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Abstract: In the context of escalating climate change-induced impacts on water resources, robust
monitoring tools are imperative. Satellite altimetry, benefiting from technical improvement such
as the use of SAR and InSAR techniques and tracking modes considering topography, is emerging
as a crucial means of estimating lake levels, data that are fundamental to understanding climate
dynamics. This study delves into the use of satellite-altimetry-determined water levels to analyze
changes in water storage and superficial area in Lake Ranco, in south-central Chile, from 1995 to 2023.
The main objective is to provide valuable information for water-resource management and policy
formulation. Leveraging AlTiS software (v2.2.9-0-gf5938ab), radar-altimetry data from the missions
ERS-2, ENVISAT, SARAL, and Sentinel-3A were processed, generating a complete time series of
water levels. The lake-level data were complemented by the bathymetric data for the lake to obtain
the variation in the area and volume in the period 1995–2023. These results were analyzed with
respect to hydrometeorological data from the study area, such as precipitation, temperature, relative
humidity, and potential evapotranspiration. Additionally, the effects of ENSO (ENSO 3.4 index) and
the Pacific Decadal Oscillation index (PDO) were considered. Results reveal a strong correlation
between altimetry-derived lake levels and observed in situ data, with a mean square error of 0.04 m,
a coefficient of determination of 0.99, an index of agreement of 0.99, and a Kling−Gupta efficiency of
0.90. The analysis of climatic variables showed that variations in lake level coincide with changes
in precipitation within the study area and also showed the influence of variations in temperature
and potential evapotranspiration. Additionally, the effects of the ENSO phenomenon can be seen
within the study area for its cold phase (i.e., La Niña) in the 2010–2012 period and for its warm phase
(i.e., El Niño) in the 2015–2016 period, with a decrease and increase in precipitation, respectively.
These effects were enhanced when the cold and warm phases of the ENSO and PDO phenomena
occured. The successful application of satellite altimetry demonstrated in this study underscores its
critical role in advancing our understanding and management of water resources amidst changing
climate scenarios.

Keywords: water level; altimetry; water volume; hydroclimatology; ENSO; PDO; lake; Chile

1. Introduction

Water availability in sufficient quantity and under adequate conditions is essential to
ensuring health, sustainable development, and the preservation of biodiversity [1,2]. In
this context, despite covering a limited area of the Earth’s surface, lakes are a water source
and an essential component of the terrestrial hydrosphere [3]. In addition, it has been
documented that many lakes worldwide have declined in level due to human activities. In
contrast, in other parts of the world, lakes have increased in surface area [4–7]. An example
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in Chile can be seen in Lake Laja, where the excessive use of water rights, in conjunction
with the mega-drought that has been ongoing since 2010, caused the lake level to drop to
historic levels [8]. On the other hand, Lake Aculeo, in central Chile, dried up because of the
mega-drought and changes in land use in its basin [9].

Climate change is a factor that has a significant impact on water resources [10]. Rising
global temperatures cause changes in precipitation patterns, which directly affect the
amount [11] and the quality of water available [12]. The frequency, magnitude, and
intensity of extreme meteorological events such as droughts are currently changing [13],
mainly due to changes in precipitation patterns and anthropogenic effects. These mega-
droughts, such as the one experienced in Chile, have severe consequences for ecosystems,
agriculture, drinking-water supply, and the food security of communities [14]. For this
reason, there is an urgent need to address the intricate relationship between climate change
and lake ecosystems, as well as the imperative to safeguard vital natural resources [15].
Accurate information regarding the temporal and spatial distribution of global lakes and
reservoirs is crucial for research on climate change, water management, and environmental
monitoring [6,16,17]. In addition, lakes and reservoirs are considered sentinels of climate
change effects due to their physical and chemical response to climate variations, which
reflect all changes occurring at the watershed level [18].

In this context, satellite altimetry is an effective tool for estimating water levels and lake
volumes [3,16,19]. Satellites equipped with altimeters accurately measure the surface height
of water bodies, allowing temporal and spatial monitoring of water-level changes [20–22].
The advantages of satellite altimetry include its ability to effectively cover large and com-
plex access areas and provide timely and consistent data. This enables hydrologists and
water managers to make informed decisions about this resource’s management and sus-
tainable use [23,24]. Besides, recent advances in the development of new measurement
techniques, including the use of Synthetic Aperture Radar (SAR) [25] and Interferometry
SAR (InSAR) [26,27] sensors onboard Cryosat-2, Sentinel-3, and 6; the Surface Water and
Ocean Topography (SWOT) missions using Ka-band to reduce footprint size [28]; and the
use of a tracking mode that reduces the echo losses by integrating a Digital Elevation Model
(DEM) that takes into account the rapid changes in topography surrounding waterbodies
(open-loop or DEM tracking mode) [29,30], have all permitted an increase in the accuracy
of the water-level retrievals over inland waterbodies [16,31–33].

