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Lakes with strong variations in their water coverage may act as in-
dicators of different natural phenomena. Recent techniques for the
extraction of Satellite-Derived Shorelines (SDSs) with subpixel accuracy
are potentially useful for accurate and continuous monitoring of the
limits of water bodies along large periods. This work proposes a method
for combining the shoreline position with a digital elevation model to
assign elevation values to the points defining the SDSs along the period
1984-2020 in the shallow Gallocanta Lake (NE Iberian Peninsula). The
relationship between the water surface and the elevation allows
modeling the phenomena of lake changes as well as an estimation of the
volume. The obtained data enables analyzing size and elevation changes
of the water surface and the volumetric changes of the lake over more
than three decades with a sub-weekly frequency (2-5 days). The results
constitute a valuable data package for robust analysis of lake trends. In
the short term, the methodology provides sufficient precision to capture
the changes caused by single meteorological events such as rainfall, even
of small magnitude. The method constitutes a novel approach for ac-
curate hydric monitoring of lakes and water bodies, along large terri-
tories without requiring continuous in situ data acquisition.

1. Introduction

Lakes with strong variations in their water surface offer great
importance as indicators of natural phenomena on a local (hydrological
response, hydrogeological behavior, human action), regional (aquifer
exploitation, general changes in land use) and even global scale (climate
change). In recent years there has been an explosion of articles that seek
to detect changes in lake water surface (Chen et al., 2018; Palmer et al.,
2015; Zhang et al., 2011; Zhou et al., 2019). The monitoring of those
changes can provide relevant environmental information. However, the
functions and services of the lake as well as its role in hydrological
processes will be determined by the water volume, which is not always
proportionally related to the water surface area. The analysis of lake
volumetric changes enables to estimate the volume of surface inputs that
may occur as a result of rainfall events, to define with greater certainty
the magnitude of subsurface or groundwater input, and to identify losses
due to evapotranspiration, infiltration, or direct abstractions. The
simplest method to characterize the water changes of a water body is to
have a continuous record of the water level utilizing a ruler driven into
the lakebed. This information, which is not always available, can be
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ineffective in intermittent shallow lakes in which water surface can
occur in separated ponds during low water episodes. Moreover, in order
to obtain robust measurements, the altitudinal position of the ruler must
remain completely stable over time, and this is often not the case for
shallow saline lakes or lakes with strong water level fluctuations (Cas-
taneda & Herrero, 2005).

Remote sensing techniques have been widely used to study lake and
reservoir water changes (Crétaux et al., 2011). They allow the acquisi-
tion of data covering large territories without the necessity of in situ
human intervention, offering high potential for systematic monitoring at
continental-scale, even in remote areas. Water elevation may be defined
by altimetry missions based on radar as TOPEX/Poseidon (Birkett,
1995), Envisat (Frappart et al., 2006), Cryosat-2 (Villadsen et al., 2015),
SARAL (Schwatke et al., 2015), or LIDAR as ICESat (Zhang et al., 2011)
and ICESat-2 (Cooley et al., 2021; Zhang et al., 2019). Water coverages
are delimited also from radar using high-spatial-resolution sensors (e.g.
Gstaiger et al., 2012) while products derived from freely available
missions are constricted due to their coarse spatial resolution (e.g. Xing
et al., 2018; Gulacsi & Kovdcs, 2020). Optical images have been used to
define water coverage based on reflectance differences in their single
bands or a combination of them by creating indices (Huang, Nguyen,
Zhang, Cao, & Wagner, 2017). Global databases of water bodies have
been generated defining the current state and their changes over time
(Busker et al., 2019; Pekel et al., 2016; Schwatke et al., 2015). Despite
their great contribution for studying the coverage of large water bodies
such as those experiencing variations of several meters throughout the
year, the accuracy of these techniques is reduced for smaller lakes
(Crétaux et al., 2011). The analysis of the volume has been approached
from bathymetry or the elevation of the water body combined with
DEMs. Thus, under the assumption that the water surface is flat over a
certain area, Penton and Overton (2007) suggested approaching the
volume definition by the integration of the water extent with elevation
data. Thus, the integration of different data sources has led to the esti-
mation of the volumetric changes of the water bodies (e.g. Zheng et al.,
2016; Zhu et al., 2014). Most of these works focus on lakes that undergo
important altitudinal changes (meters), something that does not occur in
shallow lakes. Due to the limitations imposed by pixel size and altimetric
accuracy, the previous techniques may become useless for monitoring
small/shallow water bodies. In those spaces, the smallest volumetric
changes can have significant ecological consequences, especially in the
coastal fringe, where ecological gradients and biodiversity achieve their
greatest values (Castaneda et al., 2020).

