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Abstract: In the western Andes, climate changes have led to drastic ecological changes during the
Pleistocene and Holocene. Given the debate surrounding precipitation pattern changes and the lack of
research on lakes in the Chilean Altiplano, this study aims to assess recent climate changes. The paper
presents an innovative methodology based on Google Earth Engine (GEE), utilizing fluctuations in
water levels in endorheic lakes as natural precipitation indicators. Three lakes (Chungara, Miscanti,
and Miniques) in isolated drainage systems were studied, where changes in water levels directly
reflect rainfall variations. Data from Landsat-OLI 8, Landsat-ETM+, Landsat-TM 5, and MODIS
spanning 31 years were processed using the Google Earth Engine platform. The shapes of the water
bodies were extracted using hue saturation value (HSV) composites. The surface areas of the lakes
were compared with precipitation data from national meteorological stations and the Tropical Rainfall
Measuring Mission (TRMM) using linear regression analyses. Both lake area and rainfall volume
showed a decrease over time, with varying trends depending on environmental conditions. However,
the analysis consistently indicates a reduction in the area and volume of Chilean lakes corresponding
to observed rainfall patterns over the past three decades.

Keywords: Google Earth Engine; Andean Altiplano; climate change

1. Introduction

Groundwater serves as a vital global resource, providing one-third of the Earth’s
fresh water for various needs, including domestic, agricultural, and industrial purposes [1].
However, projected climate change poses a significant threat to groundwater reservoirs, the
majority of which are non-renewable over significant timeframes for both human use and
ecosystem sustenance. Numerous paleoenvironmental studies have highlighted that the
climate conditions in the Atacama Desert and western Andes during the late Pleistocene
and early to middle Holocene were more humid compared to the present [2-13]. These
studies have indicated that the average annual rainfall in the region was higher than
current levels, with a decrease of approximately 200% (between 400 and 500 mm) during
this period. Consequently, large paleolakes formed, covering areas up to six times larger
than present [14,15]. During the mid-Holocene, the water levels of high-altitude lakes
decreased due to reduced precipitation and elevated temperatures [16-22]. This event had
widespread effects on the entire Central and Southern Central Andes.
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During the wetter and warmer conditions of the Pleistocene—-Holocene transition,
Miscanti Lake experienced water levels approximately 29 m higher than its current surface
level. However, with the onset of the mid-Holocene, a shift towards arid environmental
conditions led Miscanti Lake to become a brackish pool or even a bog [16,19,21]. Studies
based on lake sediment analysis suggest that Miscanti Lake only regained perennial status
after experiencing an annual mean rainfall of 150-200 mm [19,21].

More recently, Chile has experienced a drying trend since the mid-20th century, which
is expected to continue, potentially resulting in a reduction of up to 40% in average annual
precipitation compared to current levels [23]. This trend has led to a noticeable decrease in
rainfall since the late 1970s, contributing to the occurrence of more frequent droughts [24].
In contrast, upward trends have been observed in average annual precipitation in the
Bolivian Altiplano [25], as well as in annual precipitation in northern Chile [26,27]. While
there is consensus regarding the likelihood of increasing temperatures in the region [26],
there remains significant uncertainty regarding future precipitation changes across the
Andes [28]. Given these projections, the debate surrounding precipitation pattern changes
in the Andean Altiplano becomes an urgent issue.

Prior studies have demonstrated a strong relationship between the water levels of
high-altitude lakes and local climatic conditions in the Andean Altiplano. A recent study
has underscored significant changes in modern altiplano lakes in Bolivia and the Peru
Altiplano [29]. Beyond climatic factors, anthropogenic influences may directly impact the
water balance in these areas. External factors such as increased agricultural activities and
irrigation have been suggested as potential causes for changes in Lake Poop¢ levels in
the Bolivian Altiplano [29]. In Chile, escalating water demand associated with expanding
mining operations, fruit production, and human consumption has continued to rise in
recent decades. The unregulated use of water, combined with dry seasons, can lead to a
significant decrease in lake levels or even complete desiccation. Water scarcity in endorheic
basins presents substantial challenges in terms of water resource management [30], emerg-
ing as a critical environmental concern. Managing water resources in these regions proves
to be difficult, firstly due to the limited availability of comprehensive datasets. Indeed,
in such remote areas, the number of operational meteorological stations with long-term
data records is constrained. This underscores the imperative need for efficient and con-
sistent surface water monitoring tools and the provision of support for promoting more
sustainable utilization of water resources in vulnerable regions like the Chilean Altiplano.