In Chile, altimetry has been used in several studies and projects in different areas. It
was used to monitor water levels in lakes and reservoirs, such as Lago General Carrera,
and to evaluate different lakes worldwide [34,35]. As a result, the accuracy of altimetry has
recently improved, and it is not uncommon to obtain precision close to the centimeter level.
Studies have also been carried out in glacial lakes in Patagonia (Lake Greve), where satellite
gravimetry captured a signal of an event. However, the magnitude of the corresponding
mass change was inconsistent with the drained water mass [36].

That is why we set the following as objectives of this work: (i) to estimate the variation
in Lake Ranco’s level, superficial area, and volume through data from the satellite missions
ERS-2, ENVISAT, SARAL, and Sentinel-3A in the period 1995–2023; (ii) to perform subse-
quent validation with data provided by the Dirección General de Aguas (DGA) of Chile
and other global data sources; and (iii) to characterize the influence of hydrometeorological
variables and events on the behavior of the lake level. This study will provide valuable
tools for water-resource managers, decision-makers, and creators of public water policy in
the country.

2. Materials and Methods
2.1. Site Description

Lake Ranco, one of the largest lakes in Chile, is located at 40◦13′ south latitude and
72◦23′ west longitude in the Los Rios Region. It has a surface area of approximately 442 km2

and a perimeter of approximately 154 km. Lake Ranco’s environment is mountainous
and rugged. The lake has several islands, of which Huapi Island is one of the largest
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and most important. These islands contribute to the beauty of the landscape and offer
possibilities for exploration and discovery. The region features a humid temperate climate
with Mediterranean characteristics [37]. The average precipitation is 2000 mm/year, and the
average annual temperature fluctuates between 6 and 9 ◦C, with maxima in January (20 ◦C)
and minima in July (2 ◦C), according to the Chilean Meteorological Directorate (DMC,
http://www.meteochile.cl/, accessed on 1 March 2024). From the production point of view,
there are four relevant activities in the unit’s economic productive matrix: the agricultural
system, tourism, forestry, and the hydrobiological system [38,39]. The basin’s land use is
distinguished by a substantial portion covered by native forests, which account for 51%
of its total surface area. Water bodies constitute another significant category, occupying
13% of the basin, followed by grasslands at 10%. Forest plantations, on the other hand,
represent the most minor portion, comprising only 0.6% of the total surface area [39]. The
location of Lake Ranco in Chile, Los Ríos Region, and the location of its basin are presented
in Figure 1. The bathymetry of Lake Ranco is presented in Figure 2, and its morphological
information is presented in Table 1. Additionally, the variation curves of lake area and
volume are shown in Figure 3.
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Table 1. Morphometric parameters of Lake Ranco and its basin.

Parameters Unit Ranco

Latitude ◦S 40◦13′

Longitude ◦W 72◦23′

Altitude m.a.s.l. 69
Perimeter km 154.6

Max width km 30.43
Median width km 1.59

Superficial area (A) km2 442.62
Max depth m 199

Median depth m 122.13
Volume km3 54.06

Watershed area (ad) km2 3498
Ad/a 3.7

Renovation time years 5

http://www.meteochile.cl/
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2.2. Meteorological Data

In the present study, a 5-year time series (2017–2023) of lake-level data based on infor-
mation from the Dirección General de Aguas (DGA) database (accessed on 23 December
2023) was considered. The lake-level information was analyzed with respect to hydromete-
orological data from the same time, such as precipitation, temperature, relative humidity,
potential evapotranspiration, and the El Niño−Southern Oscillation (ENSO 3.4) and Pacific
Decadal Oscillation (PDO) anomalies over the study period.

Five meteorological stations controlled by the DGA were used to estimate precipitation
in the basin. The details of the stations are shown in Table 2, and their spatial location can
be seen in Figure 1.

The methodology for processing meteorological information from the Lake Ranco
basin is detailed below.

1. Fill gaps in precipitation data through a regional analysis using linear regression, as
detailed in [40,41].

2. For the estimation of precipitation over the Lake Ranco basin, the inverse-of-distance
(IDW) method was used [42], providing a weighting associated with the distance
of each station to the centroid of the lake basin (blue point in Figure 1c). Addition-
ally, meteorological data from dates until December 2023 were supplemented with
information from the CHIRPS [43] and the In-Line Hydrometric System of the DGA.
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We employed a diverse array of data sources to comprehensively understand the
basin’s climate. Temperature, relative humidity, and potential evapotranspiration of the
basin were obtained from the CAMELS-CL database [44] and the In-Line Hydrometric
System of the DGA, with daily data covering the period from January 1979 to December
2023. Potential evapotranspiration was calculated as Hargreaves and Samani [45] proposed,
ensuring a thorough and complete analysis.

