3-I 2.3 ± 1.6

0- 5 cm GT-N1-1-SO 1.9 ± 1.0

0.7
5 - 25 cm GT-N1-2-SO 0.23 ± 0.05
25 - 50 cm GT-N1-3-SO 0.2 ± 0.1
50 - 80 cm GT-N1-4-SO 0.5 ± 0.4

0- 5 cm GT-N2-1-SO 3.9 ± 2.9

1.1
5 - 25 cm GT-N2-2-SO 0.15 ± 0.03
25 - 50 cm GT-N2-3-SO 0.22 ± 0.06
50 - 80 cm GT-N2-4-SO 0.15 ± 0.08

In fact, the snow and albedo for different pixel sizes obtained from S2 remains
quite similar during snowfall season in relation to the amplitude derived from
in-situ data.

The satellite-derived albedo values decreased to 0.42 with a variance of
0.15, then remained constant between 0.6 and 0.7. These drops were even
more pronounced in the in-situ data, reaching values as low as 0.13. This
difference appears again during the next snowfall event: starting May 27, the
satellite data show more stable values between 0.65 and 0.85 until the end of
the snow accumulation period. In contrast, the in-situ albedo values dropped
to 0.14 on July 17, which is one of the dates when the greatest snow cover
would be expected in the area.

The observed in-situ albedo data from Olivares Glacier high consistency in
the measurements during the accumulation period. The first snowfall recorded
with in-situ data occurred on April 13, with an albedo value of 0.67. Then
on May 7, with a value of 0.70, albedo remained relatively stable, ranging
between 0.58 and 0.90 until the end of the accumulation period. Satellite data
recorded an initial increase on April 17, with an albedo value of 0.52 ± 0.14
in the 1 km × 1 km quadrant. However, this increase was not observed in the
3×3 pixel window, where the albedo value was 0.17 ± 0.03. This difference
could be attributed to the freezing point reached by the lake. Subsequently, on
May 12th, the highest albedo values were recorded and remained stable until
the end of the accumulation period, ranging between 0.73–0.85 and 0.58–0.73
in the 3×3 pixel window and the 1 km × 1 km quadrant, respectively.

The pixel size reveals the effect of the spatial resolution on the albedo
values, especially where the site is located close to a complex terrain such
as the slope of a mountain which is the case of Tupungatito. In the case of
Olivares Glacier, the pixel linked to the snowpit is located on flat areas which
only present important differences as compared to a coarse pixel. For instance,
the albedo for the area of 1 × 1 km ranges between 0.6 and 0.7 albedo values
during snow season, in contrast to the albedo values estimated for 30 ×
30 m and snow pit pixel which ranges between 0.75 and 0.85 at the same
time period. These variations could influence the times series of albedo and
its possible trends attributed to BC influences or other impurities as it was
mentioned in Figueroa-Villanueva et al. (2023).

When comparing the albedo values derived from satellite data with the
modeled albedo outputs from SNICAR, significant differences are observed.
At both the Olivares Gamma Glacier and the Tupungatito Glacier, the satellite-
derived albedo values exceed 0.95 (Table 2), while the modeled albedo values
remain below 0.85 during the same period. In the modelization of albedo the
only impurity that was measured in the laboratory was the concentration of BC,
which shows relatively low values. It is possible that the concentration of dust,
brown carbon, volcanic ash and to a lesser extent the concentration of organic
elements such as chlorophyll, combined with BC, may play an important role
in the discrepancies between models and satellite observations.

Table 2 presents the total albedo reductions attributed to the presence of
black carbon (BC), showing decreases of 0.002 at the Olivares Glacier snowpit
(GO-N1), and 0.001 and 0.002 at the Tupungatito Glacier snowpits (GT-N1
and GT-N2), respectively. These values, derived from the SNICAR model, align
with previous observations of BC-related albedo reductions in pristine Alaskan
glaciers during the snow season (Konya et al., 2021). Figure 7 illustrates the
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spectral albedo differences between clean snow (assumed rBC = 0 ppb) and
BC-impacted snow (using laboratory-measured concentrations reported in
Table 2) within the visible portion of the electromagnetic spectrum. The most
significant BC-induced albedo reductions occur at wavelengths below 1 µm,
according to Flanner et al. (2021).