Remote sensing data have proven to be effective in monitoring water body dynamics
using the Google Earth Engine (GEE) platform [31-33]. The ability to conduct rapid, on-
the-fly analysis of satellite data in near-real time is one of the advantages offered by cloud
computing platforms like GEE [34]. Devries et al. [35] utilized historical Landsat and
other supplementary data sources available on GEE to map surface inundation during
flood events. Xia et al. [35] investigated changes in the water surface, revealing positive
correlations between water area and precipitation. These findings serve as important
references for informing water management policies in remote regions, mainly due to the
periodic acquisition of images, the synoptic view of the environment, and the potential
for extracting products related to the physical, chemical, and biological characteristics of
terrestrial targets.

This study aims to evaluate the debate surrounding changes in rainfall patterns in the
Chilean Altiplano over recent decades, utilizing fluctuations in the water levels of endorheic
lakes as natural indicators of precipitation. Our methodology relies on remote sensing data
to construct a time series depicting the variations in the extent of three Chilean Altiplano
lakes: Chungard, Miscanti, and Miniques. We analyzed Landsat-OLI 8, Landsat-ETM+,
Landsat-TM 5, and MODIS time series data spanning from 1975 to 2019 using the GEE
platform to quantify the lakes” extent and subsequently compare this information with
precipitation data collected from national stations and the Tropical Rainfall Measuring
Mission (TRMM). The study presents an initial analysis of the hydrological patterns of the
Chilean Altiplano over the past three decades. Our methodology could serve as a blueprint
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for establishing natural climate observatories in remote and underserved areas, such as the
South American Altiplano. This innovative approach provides a cost-effective hydrological
tool for efficient water resource management, lake preservation, and safeguarding surface
aquatic ecosystems, especially in areas with logistical constraints (i.e., remote and difficult
to access).

2. Materials and Methods

The lakes investigated in this study were chosen according to the following criteria:
(a) their proximity to national meteorological stations and the availability of precipitation
data; (b) the endorheic nature of the watershed to which each lake belongs; and (c) The
presence of flat topography devoid of steep slopes.

2.1. Research Area
2.1.1. Chungara Lake

Chungara Lake, situated in the Lauca National Park, Arica y Parinacota region of
northern Chile, lies between coordinates 18°14’S and 69°09’W, near the border with Bolivia
(Figure 1) [36]. Positioned at an elevation of around 4556 m, it ranks among the highest
lakes in the world, and it is situated within the northern Chilean Altiplano [37]. Chungara
Lake forms part of the endorheic watershed of the same name, encompassing an area of
approximately 260 km? [6]. The Chungara Lake basin is situated on the border between
Chile and Bolivia. This basin is crossed by Carretera 010, which has a high truck traffic flow.
However, images from the past 20 years were analyzed, and it was concluded that land use
and cover have not undergone significant modifications, demonstrating stability.
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Figure 1. Localization of the study areas and metereological stations near the lakes; data source:
Biblioteca del Congresso Nacional del Chile (BCN); Infraestructura de Datos Geoespaciales Chile
(IDE Chile); Direccion General de Aguas (DGA).