Table 2. Information from meteorological stations controlled by the Dirección General de Aguas in
the Lake Ranco basin.

Rain Gauge Station Latitude Longitude Period of Availability

C1 El Llolly −40.067◦ −72.616◦ November 1994–October 2020
C2 Lago Ranco −40.317◦ −72.469◦ January 1958–January 2021
C3 Caunahue −40.159◦ −72.252◦ January 2012–October 2020

C4 Río Calcurrupe en
Desembocadura −40.231◦ −72.260◦ January 2013–August 2020

C5 Lago Maihue −40.218◦ −72.146◦ January 1981–October 2020

2.3. Radar Altimetry Data

Four satellite missions, ERS-2, ENVISAT, SARAL, and Sentinel-3A, were used for
this analysis. These missions were selected because their orbit passes over Lake Ranco.
During the 1990s, the European Space Agency (ESA) initiated its ERS program by launching
two satellites: ERS-1, in July 1991, and ERS-2, in April 1995. ERS-1 functioned effectively
until June 1996, while ERS-2 continued operations until November 2003. Throughout its
operation, ENVISAT delivered continuous observations of the oceans, land, and cryosphere
up to latitudes of ±81.5◦N on a sun-synchronous orbit with a repeat cycle of 35 days.
The radar altimeter (RA) on the ERS satellites operated in Ku-band with a frequency of
13.8 GHz [46]. To extend the dataset and maintain continuity with the subsequent ENVISAT
mission, data from ERS-2, as part of the ESA’s Reaper project [47], were utilized up to July
2003. Also, the European Space Agency (ESA) successfully launched Envisat from the
European Spaceport located in French Guiana on 1 March 2002, marking the beginning
of a mission that concluded on 8 April 2012. ENVISAT was placed on the same orbit as
ERS-1 and ERS-2. It was equipped with the Advanced Radar Altimeter 2 (RA-2), which
utilized a dual-frequency radar signal (Ku-band at 13.575 GHz and S-band at 3.2 GHz). [48].
In addition, SARAL, or Satellite with Argos and ALtiKa, was launched on 25 February
2013 and was operating in its nominal orbit until July 2016 [28]. The mission followed
the same 35-day repeat orbit as ERS-1 and ERS-2, and ENVISAT at ~800 km of altitude
with an inclination of 98.54◦ [36]. The French/Indian satellite mission mainly involved
the AltiKa Ka-band altimeter system operating for Precise Orbit Determination (POD); the
spacecraft carried a Laser Retroreflector Array (LRA) and the DORIS DGXX receiver to
meet the radial-orbit-altimetry mission requirement of 3 cm and potentially to meet the
2-cm goal [49]. Finally, the Sentinel-3A satellite was launched on 16 February 2016. It is
in an orbit at a 814.5 km altitude and a heliosynchronous orbit of 98.65◦ inclination with
a repetition cycle of 27 days and an equatorial separation of about 105 km (Sentinel-3A
and Sentinel-3B are in the same orbit, with a phase difference of 180◦) [50], composed of
SRAL (SAR Radar ALtimeter), a dual-frequency SAR altimeter (Ku-band at 13.575 GHz
and C-band at 5.41 GHz), and a dual-frequency SAR at 5.41 GHz [51].

ENVISAT, SARAL, and Sentinel-3A data came from the Geophysical Data Records
(GDR) made available by CNES/ISRO and ESA, while the ERS-2 data came from the
reprocessing dedicated to hydrology conducted by CTOH [52].

The Sentinel-3A data were used to evaluate the performance of the altimetry data
through comparisons with in situ water levels, while the ERS-2, ENVISAT, and SARAL
data were used to extend the time series of the Lake Ranco level for the period 1995–2017 to
complement the Sentinel-3A data. The data obtained from these missions will be calibrated
using Sentinel-3A results.
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2.4. Retrieving Altimetry-Based Water Levels Using AlTiS Software

AlTiS (Altimetry Time Series) is an advanced radar-altimetry data-processing and
visualization software that is designed to enable thorough examinations of minute water
bodies [33] and that replaced the previous Multimission Altimetry Processing Software
(v2.2.9-0-gf5938ab) [52]. Its main objective is to derive a time series of water levels from
radar-altimetry measurements. To help the user obtain accurate altimetry-based time series
of water levels, it allows the visualization and processing (including the generation of
time series) of auxiliary information, such as range corrections, backscatter coefficients
from the radar altimeter, and brightness temperatures from the microwave radiometer [20].
AlTiS has been successfully used to estimate lake levels in Vietnam [53], Ivory Coast (Lake
Buyo) [54], Cambodia (Lake Tonle Sap Lake) [55], and Sweden [56], among others. AlTiS is
a Python-based Graphical User Interface (GUI) using the wxWidgets cross-platform library,
which makes it possible to [33]

1. Read radar-altimetry data from ERS-2, ENVISAT, JASON-1/2/3, SARAL, and the
Sentinel-3A and 3B radar-altimetry missions.