An alternative method for estimating the stored water comes from
determining the three-dimensional position of the shore. This procedure
requires both a DEM that includes the surface of the bottom of the lake
and numerous and highly-accurate records of the shoreline position
along time. The recent availability of algorithms for extracting Satellite-
Derived Shorelines (SDSs) with subpixel accuracy (e.g. Sanchez-Garcia
et al., 2020) and tools as SHOREX (Cabezas-Rabadan et al., 2021) opens
up the possibility of efficiently managing a large volume of data over
decades.

The aim of this research is the continuous estimation of lake volu-
metric changes using SDSs extracted from Landsat and Sentinel-2 im-
agery and a DEM of the bottom of the lake. The study considers changes
along 35 years in the Gallocanta Lake (NE Spain), a shallow saline lake
that undergoes strong variations in its water surface extent.

2. Study area
2.1. Regional setting

Gallocanta Lake is located in NE Iberian Peninsula (Fig. 1), within
the Iberian Range, a NW-SE oriented intraplate mountain system with
moderate relief generated during the Alpine orogenic cycle. The range
includes several inner basins, most of them of tectonic origin. However,
following Gracia et al. (2002) the lacustrine basin hosting Gallocanta
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Fig. 1. Location of the Gallocanta Lake (NE Spain), the limnigraph (green dot)
and the ruler (red cross) currently employed to derive the water level.

Lake has a karstic origin, related to the transformation of a former karst
polje on carbonates into an endorheic closed basin during the Late
Pleistocene.

The lacustrine basin, oriented parallel to the prevailing winds, is
surrounded by low ranges on Palaeozoic quartzites (NE), Mesozoic
carbonates (SW), and Neogene conglomerates (NW and SE). Its sub-
stratum is mainly constituted by Triassic evaporites and clays, which
have made the lake to acquire a highly saline nature. At present, it is a
hypersaline lake of the Na-Mg-Cl-(SO4) type (Comin et al., 1990),
where strong evapotranspiration and intense unidirectional winds favor
its desiccation and the precipitation of salts often covering the bottom of
the lake. The climate is semiarid with a mean annual rainfall of 488 mm
over the last 70 years, irregularly distributed. Garcia-Vera and Marti-
nez-Cob (2004) characterized the meteorological data in the lake for the
period 2005-2014 from the automatic weather station located next to
the limnigraph (Fig. 1). The mean annual temperature is 11.2 °C. The
annual hydric deficit is 605 mm and the reference evapotranspiration
(ETo) higher than 1000 mm year * at the lake borders. The frequent NW
winter winds reach speeds of >80 km h™! (Martinez-Cob et al., 2010, p.
200). In recent decades, a general trend towards decreased flooding has
been observed associated with a highly fluctuating climate. As a
consequence, from a maximum lake water level of almost 3 m registered
in 1974 the lake may now desiccate completely in years of low rainfall
(Castaneda et al., 2015).

The present lake bottom is completely flat, while the shores are
formed by gentle beaches with very fine sands. The NE margin of the
basin is represented by a set of alluvial fans and pediments with a mean
slope of 4%, whose distal areas are perched about 6 m over the present
lake bottom. Streams in this margin are intermittent, inset on the fans,
forming flat-bottomed valleys which historically gave this margin an
irregular, highly indented outline. In contrast, the SW shore is formed by
a very gentle surface (mean slope <1%) on a large fan whose lowest area
connects with the present lake shore.