Chungara Lake is characterized as a polymictic lake, with the water exhibiting slight
alkalinity and salinity, a feature influenced by dolomite rocks [38]. Its irregular surface
spans approximately 21.5 km?, with depths ranging from 26 to 40 m, the deepest area
being located in the northwestern sector [6]. The lake’s water balance is regulated by
several factors, including inflows from tributary rivers, precipitation, evaporation, and
minimal seepage to the groundwater table and Cotacotani Lake at the northern outflow [36].
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The primary tributary, the Chungara River, originates from the Guallatiri Volcano [39],
contributing to four-fifths of the water inflow to the lake [36]. The region experiences an
arid climate, with precipitation occurring mainly during the “Invierno Boliviano” (Bolivian
winter) period from December to March, influenced by the El Nifio Southern Oscillation
(ENSO) phenomenon [40].

The morphometric characteristics of the watershed are presented in Table 1. The
Chungara Lake basin, with its elongated shape and lower drainage density, tends to have a
longer concentration time. This means that its hydrological responses to precipitation are
likely to be more attenuated and less immediate.

Table 1. Metrics were obtained from SRTM data, collected between February 11 and 22 in 2000.

Chungara Lake Miscanti Lake Miniques Lake
Basin Area (Km?) 267.06 267.72 17.68
Basin Perimeter (Km) 96109.2 99.02 2292
Maximum Elevation (m) 6299 5774 5763
Minimum Elevation (m) 4556 4141 4131
Total Channel Length (Km) 141.88 233.05 10.50
Drainage Density 0.53 0.87 0.59
Maximum Axis (Km) 13.69 1.09 3.27
Minimum Axis (Km) 6.20 7.68 1.72
Compactness Coefficient (Kc) 1.64 1.69 1.52
Form Factor (Kf) 0.45 0.69 0.52

2.1.2. Miscanti and Miniques Lakes

Miscanti and Miniques Lakes are located in the Antofagasta Region, nestled in the
central Andes of Chile, southeast of the Atacama Salar, approximately 20 km from the city
of Socaire (Figure 1) [19,21]. They are situated within the endorheic watershed known
as “Endoreica entre Fronteirizas y Salar de Atacama”. Miscanti Lake occupies a position
at latitude 22°44'S and longitude 67°46'W, resting at an altitude of 4140 m. Miniques
Lake, located 1.5 km south of Miscanti Lake, shares a similar geographic context [19].
The basin of the Miniques and Miscanti lakes has 40% of its area located within the Los
Flamencos National Park, a protected area with environmental regulations. High-resolution
images from December 2021, available in the ARCGISPRO database, were analyzed, and
no anthropogenic pressure or any type of change in land use or cover was identified in
this region.

Miscanti Lake is characterized as a brackish water body spanning approximately
13.5 km? with a depth of around 10 m. Its catchment area extends over about 320 km?,
primarily composed of Miocene to Holocene volcanic rocks along with Quaternary alluvial
and glacial deposits [19]. Positioned along the Quebrada Nascimiento fault, the lake’s
drainage is constrained, preventing complete desiccation due to limited water outflow
from the endorheic watershed [17,41]. The lake’s water balance is chiefly governed by
groundwater inflow and evaporation outflow, with evaporation rates notably exceeding
precipitation rates [19]. With no surface outflow and restricted water seepage to Miniques
Lake, Miscanti Lake maintains its water levels [19]. The climate in the vicinity is extremely
arid, with annual precipitation ranging between 200 and 250 mm during the austral summer
months from December to February [17].

The morphometric characteristics of the watershed are presented in Table 1. The
Miscanti Lake basin, with its more compact shape and higher drainage density, responds
more quickly to precipitation. The well-developed drainage network facilitates the rapid
concentration of water flow, resulting in more immediate variations in the lake’s level. The
Miniques Lake basin, being the smallest of the three, has an intermediate shape.
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2.2. Data and Research Methods

In essence, our methodology revolves around the following key steps: (i) Creating
a GEE script to estimate the annual maximum variation of water surface for Chungara,
Miscanti, and Miniques lakes spanning a 31-year period, utilizing Landsat’s products
and MODIS; (ii) determining the extension of the lakes; (iii) gathering precipitation data
from national ground stations and the Tropical Rainfall Measuring Mission (TRMM) in the
same period of image acquisition; (iv) analyzing the correlation between rainfall and the
extension of the lakes to facilitate climate monitoring objectives.