2. Display the different variables contained in the Geophysical Data Records (GDR) of
each mission, including the height of the satellite in its orbit (H); the radar range
(R0); the different corrections applied to R0 (ΣR); h, which is automatically computed
when reading the data as h = H − R0 – ΣR; as well as several other variables, such
as the backscattering coefficients and the pulse peakiness at the different microwave
frequencies; the brightness temperatures at the different frequencies measured by the
radiometer onboard the satellite platform; and the normalized index defined by CTOH
to help with the statistical analysis, with the Landsat True-Color image supplied
by the Global Imagery Browse Services (GIBS from NASA’s Earth observations)
as background.

3. Manually select the valid data/remove the invalid data, contouring them using
the mouse.

4. Generate the time series of water levels, computing the median and mean values and
the associated median absolute deviation and standard deviation for each cycle. Note
that the different altimeter tracks were processed individually. In this study, median
values and associated median absolute deviations computed each cycle were used to
minimize the potential impact of residual outliers on a small number of observations
due to the moderate width of the lakes under the altimeter tracks.

2.5. Validation of Lake Water Levels Based on Altimetry

Validation of the AlTiS results was performed quantitatively using several objective
functions, which are described below.

2.5.1. Root Mean Square Error (RMSE)

RMSE can be considered a multipurpose criterion centered on simulated data [13].
This function is focused on high streamflow error [57,58] and can be calculated using
Equation (1), as follows:

RMSE =

√√√√∑n
i=1

(
WLaltimetry − WLin situ

)2

n
(1)

where WLaltimetry and WLin situ are the simulated and observed water levels in Lake Ranco
and n is the length of the time series. RMSE measures differences between estimated and
observed water levels and has the units of measurement of the analyzed data (m). A RMSE
equal to zero indicates a perfect fit between the estimated and observed series, while the
greater the RMSE value, the worse the fit between the estimated and observed series. If the
RMSE values are less than half of the standard deviation of the observed data, it can be
considered low and indicate good model prediction [59].
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2.5.2. Kling−Gupta Efficiency (KGE)

The KGE index is the result of the decomposition of the Nash−Sutcliffe efficiency
(NSE) and is focused on equitably evaluating the correlation, deviation, and variability of
the estimated data [60]. It can be calculated with Equation (2), as follows:

KGE = 1 −
√
(r − 1) + (α− 1) + (β− 1) (2)

where r is the coefficient of linear correlation between the estimated and the observed data,
α is a measure of the variability of the data values (equal to the standard deviation of the
estimated data over the standard deviation of the observed data), and β is the average of
the estimated data over the average of the observed data. In the literature, the threshold
value for a model to be considered suitable is KGE ≥ 0.6 [61].

2.5.3. Index of Agreement

The agreement index serves as a standardized metric evaluating the accuracy of data
estimation. Calculated as the ratio between the mean square error and the potential error, it
offers insight into the fidelity of a model’s predictions. Ranging from 0 to 1, where 1 signifies
an optimal match between predicted and actual values and 0 indicates no discernible
correspondence, this index provides a concise measure of the model’s performance [62,63].
It can be calculated with Equation (3), as follows:

d = 1 −
∑n

i=1

(
WLin situ − WLaltimetry

)2

∑n
i=1(

∣∣WLatimetry − WLin situ +
∣∣WLin situ − WLin situ

∣∣)∣∣2 (3)

2.5.4. Coefficient of Determination (R2)

The coefficient of determination describes the degree of collinearity between observed
and estimated information. This value ranges between 0 and 1. A value of 1 indicates a
smaller error in the variance. Generally, a value of 0.5 can be considered acceptable [64]. It
can be calculated with Equation (4), as follows:

R2 =

[
∑n

i=1

(
WLaltimetry − WLin situ

)
·
(

WLin situ − WLaltimetry

)]2

∑n
i=1

(
WLaltimetry − WLaltimetry

)2
·∑n

i=1
(
WLin situ − WLin situ

)2
(4)

2.6. Calculation of the Surface Area and Volume of Lake Ranco

After the Sentinel 3A data had been validated, the surface area and volume of Lake
Ranco were computed. To achieve this, specific curves correlating to these variables were
generated, as depicted in Figure 3. These curves serve as a tool for accurately determining
the lake’s surface area and volume based on its water level at any given time. These curves
were constructed using the topo-bathymetric information of Lake Ranco, as comprehen-
sively presented in Figure 2. This methodological approach ensures precision in calculations
and understanding of the lake’s dynamics by providing a clear visual representation of
how its physical characteristics fluctuate with changes in water level.