The lake has notable environmental importance and hosts several
protection figures (National Hunting Refuge, Wildlife Refuge of Inter-
national Interest, Zone of Special Protection by the European Birds
Directive, etc.). In 2006 it was declared Nature Reserve, as it constitutes
an extraordinary important station for European migratory birds (Cas-
taneda et al., 2020).
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3. Available data

As source data has been considered (a) all the Landsat and Sentinel-2
satellite imagery acquired between June 1984 and June 2020 to define
the shoreline position, (b) digital elevation models of the study area, and
(¢) records of the water level.

a) Satellite imagery:

The images acquired by the satellites Sentinel-2 (sensor MSI) and
Landsat 5 (TM), 7 (EMT+), and 8 (OLI), of equivalent quality (Fig. 2)
are available free of charge from the Copernicus Open Access Hub and
the Earth Explorer of the U.S. Geological Survey (USGS). The whole
study period is covered by Landsat missions: Landsat 5 (from 1984 to
2011) is followed by Landsat 7 (from 1999), and Landsat 8 (from
2013). Sentinel-2 mission became operational in 2015 with the satellite
2A followed by its twin 2B in 2017. While Landsat missions offer a
revisit time of 16 days, the Sentinel-2 constellation provides a revisit of
5 days. The revisit has been reduced along the study period because of
the overlap of the different missions, reaching at the end of the period
a time about 2.9 days when the satellites are combined (Li & Roy,
2017). It should be noted that from May 31, 2003 onwards, Landsat 7
images present data gaps associated with the Scan Line Corrector (SLC)
failure. For this reason, the period between November 2011 (when the
acquisition of Landsat 5 images stopped) and April 2013 (Landsat 8
images became available) showed the least frequent characterization of
the shore position. The images of all these satellites offer the
bands RGB, NIR, SWIR1, and SWIR2, employed within the extraction
process. They offer middle spatial resolution (10-30 m) and radio-
metric characteristics that, as described in Pardo-Pascual et al. (2018)
and Sanchez-Garcia et al. (2020), allow the extraction of comparable
SDSs.

b) Digital Elevation Model

The work relies on the elevation data for the entire area that is
flooded at some point during the study period.

A DEM from LiDAR data by the National Geographic Institute of
Spain (IGN, https://pnoa.ign.es/el-proyecto-pnoa-lidar) was used for
this purpose. The original raw data were acquired during October 2010,
at a time when the lake showed a low water level, but it was not
desiccated. Regarding the accuracy of the LIDAR records, the point
cloud showed an average density of 0.5 points/m? and the altimetric
accuracy of each point was better than 20 cm (RMSE). Since the center of
the lakebed was covered by water, in certain parts the altimetric infor-
mation was missing. However, as the lakebed bottom is extremely flat,
the data recorded offered sufficient spatial resolution to interpolate the
areas without signal.
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¢) Lake water level

The water level in the Gallocanta Lake has been obtained along the
years by the Ebro River-Basin Authority from field data (CHE, 2003),
using limnigraph measurements adjusted according to rulers installed
into the deepest point of the lakebed (see Fig. 1). The harsh environ-
mental conditions (e.g. episodes of significant wind, waves, high
salinity, and intermittent desiccation cycles) made it difficult to main-
tain the infrastructure calibrated, hindering the collection of field
measurements from the rulers and eventually making it necessary their
successive replacement. This limitation of the data from rulers has been
described in similar environments (Castaneda & Herrero, 2005) and
resulted in data gaps and the disconnection between series of water level
data acquired along time, therefore limiting their use for the calibration
or validation of hydrological data.

4. Methods

The volume deduction is based on the obtention of Satellite-Derived
Shorelines and their combination with the DEM (Fig. 3).