Precipitation data were sourced from two national stations accessed from the climate
explorer tool of the Centro del Clima y la Resiliencia (CR): the Socaire station, located 20 km
from Miscanti and Minique lakes, and the Chungara Ajata station, positioned northeast of
the Chungara Lake border (Figure 1).

The Chungara Ajata Station records data from 1984 to 2019, while the Socaire station
covers the period from 1975 to 2017. The annual rainfall values and the rainfall values
between the image acquisitions were summed for each station to conduct statistical analyses.
The objective was to ensure the precise selection of satellite images and validate the areas
obtained through image processing techniques.

To address the scarcity of rainfall data, especially for Miscanti and Miniques lakes,
located beyond the watershed of the Socaire Station, rainfall data from the Tropical Rainfall
Measuring Mission (TRMM) satellite, accessed through the Giovanni Platform, was utilized.
However, it is worth noting that the TRMM precipitation data only covers the period from
1998 to 2019 for all three lakes. The annual rainfall in lakes was shown considering all
available data. We assumed that the volume of each lake correlates directly with its water
surface extension. The areas were calculated using surface reflectance datasets from Landsat
5 and 7, generated by the Landsat Ecosystem Disturbance Adaptive Processing System
(LEDAPS) algorithm [42], while the Landsat 8 surface reflectance products were generated
by the Landsat Surface Reflectance Code (LaSRC) algorithm [43]. Despite limitations in
water quality assessment, these data are routinely used for surface water mapping [44—46].
In cases where Landsat data were unavailable for 2012 and 2013, MODIS (MOD09A1) data
were utilized, despite the difference in resolution. Within the GEE platform, users can
develop processing routines using JavaScript and access a variety of satellite images and
sensors, facilitating a semi-automatic and rapid processing technique that is advantageous
for time series studies.

Image selection for each year, ranging from 1986 to 2019 for Chungara Lake and 1986
to 2017 for Miscanti and Miniques Lakes, was based on criteria emphasizing good data
quality and minimal cloud cover. The decision to consider Miscanti and Miniques lakes
together was based on correlation analysis and their geographic proximity. Following
the precipitation dataset, one image was chosen before the onset of the rainy season, and
another was selected immediately after or as closely as feasible. The image obtained before
the start of the rain ensured the observation of the variation in lake surfaces before and
after the rainy season.

2.2.1. Data Processing

A script was developed within the GEE platform to process the selected images for
both study areas (the script link is available in the data availability statement section). The
lake surface area was estimated from the number of pixels considered to contain water
and the surface area information following the procedure proposed by Xavier et al. [47].
The near infrared (NIR), red, and green spectral bands generated a color composite RGB
image. To mitigate the effects of spectral response variations in water over time, the RGB
composition was converted to the HSV space (hue saturation value) [34,46,48]. According to
Pekel et al. [48], changes in brightness (V) and color intensity (S) can be linked to alterations
in water constituents, whereas changes in the primary color (H) may indicate land cover
change. Polygon masks delineating lakes and water bodies were constructed from pixels
falling within the HSV color range identified to contain only water, while excluding edge
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pixels between land and water. The areas of Chungara, Miscanti, and Minique lakes were
computed using ArcMap tools.

2.2.2. Statistical Analysis

The first analysis was conducted to compare the area of Miscanti and Mifiiques Lakes
to show the similarities between the lakes and conduct the experiment using these lakes.
To demonstrate the lake surface area’s capacity for change, an analysis of the response to
rainfall was conducted over 325 days following the rain event.

A statistical analysis was undertaken to investigate the correlation between rainfall
and the extent of the lakes. Linear regression analysis was employed, with rainfall serving
as the independent variable (Y-axis) and the area of the lakes acting as the dependent
variable (X-axis). The coefficient of determination (R?) and the coefficient of correlation (r)
were calculated.