2.7. Climate Indices
2.7.1. El Niño 3.4 Sea Surface Temperature Index

ENSO is a natural cycle caused by fluctuations in the sea surface temperature (SST)
originating from the strengthening and weakening of trade winds [65]. The ENSO phe-
nomenon consists of two phases: El Niño (i.e., higher rainfall and lower winds), which
is when the SST increases and which is considered the warm phase, and La Niña (i.e.,
lower rainfall and increased winds), which is when the SST decreases and which is
considered the cold phase [66]. El Niño Southern Oscillation (ENSO) oceanic indices
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are defined using the SST anomaly averaged over the east-central equatorial region.
The El Niño 3.4 SST Index is computed over a region located in the eastern Pacific,
between longitude 120◦ W and 170◦ W and latitude 5◦ N and 5◦ S [18,67,68]. It is
available on a monthly time step starting from January 1950 at the following address:
https://www.ncei.noaa.gov/access/monitoring/enso/sst (acceded on 20 March 2024).
According to Montecinos and Aceituno [69], the El Niño 3.4 index represents the effects of
the ENSO phenomena in Chile, especially the changes in precipitation.

2.7.2. Pacific Decadal Oscillation Index

The Pacific Decadal Oscillation (PDO) Index is defined as the principal component
of monthly SST variability in the North Pacific poleward of 20◦N [18]. Extreme PDO
patterns are marked by widespread variations in the Pacific Basin and North American
climates. The extreme phases of the PDO have been classified as being warm or cool, as
defined by the ocean temperature in the northeast and tropical Pacific Ocean [70,71]. It
is available on a monthly time step starting from January 1854 at the following address:
https://www.ncei.noaa.gov/access/monitoring/pdo/ (acceded on 20 March 2024).

3. Results
3.1. Meteorological Behavior during the Study Period

The results of the filling and interpolation of precipitation data within the Lake Ranco
basin can be seen in Figure 4 for the periods (a) 1995–2023 and (b) 2017–2023 and can also be
seen in Table 3. In all cases, Chile’s hydrological year, which varies between April and March,
was used. In addition, the relative humidity data for the area under study were added. There
is a period without information due to the lack of current stations that would make it possible
to obtain these data. When the entire period (1995–2023) shown in Figure 4a and Table 3 was
analyzed, it was found that the maximum rainfall in the area under study occurred in 2006, at
2287 mm, while the minimum values occurred in 1998 with 1184 mm. Additionally, it was
possible to observe a decrease in precipitation starting in 2010 and then starting to increase
towards the last period, as shown in Figure 4a and Table 3. If we analyze the averages for the
periods 1995–2009 and 2010–2023, we obtain annual precipitation values of 1962 ± 332 and
1654 ± 227 mm, respectively, indicating a decrease in the annual precipitation over the study
area by 10%. Nonetheless, when analyzing the period under study (Figure 4b), it is possible
to observe a 9.37% increase in accumulated precipitation.

Water 2024, 16, x FOR PEER REVIEW 9 of 21 
 

 

precipitation values of 1962 ± 332 and 1654 ± 227 mm, respectively, indicating a decrease 
in the annual precipitation over the study area by 10%. Nonetheless, when analyzing the 
period under study (Figure 4b), it is possible to observe a 9.37% increase in accumulated 
precipitation. 

 

 
Figure 4. (a) Precipitation histogram for the period 1995–2023 [mm] and (b) precipitation histogram 
(blue) [mm] and relative humidity (grey) [%] in the Lake Ranco basin during the period 2017–2023. 
Information was obtained from the DGA, CAMELS-CL, and CHIRPS databases. 

Table 3. Accumulated precipitation [mm] in the Lake Ranco basin. Information was obtained from 
the DGA, CAMELS-CL, and CHIRPS databases. 

Year Accumulated Precipitation, mm Standard Deviation, mm 
1995 1904 45.57 
1996 1627 40.14 
1997 2439 39.94 
1998 1184 42.02 

(a) 

(b) Figure 4. Cont.

https://www.ncei.noaa.gov/access/monitoring/enso/sst
https://www.ncei.noaa.gov/access/monitoring/pdo/


Water 2024, 16, 1997 9 of 20

Water 2024, 16, x FOR PEER REVIEW 9 of 21 
 

 

precipitation values of 1962 ± 332 and 1654 ± 227 mm, respectively, indicating a decrease 
in the annual precipitation over the study area by 10%. Nonetheless, when analyzing the 
period under study (Figure 4b), it is possible to observe a 9.37% increase in accumulated 
precipitation. 

 

 
Figure 4. (a) Precipitation histogram for the period 1995–2023 [mm] and (b) precipitation histogram 
(blue) [mm] and relative humidity (grey) [%] in the Lake Ranco basin during the period 2017–2023. 
Information was obtained from the DGA, CAMELS-CL, and CHIRPS databases. 

Table 3. Accumulated precipitation [mm] in the Lake Ranco basin. Information was obtained from 
the DGA, CAMELS-CL, and CHIRPS databases. 