Another factor is that the albedo used in this comparison is provided
by Sentinel-2 products (Lin et al., 2022), which do not include adequate
illumination and slope corrections. This issue affects the spatial analysis using
remote sensing and it can be evidenced by changing the spatial resolution
between a single pixel to the upscaled aggregated pixel (10 m × 10 m to 1000
m × 1000 m). This issue deserves an appropriate topography dataset based
on the theoretical model of Picard et al. (2020) which suggests the theoretical
basis for snow correction models at complex terrain. Unfortunately, accurate
elevation data have to be derived from in-situ measurements or high spatial
resolution techniques (Shaw et al., 2021). For this work, the use of a digital
complex terrain is not available and only related to the spatial resolution of
the current remote sensing products.

Figure 5: NDSI, Albedo, Air Temperature and Humidity near Olivares Gamma
Glacier.

5. Discussion
Remote sensing techniques were used to monitor surface albedo time

series to determine BC pollutants over snow and glaciers. However, several
factors such as transport and deposition, as well as topography, are involved in
the BC concentrations and its impact on surface albedo. The spatial resolution
of satellite imagery reveals strong influence between point to lower pixel
scales. Some recent studies demonstrate changes in surface albedo, suggesting
an influence of BC, although topographic corrections were not included
(Figueroa-Villanueva et al., 2023). Moreover, the use of Liang surface albedo

Figure 6: NDSI, Albedo, Air Temperature and Humidity near Tupungatito Glacier.

Table 2
Decrease in albedo due to BC concentration. The column “Clean” corresponds to
snow the albedo outputs considering rBC = 0 ppb and “BC” corresponds to the
concentrations obtained from the snowpit samplesanalyzed in the laboratory. Final
values were rounded to the third decimal place.

Site
Albedo (SNICAR)

Clean BC Difference (Clean - BC)

GO-N1 0.959 0.958 -0.002
GT-N1 0.962 0.961 -0.001
GT-N2 0.960 0.958 -0.002

retrieval needs to be evaluated in terms of the effects on relief impact on
albedo retrievals. Indeed, the use of theoretical albedo approaches developed
by Picard et al. (2020) or similar surface albedo parameterization (Lee et al.,
2024) has demonstrated the impact of correcting the topographic effect on
albedo time series trends. This issue must be considered in albedo and black
carbon assessment to separate the systematic error of surface albedo retrievals
from surface albedo decreasing by black carbon presence.

Regarding the in-situ data, the stations of DGA present a strong bias
between the satellite and field campaign measurements. For Olivares Glacier,
the station was located over barren areas meanwhile in the areas close to
the Olivares Glacier, more than 50 cm of snow depth was detected by in situ
measurements with surface albedo higher than 80% as revealed by satellite
imagery. This condition biases the snow melt season only with attribution to
the location of the station instead of the snow process forced by atmospheric
conditions. Similar evidence is also presented for Tupungatito Glacier where
in-situ albedo derived from DGA stations are close to 20% during July and
August meanwhile satellite derived values are higher than 60% and snow
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Figure 7: Spectral albedo derived from SNCAR v3 for the snowpit at the Olivares
Glacier (blue lines) and the 2 snowpits at the Tupungatito Glacier (red and green
lines). Solid lines correspond to the outputs using the laboratory values of BC
concentration, and the dashed lines correspond to clean snow (BC concentration =
0 ppb).

depth was found close to 80 cm during fieldwork. These results suggest the
sites selected by DGA for the purpose of snow monitoring were not ideally or
,at least, not representative of the study area in terms of albedo measurements.
The comparison between satellite-derived albedo and in.situ data requires
further analysis, calibration and validation for new approaches based on snow
radiative transfer modelling at high mountains.

6. Conclusion
This work contributes to a better understanding of the impact of Black

Carbon on snow processes in the central Andes using also remote sensing
and modelling. The main results showed Black Carbon concentration in both
Olivares Glacier and Tupungatito Glacier ranging between 0,15 and 3,9 ppb,
determined from laboratory analysis of snow pit samples. These concentrations
could be attributed to pollutants transportation from anthropogenic emission
areas to the central Andes of Chile. The use of remote sensing and in-situ
measurements reveals some discrepancies which are attributed to a not fully
representative site where the stations are installed. Indeed, the location of
in-situ station measurements indicate no snow cover area whereas a snow
covered area with a depth of 40 cm was observed during the field campaign.
Moreover, satellite imagery-derived albedo from GEE deserves a topographic
correction for analysis in the Central Andes based on significant differences
between upscaling data and modelling results. Notably, SNICAR simulations
show that BC alone cannot explain the observed albedo reductions, pointing
to the potential role of other light-absorbing impurities such as mineral
dust. Clearly, further work should be conducted to assess the influence of
surface albedo and its opacity, thereby using a topographic correction model,
radiative transfer modelling, and an improved parameterization in SNICAR
by introducing a more detailed characterization of the snowpack composition
to be derived from direct observations in future field studies.
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