Hypothesis testing was carried out using the ANOVA table and p-value generated by
the regression in Excel, with a significance level of 0.05. Additionally, regression analysis
was conducted on the difference in area between after and before the rain versus rainfall for
Miscanti and Miniques lakes. In this analysis, the area difference served as the dependent
variable (Y-axis), while the amount of rainfall between images acted as the independent
variable (X-axis). Some analyses were also conducted over more significant temporal
intervals. Figure 2 shows the scheme for the realized proceedings.

Precipitation Data

o  Socaire (Miscanti and Miniques) and

Chungara Ajata Meteorological stations
Statistical Analysis
o TRMM Data

o Joint analysis of the Miscanti and
Miniques lakes;

Lakes

GEE Script

o Analysis of the response of the lake areas
o Analysis of the temporal compatibility of after the occurrence of rain;

rainfall data and available images; o Linear Regression — Lake area vs. Rainfall;

o Selection of reflectance surface images; o Hypothesis Test - ANOVA

o RGBto HSV processing;

o Extraction of flooded area mask.
Figure 2. Methodological flowchart of the procedures.

3. Results
3.1. The Union of Miscanti and Miniques Lakes Areas

The regression analysis of Miscanti Lake area (X-axis) versus Miniques Lake area
(Y-axis) (Figure 3) reveals high R? (0.92) and r (0.95) values, indicating a strong correlation
between the lakes. Approximately 92% of the variance in Miniques Lake’s area can be
explained by the variance in Miscanti Lake’s area. The obtained p-value (<0.01) is below
the significance level, indicating that it is significant to represent the variance in Miniques
Lake’s area based on Miscanti Lake’s area, and it explains the seepage from Miscanti Lake to
Miniques Lake. These results suggest that the water budget in Miniques can be influenced
by seepage from Miscanti Lake or that the water budget in both Miniques and Miscanti
Lakes is affected by similar rates of precipitation, seepage inflow, and evaporation outflow.
Consequently, the extents of the lakes were analyzed together.

3.2. Annual Rainfall in the Study Areas

The average annual rainfall, calculated using data from the Ajata Meteorological
Station and TRMM to supplement the lack of rainfall data from 1984 to 2019, is 351.6 mm,
with a standard deviation of 145.2 mm. Rainfall in the region is typically concentrated
between December and March, with a range of 101.3 mm to 568.5 mm. There is a dry period
extending from April to October. Notably, there is a slight decrease in rainfall over time
(B1 = —4.38). The average rainfall and standard deviation (o) calculated for the periods
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of 1984-1994, 1995-2005, and 2006-2019 are as follows: 412.7 mm (o = 147.4), 369.4 mm
(o =131.6), and 315.2 mm (o = 148.5), respectively.

Miscanti Lake vs. Miniques Lake Area
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Figure 3. Dispersion graph between Miscanti Lake area and Miniques Lake area: green—2010-2017;
orange—2000-2009; purple—1990-1999; red—1980.

For the analysis of Miscanti and Miniques lakes, the average annual rainfall, utilizing
data from the Socaire station and TRMM to compensate for the lack of rainfall data from
1975 to 2017, is 40.98 mm. Rainfall typically occurs between January and February. In
certain years, there is a notable concentration of rainfall, reaching approximately 100 mm
within a short period of fewer than 15 days. However, in some years, the annual rainfall
did not surpass 10 mm, or it was not recorded. There is a slight variation in rainfall over
the time series (31 = —0.423) in annual rainfall. The entire time span was divided into five
periods based on rainfall variation. The average rainfall and standard deviation calculated
for the periods of 1975-1985 (X = 59.8 mm; o = 43.6), 1985-1995 (X = 29.13 mm; o = 28.46),
1995-2005 (X = 32.1 mm; o = 20.2), 2005-2015 (X = 42.58 mm; ¢ = 49.69), and 2007-2017
(X =43.83 mm; o = 52.45) reveal that the average rainfall was higher in the 80s and 90s,
while the greatest rainfall and drought anomalies occurred in the 2000s.