Year Accumulated Precipitation, mm Standard Deviation, mm 
1995 1904 45.57 
1996 1627 40.14 
1997 2439 39.94 
1998 1184 42.02 

(a) 

(b) 

Figure 4. (a) Precipitation histogram for the period 1995–2023 [mm] and (b) precipitation histogram
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Table 3. Accumulated precipitation [mm] in the Lake Ranco basin. Information was obtained from
the DGA, CAMELS-CL, and CHIRPS databases.

Year Accumulated Precipitation, mm Standard Deviation, mm

1995 1904 45.57
1996 1627 40.14
1997 2439 39.94
1998 1184 42.02
1999 1801 45.09
2000 2232 39.78
2001 1887 42.48
2002 2446 42.85
2003 1956 38.05
2004 1982 43.70
2005 2135 43.02
2006 2287 41.02
2007 1610 42.16
2008 1912 48.39
2009 2020 41.77
2010 1738 39.52
2011 1789 45.23
2012 2081 42.26
2013 1364 46.96
2014 1570 41.46
2015 1895 44.92
2016 1222 44.42
2017 1675 42.44
2018 1836 43.36
2019 1601 42.56
2020 1626 36.30
2021 1644 39.61
2022 1751 35.86
2023 1367 38.13

In addition, Figure 5 shows the variations in temperature and potential evapotranspiration
over Lake Ranco. It is possible to note that there is a break in the information between 2021 and
2022. This lack of data is associated with periods of maintenance or damage to the monitoring
station of the Dirección General de Aguas. From this point, there was a slight decrease in
temperature over the same period (1.14%), which influenced the evapotranspiration rate in the
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region. The increase in precipitation in the last period (2020–2023), together with the decrease in
potential evapotranspiration, could promote an increase in the levels of Lake Ranco.
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3.2. Altimetry-Based Time Series of Water Levels

The series of water levels over 2017–2023 obtained from the DGA In-Line Hydrometeoro-
logical System and derived from Sentinel-3A altimetry measurements are shown in Figure 6.
They both exhibit a well-marked seasonal cycle with an amplitude between 1.34 and 1.68 m,
strong interannual variability, and an increasing trend over 2017–2023 (red line).
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Figure 6. Lake-level fluctuations [m] between 2017 and 2023 from the DGA In-Line Hydrometeoro-
logical System (blue line) and derived from Sentinel-3A altimetry measurements (black dots). The
segmented red line represents the trend of the Lake Ranco level.
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A comparison of water-level data from different sources yielded an RMSE of 0.04 m,
an index of agreement of 0.99, an R2 of 0.99, and a coefficient KGE = 0.90, showing the
very good agreement between the observed values from the DGA database and altimetry
derived from Sentinel-3A estimates. This is why it is possible to use altimetry-based water
levels to replace the missing data for Lake Ranco and estimate the variation in the volume
and surface area of the water body. This information, combined with the data in Figure 3,
is shown in Figure 7, as mentioned in point 2.6 of the methodology.
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Figure 7. Variation in (a) area [km2] and (b) volume [km3] in Lake Ranco through the study period
based on bathymetry and Sentinel-3A-based water levels.
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The maximum values of surface area and lake volume coincide on 18 July 2020,
with values of 537.375 km2 and 54.3441 km3, respectively. Additionally, the minimum
values for both variables coincide on 20 March 2019, with surface area and volume values
of 526.944 km2 and 54.3441 km3, respectively. Ranges of surface height and volume
of 10.43 km2 and 0.0434 km3, respectively, were obtained for the period under study.
The maximum values coincide with the 2020 winter period, when 62% of the year’s
precipitation had already been recorded. Additionally, the minimum values occurred in
March 2019, at the end of the hydrological year in Chile, where the lowest precipitation,
water level, and flow values in various continental water bodies are expected. By this
point, only 6% of the annual precipitation had been recorded, a point that aligns with the
high standard deviation of the year’s precipitation data, as shown in Table 3 (standard
deviation of 42.56 mm). This suggests that precipitation was concentrated in specific
periods of the year, primarily during winter. Finally, the validated information on the
level of Lake Ranco was complemented by data from ERS-2, ENVISAT, and SARAL from
1995–2017, as shown in Figure 8. It should be mentioned that there are no DGA records
to validate this information. However, the data were adjusted according to the difference
observed between the data from the DGA and the Sentinel-3A mission. This adjustment
corresponds to the less than 1% decrease in the value recorded by the satellite. Likewise,
Figure 9a,b shows the variation in the surface area and volume of Lake Ranco in the
1995–2023 period.
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Figure 8. Lake Ranco levels [m] between 1995 and 2023, combining information from the ERS-2
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(2018–2023, blue) missions.