Rivera et al. [24] present future temperature scenarios based on CMIP6 models of
precipitation, projecting an upward trend in maximum, mean, and median temperatures
across all three-time windows compared to the baseline period. The region has witnessed
a notable decline in rainfall since the late 1970s, resulting in heightened occurrences of
drought events [24]. Additionally, the scenario suggests an escalation in the magnitude
of extreme events [49], posing challenges in their identification and quantification due to
alterations in intensity, spatial distribution, and seasonal availability of water.

3.3. Variation of the Lake’s Extension
3.3.1. Superficial Extent of Chungara Lake vs. Ajata Station Precipitation Data

The average area of Chungara Lake, calculated post-rainy season, for the years span-
ning from 1987 to 2019, stands at 21.9 km?. The lake attains its maximum extent in April
2001 (23.2 km?) and April 2012 (23.3 km?), marking the culmination of the wet season
(Figure 4), aligning with the most significant annual rainfall anomalies recorded between
1986 and 2019 (642.3 mm and 592 mm, respectively). Conversely, the minimum extent
after the rains is observed in March 2010 (20.3 km?) and April 1995 (20.4 km?), correlating
with annual rainfall levels of 235.5 mm and 175.1 mm, respectively (Figure 3). Notably, the
lake’s area demonstrates a slight decline over time, mirroring the trend observed in rainfall
data from the Chungara Ajata meteorological station. During the period from 1995 to 2001,
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the area progressively expanded alongside a positive trend in rainfall. Conversely, from
2001 to 2010, both the area of Chungara Lake and rainfall exhibited a declining trend. The
observations suggest a continuous expansion of the liquid surface of the lake, spurred by
rainfall events.

Annual Rainfall and Chungara Lake extent from 1987 to 2019
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Figure 4. Chungara extent (red diamond) compared to the annual rainfall from 1987 to 2019.

3.3.2. Superficial Extent of Miscanti and Miniques Lakes vs. Socaire Station Precipitation Data

During the wet season, Miscanti and Miniques Lakes maintain an average area of
14.3 km?. Their maximum extent of 14.5 km? was recorded in September 1996 following
20 mm of rainfall, while their minimum extent of 14 km? occurred in April 2016, amid a
period devoid of recorded rainfall since March 2015. Over the past 31 years, the area of
Miscanti Lake has shown a declining trend, mirroring the rainfall pattern observed at the So-
caire Station since 1975. Particularly in the 2000s, characterized by reduced average rainfall,
increased rainfall, and drought anomalies, the lake’s extent progressively decreased.

In the analysis of Miniques Lake’s area, satellite images were processed akin to those
of Miscanti Lake, given their proximity of 1.5 km. Similarly, Miniques Lake exhibits a
decreasing trend in area over time, paralleling the behavior of Miscanti Lake. Following
rainy periods, Miniques Lake maintains an average area of 1.37 km?, with its maximum
extent of 1.42 km? observed in March 1987 after receiving 43.7 mm of rainfall. Conversely,
its minimum extent of 1.28 km? was recorded in January 2011, before the onset of rains,
after a 7-month period devoid of recorded rainfall at the Socaire station. Over the studied
31 years (Figure 4), the area of Miniques Lake has also experienced a decrease, consistent
with the observed rainfall trend since 1975. Notably, the lake’s extent has progressively
diminished in the 2000s, coinciding with lower average rainfall and increased rainfall and
drought anomalies (Figure 5).

3.3.3. Miscanti and Miniques Lakes” Extent after an Anomalous Rainy Period

Figure 6 depicts the fluctuations in the areas of Miscanti and Miniques lakes following
the rainy season in 2015, characterized by a recorded rainfall of 126.1 mm. Initially, both
lakes cover an area of 14 km?. Subsequently, after 7 days from the last rainy day, the area
expands to 14.2 km?. However, after 42 days, the lakes” extent slightly reduces to 14.1 km?,
progressively declining over time post the wet season, reaching 14 km? after one year in
January 2016. Occasional sudden increases in the areas after 120 days may be attributed to
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precipitation undetected by the pluviometry station or snow precipitation, along with melting
water input, as evidenced by satellite images capturing snow from day 42 to day 106.

Annual Rainfall and Miscanti & Miniques Lake Area from 1986 to 2017
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Figure 5. Miscanti and Miniques lakes area (red diamond) after the rainy period calculated from 1986
to 2017 compared to their annual rainfall.
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Figure 6. Miscanti and Miniques Lakes extend over time after the last day of the rainy season in 2015.

Given the lakes’ swift response to evaporation, leading to a gradual reduction in their
extent post-rainy season, conducting an analysis of the area derived from satellite images
shortly after the rainy season, particularly following the last recorded rainfall event, is
advisable for accurate assessments.

3.4. Regression Analysis
3.4.1. Chungara Lake

The regression analysis and dispersion graph were carried out using annual rainfall as
the independent variable (X-axis) and the lake extent after the rainy season as the dependent
variable (Y-axis). The analysis spans from 1987 to 2019 (Figure 7A), along with specific
periods featuring increasing and decreasing rainfall trends: 1995 to 2001 (Figure 7B) and
2001 to 2010 (Figure 7C). Within these intervals, the rainfall demonstrates both ascending
and descending patterns, with Chungara Lake extent reaching its minimum in 1995 and
2010, and its maximum in 2001 and 2012, coinciding with anomalies in rainfall and drought.
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Between 1987 and 2019, the coefficient of determination (R?) stood at 0.47, and the
p-value is 9.47 x 10~ (Figure 7A). This indicates that 47% of the variance in Chungara Lake
extent can be elucidated by rainfall, rendering the representation of rainfall (independent
variable) versus the lake’s area (dependent variable) statistically significant.

For the timeframe spanning 1995 to 2001, the coefficient of determination and p-value
are 0.65 and 0.03, respectively (Figure 7B). Throughout the period characterized by declining
area and rainfall trends (2001 to 2010), the coefficient of determination and p-value are
0.61 and 0.008, respectively. These findings underscore a robust correlation between rainfall
amount and Chungara Lake’s extent, with statistical significance in representing rainfall
based on the lake’s area.

It can be inferred that precipitation significantly influences the extent of Chungara,
aligning with the overall rainfall pattern across the years, notably mirroring the extremes in
rainfall anomalies, as seen in 1995 and 2001. As discussed earlier, the linear regression anal-
ysis indicates a moderate correlation between rainfall and Chungara Lake’s extent. Hence,
it becomes imperative to account for additional external factors, including groundwater
recharge estimations and modeling the interplay between surface and groundwater [49], in-
flow from glacier melt, the intricate impacts of vegetation on the hydrological cycle [29], as
well as seepage inflow and evaporation outflow. Indeed, disentangling the dual influences
of climate change and human activity poses a formidable challenge.

3.4.2. Miscanti and Miniques Lakes

The regression analysis and dispersion graphs were conducted for the years spanning
from 1986 to 2017 (Figure 8A), as well as for the specific period from 2000 to 2010. Within
the latter timeframe, both the annual rainfall and the area of Miscanti and Miniques Lakes
exhibited a gradual decrease (Figure 8B).

According to the analysis, the R? value is low, and the p-value exceeds the significance
level (0.05), suggesting that the variance in rainfall is not significant in elucidating the
variability of lakes” extent. This outcome implies that Miscanti and Miniques Lakes are
influenced differently in terms of their water surface variability. However, for the period
from 2000 to 2010, the R? and p-value values are 0.68 and 0.001, respectively, indicating a
good correlation between rainfall and the extent of Miscanti and Miniques lakes.

The data and images of Miscanti and Miniques Lakes clearly indicate that both lakes ex-
perience surface runoff overflow when their total area approaches 14.5 km?. Consequently,
the regression equation tends to yield more accurate results during dry periods.

Several limitations in this study could impact the findings, including the following;:

(a) The distance between meteorological stations and the lakes, potentially leading to
insufficient precipitation data.

(b) Availability of satellite data for the most suitable date, potentially resulting in
model estimation errors.

(c) Influence of snow periods on satellite precipitation estimates [50].

(d) Losses of water through underground percolation and evapotranspiration in
endorheic basins and lakes [51,52].