In Figure 9, both lake surface and volume move within a narrow range of variation
(0.014 km3 and 4.96 km2 for the volume and area, respectively). It is possible to note the
relationship between the variation in area and volume in the area under study. However,
since 2010, there has been a decrease and greater variability in the values, which may be
influenced primarily by changes in precipitation in the area. In addition, Figure 10a,b
shows the ENSO 3.4 anomalies and the variation in the PDO index from 1995 to 2023,
respectively. Also, Figure 10c,d shows the annual anomalies in the area and volume of
Lake Ranco between 1995 and 2023, respectively. The anomaly range of lake volume was
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0.0139 km3 in 2015 (17.5% of the 1995–2023 average annual lake volume variations) and
−0.0151 km3 in 2016 (16.1% of the 1995–2023 average annual lake volume variations),
and the anomaly range of surface lake area was 4.031 km2 (15.2% of the 1995–2023
average lake surface) in 2015 and −3.792 km2 in 2016 (16.2% of the 1995–2023 average
lake surface).
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Figure 10. Interannual variations in monthly (a) anomalies of ENSO 3.4 [◦C] (blue for the warm phase
and red for the cold phase) (obtained from https://www.ncei.noaa.gov/access/monitoring/enso/sst,
accessed 9 July 2024), (b) PDO indices [◦C] (blue for the warm phase and red for the cold phase)
(obtained from https://www.ncei.noaa.gov/access/monitoring/pdo/, accessed 9 July 2024), and
interannual variations in annual (c) area [km2] and (d) volume [km3] in Lake Ranco over 1995–2023.

4. Discussion

Understanding fluctuations in lake levels is vitally important for unraveling the com-
plexities of river flow dynamics and oscillations in water-reservoir volumes [4]. Leveraging
radar satellites, which provide continuous time-series data, is critical to gaining deep
insights into water-level dynamics [72].

To determine the accuracy of altimetry-based water levels, we compared them to the
data in the DGA database. Our comparison exceeds the minimum threshold values set
for the root mean square error (RMSE), index of agreement, correlation coefficient (R),
and Kling−Gupta efficiency (KGE) proposed by [59,62,64] and [60], with values of 0.04 m,
0.99, 0.99, and 0.90, respectively, as illustrated in Figure 6, which proves the good fit of
the lake levels with the altimetry data. These good results are in keeping with the results
of previous studies comparing altimetry-based water levels within situ measurements
(e.g., [16,19,33,73]). The good agreement between in situ and the use of altimetry-based
water levels made it possible to use the satellite data to estimate the volume and surface area
of Lake Ranco by merging the level data with the bathymetric information (Figure 2) over
1995–2023, as illustrated in Figure 9. The area and volume show synchronized behavior,
reflecting the general trend observed in lake levels during the study period (Figure 7).
To improve our understanding, the Sentinel-3A data used to estimate the level of Lake
Ranco were complemented by ERS-2, ENVISAT, and SARAL data covering the period
1995–2017. One of the main advantages of this work is the possibility of complementing
existing lake-level time series or of being able to have records in areas where there are no

https://www.ncei.noaa.gov/access/monitoring/enso/sst
https://www.ncei.noaa.gov/access/monitoring/pdo/
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monitoring networks. It is proposed to study other lake bodies in Chile to validate the
method in different climatic zones.

Our analysis reveals a notable increase in cumulative precipitation (9.37%) across the
study area from 2017 to 2023, as illustrated in Figure 4b and detailed in Table 3. At the
same time, there is discernible evidence indicating a slight decrease in temperature over
the same period (1.14%), which influences evapotranspiration rates in the region, as shown
in Figure 5. Furthermore, these fluctuations align with shifts in precipitation patterns
observed in Lake Ranco (refer to Figure 4a,b and Table 3). Notably, precipitation levels
exhibit a steady trend from 1995 to 2010, which was followed by a decline thereafter, with
a marginal uptick noted in the latest period. The behavior of the lake level in the period
1995–2023 shows similarities with the changes in precipitation in the area during the same
period (Figure 4a), with a relatively constant level until 2010, when the level decreased. The
lake level has shown a pronounced decrease since 2010, and this decrease was maintained
until 2019, when the lake began to increase its level again, concurrent with the increase in
precipitation (Figure 4a) and the decrease with evapotranspiration (Figure 5). In addition,
it is imperative to have a greater amount of temperature data in order to be able to perform
analyses such as the ones proposed in Noori et al. [15,74].

The pronounced decline in precipitation across central Chile, exacerbated by a series
of consecutive dry years since 2010 (Figure 4a), has been notable, with annual precipitation
deficits ranging from 25% to 45% [75]. Furthermore, according to NOAA records, the
years 2010 to 2012 witnessed some of the most intense ENSO (La Niña) events in recent
history, enhanced by a cold phase of the PDO (see Figure 10a,b). This decrease persisted
until 2016, when an ENSO (El Niño) event occurred, leading to increased rainfall and river
overflows in south-central Chile. The El Niño episode between 2015 and 2016 is ranked as
one of the strongest since 1950 [76] and coincides with the warm phase of the PDO. This
could elucidate the observed decrease in the level of Lake Ranco, as depicted in Figure 8.
It is possible to note a correlation between the cold phases of ENSO 3.4 (i.e., La Ñiña)
and the PDO index, leading to drier years. Moreover, Figure 10a illustrates cold-phase
ENSO and a PDO (i.e., La Niña) phenomena before 2019, potentially contributing to the
observed decrease in lake area and volume as discussed earlier. Conversely, a warm-
phase ENSO event (i.e., El Niño) is depicted during 2020, likely associated with increased
precipitation in the area and resulting in the peak values of volume and area in Lake Ranco.
Henley [77] determined that a positive PDO leads to higher precipitation to the south and
decreased precipitation to the north. Larger anomalies occur when the ENSO index and
PDO index exhibit large deviations and are in phase [18]. An increase in the effects can
be observed when the warm or cold phases of ENSO 3.4 and the PDO index coincide.
Sagarika et al. [66] determined that ENSO phenomena are an important forcing factor in
the annual flow variations in the Andean basins, while, to a lesser extent, the PDO also
affects these variations. Such meteorological dynamics probably contributed to fluctuations
in Lake Ranco’s levels during the specified period. A decrease in precipitation has been
observed since 2010, coinciding with ENSO phenomena in the cold phase (i.e., La Niña),
which could explain the change in the level, volume, and area of the lake under study.
This is consistent with Chile’s mega-drought, as detailed by Garreaud et al. [75,78] and
Boisier et al., [79]. When comparing the ENSO phenomena (Figure 10a) with the area
and volume anomalies of Lake Ranco (Figure 10c,d, respectively), it is possible to note
that the warm ENSO pass coincides with the positive area and volume anomalies, while
the cold ENSO phases coincide with negative anomalies. It is worth mentioning that the
anomalies increase when the ENSO and PDO phenomena are in phase (i.e., their warm or
cold phases coincide).

The methodology employed in this study can be extrapolated to assess the status
of water levels and volumes in all Chilean aquatic ecosystems intersecting the orbits of
satellites with onboard altimeters. This approach, possibly combined with lake surface-
extent monitoring from space (see [18]), offers a promising avenue for comprehensive
monitoring and management of water resources throughout Chile.



Water 2024, 16, 1997 16 of 20

5. Conclusions

The use of altimetry information from different missions is crucial to understanding
lake-level variations and has been tested in several studies over time. In this context,
Sentinel-3A data show a high level of agreement with data from Lake Ranco in Chile
according to the target functions selected for the development of this work (KGE = 0.99,
RMSE = 0.04, and Index of agreement = 0.99). Due to the good fit shown by the comparison
of the levels of Lake Ranco with the data of the Dirección General de Aguas, it was possible
to estimate the variation in the area and volume of the lake for the period 1995–2023,
considering data from the ERS-2, ENVISAT, SARAL, and Sentinel-3A missions. Variations
in lake level, area, and volume are related to the variation in precipitation over the study
area. This variable shows a decrease of 10% between the mean values of the 1995–2010
and 2010–2023 periods. However, this variable shows an increase of 9.37% in the last
period. In addition, it is possible to observe a decrease in temperature and potential
evapotranspiration in the period 2017–2023, which could have contributed to the behavior
of the level, area, and volume of Lake Ranco. Moreover, the area and volume of Lake
Ranco were affected by the ENSO and PDO climatic phenomena. As an example, the
ENSO (i.e., El Niño) phenomenon of the 2015–2016 period, cataloged as one of the most
intense in recent times, coincided with the warm phase of the PDO, which caused an
increase in precipitation in the lake under study and positive anomalies for area and
volume. Consequently, when the ENSO and PDO coincided in their cold phase (e.g., period
2010–2012), a decrease in the levels of Lake Ranco and an increase in the area and volume
anomaly were observed.

Finally, it is possible to use altimetry to estimate the level, volume, and surface area of
this lake. With this information, it is possible to have greater control over the water rights
of each body of water in Chile in the event of drought or better control of water quality after
flooding processes. In addition, it would allow entities associated with water resources
to evaluate various bodies of water that currently have a low number of hydrometric
records. However, it is essential to have in situ information to validate the method. This
can be complex in Chile, since lake-level records are usually current, which makes it
difficult to validate past missions (as in the case of ERS-2 and ENVISAT). Despite this,
this methodology is useful for research on water resources and the implications of various
meteorological events. In addition, wind effects in the study area are not considered,
which could cause alterations in the study area and changes in meteorological variables.
Additionally, multi-satellite studies that include current altimetric missions, highlighting
the use of SWOT, are proposeds.
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