(e) Human activities such as groundwater extraction and agriculture, which can impact
the lakes” water resources [49,53].

(f) Geomorphological characteristics of each reservoir, which can affect the accuracy
of rainfall prediction based on area calculation. Geomorphology in closed basins in arid
and desert regions is linked to erosion processes, lithology, the morphology of drainage
networks, sediment transport, and channel evolution in ephemeral streams [54].

Understanding these limitations is crucial for interpreting the results accurately. Ob-
taining satellite image data immediately after the last day of rain increases the likelihood of
obtaining more reliable results. However, this study indicates that evaporation remains a
constant factor and significantly influences the lakes” area as an outflow of water.
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and Miniques Lakes’ area (Y axis) at the end of the wet season for the years.

Considering these limitations, it is advisable to establish comprehensive, long-term
monitoring of water storage variations in global endorheic systems. Such systems hold
promise for yielding valuable insights into global climate changes and contributing to the
collection of meteorological data.

These aspects are particularly relevant in inhospitable areas and hard-to-reach loca-
tions, as a well-adjusted regression model can indirectly calculate rainfall quantities, thereby
facilitating the understanding of the hydrological cycle. It is suggested that additional
studies be conducted to better adjust the regression lines. Furthermore, it is important
to note that, according to the results, understanding the morphometric characteristics of
the lakes is crucial for evaluating their response capacity to rainfall events, as well as
understanding the watershed’s topography. Such characteristics can aid in understanding
the uncertainties obtained from the estimates.

In conclusion, our study examines fluctuations in the water area of the lakes and
indicates a decreasing trend in the rainfall patterns, signaling an escalation in drought
occurrences in both studied regions. This observation is consistent with the findings of
Barria et al. [55,56], which employed a hydrological model approach (WEAP) to identify
annual precipitation deficits of approximately 38% as the primary triggering factor for lake
retreat. Additionally, the latter study underscored a severe megadrought in the Acuelao
watershed, resulting in pronounced reductions in river flows (44%) and groundwater
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recharge (24%). Both studies underscore the substantial impact of climatic factors, surpass-
ing anthropogenic changes such as land use and land cover (LULC) alterations, on the
lakes’ balance.

4. Conclusions

This research advocates for the utilization of endorheic system lake dynamics as
natural indicators of rainfall, aiming to scrutinize climate variations. By applying this
approach to orbital data spanning the past 31 years in the regions encompassing Chungara
Lake, Miscanti, and Miniques Lake (Chilean Altiplano), the study showcases its efficacy in
establishing correlations between climate conditions and lake expanses. Leveraging the
Google Earth Engine platform proves to be a streamlined method for monitoring water
dynamics over time, offering comprehensive reflectance data, streamlining processing
tasks, and yielding precise and robust outcomes. The method outlined in this study is
highly recommended for natural resource management and water body assessment and
can be seamlessly integrated into various geographic information system programs.

Temporal examination of Chungara Lake unveils a moderate correlation (R?) between
lake area and rainfall; however, additional factors may also influence the lake’s water
dynamics. Miscanti and Miniques Lakes demonstrate distinct behaviors during substantial
rainfall events, possibly linked to lake overflow and surface runoff. Overall, the lakes have
exhibited a decline over the 31-year observation period, aligning with the diminishing
rainfall trend noted since 1975 and displaying a good correlation with rainfall.

However, it is important to acknowledge the limitations of this study, such as the
distance of meteorological stations from the lakes, potential gaps in precipitation data,
satellite data, the influence of snow periods on precipitation estimates, and human activities
affecting water resources. A thorough understanding of these limitations is imperative for
accurately interpreting the findings.

Both Chungara Lake and Miscanti and Miniques Lakes are highly responsive to
changes in precipitation. In general, we have observed that endorheic lakes can function as
natural qualitative pluviometers for monitoring rainfall. This serves as a valuable tool for
assessing water resources through short-term monitoring and indirectly detecting potential
climate shifts through long-term monitoring using remote sensing time series.
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