4.1. Satellite-Derived Shorelines

The downloading of the satellite imagery, pre-processing, and
extraction of SDSs were carried out using the system SHOREX
(Cabezas-Rabadan et al., 2021). After the downloading, manual
cloud-checking allowed to discard those images with clouds covering
the shore of the lake. Subsequently, the SDSs were automatically defined
from 1043 images as the water/land intersection at the acquisition time
of each image. Firstly, the position of the shore was approximately
defined at pixel level by a mask created according to the AWEINSH
index (Feyisa et al., 2014) setting a constant threshold value of 0. Taking
the approximate line at pixel level as reference the shoreline was
extracted applying the subpixel algorithm proposed by Pardo-Pascual
et al. (2012). This procedure operates over the Short-Wave Infrared
bands (SWIR1) using a third-degree polynomial and 3x3 analysis kernel.
The accuracy of the resulting SDSs has been evaluated on multiple oc-
casions in different environments, showing accuracies (expressed as
RMSE) between 3.5 and 4 m (for S2 and L8 images respectively) on the
low-energy microtidal sandy beach of Cala Millor, Mallorca (San-
chez-Garcia et al., 2020), 4.55 m on the microtidal and highly-energetic
Renaca Beach, Chile (Sanchez-Garcia et al., 2019), and between 4.6 and
5.7 m (S2 and L8, respectively) on the exposed mesotidal Faro Beach,
Portugal (Cabezas-Rabadan et al., 2020). Previously to this study, a
specific validation test was made in the Gallocanta Lake (Pal-
omar-Vazquez et al., 2019) by comparing the shoreline position defined
in-situ using DGNSS (Fig. 4) with the SDS extracted from an S2 image
acquired on the same day. The resulting accuracy of 4.15 m RMSE is very
similar to the one recorded in the rest of the assessments on marine
beaches.
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Fig. 2. Available images from the different sensors. Landsat 7 shows data gaps after May 31, 2003 due to the SLC failure, but when available they are still useful and

maintain the same radiometric and geometric corrections.
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Fig. 3. Workflow of the methodology for volume deduction.

4.2. Water surface

The large set of SDSs enabled to define the lake surface and its size
changes throughout the study period. A polygon delimiting the water at
the pixel level was defined, and its contour was adjusted according to the
position of the points that define the shoreline at the subpixel level.
Regarding the L7 images acquired with the SLC-off, the data gaps in the
mask defined by the AWEINSH were filled using morphological filters to
carry out the definition of a continuous water surface.

4.3. Mean elevation of the water level

The estimation of mean elevation relies on the assumption that the
water surface is flat over a certain area (Penton & Overton, 2007).
Taking this into account, for each date the three-dimensional position of
the shore was determined by assigning the elevation data of the DEM to
the shoreline points and calculating the mean elevation. In this opera-
tion, only the western half of the lake was considered since it has gentler

Fig. 4. In-situ definition of the shoreline position in the Gallocanta Lake using a
DGNSS system (May 14th, 2019). The flat morphology of the shore creates a
smooth gradation of highly-saturated soil along the land/water interfase
causing difficulty in defining the real shoreline.
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slopes and, therefore, the positioning errors of the SDSs will have a lower
impact on the elevation values.

This solution made it possible to obtain elevation data individually
for each date strictly based on the shoreline position and the DEM.
Nevertheless, in order to minimize the potential errors of those data
sources, a refinement of the elevation deduction was proposed. It was
based on modelling the relationship between the water surface and the
elevation obtained from the whole dataset, assuming that larger lake
surfaces must be associated with higher water levels. The pairs of surface
and elevation values recorded over time were numerically related
employing a third-degree polynomial function. This equation represents
the phenomenon of elevation increase associated with larger surface
areas as it is experienced in Gallocanta Lake. The substitution of the
values of the lake surface at different dates in the refined model enables
to obtain the corresponding elevation.

4.4. Volume estimation

In order to determine the volumetric changes along time, the
elevation and the surface area of each date were compared with those
obtained for the first date of the study period. Subsequently, multiplying
the surface and elevation differences allowed the obtention of the rela-
tive volumetric changes. The date with the largest negative volumetric
change was identified and assimilated to the complete desiccation of the
lake, therefore assigning a value of zero volume. The whole series was
recalculated by adding the relative volumetric change value of that
reference date, converting all the volumetric values into absolute
volumes.

5. Results

The position of the shoreline was defined on 1043 instants, which
together with their associated elevation allowed to define the water
surface size, the mean elevation and its changes through time, and the
relative changes of the water volume.

5.1. Water surface

Along the period 1984-2020, the area of Gallocanta Lake experi-
enced variations along time, fluctuating between the complete drying of
the lake and maximums over 12 km? (Fig. 5). Notwithstanding these
important variations, the lake area varied around an average value of
6-7 km? (mean of 6.07 and median of 7.07 km?). The lake showed a
large surface area continuously from 1987 to 1993, and the maximum of
12.36 km? registered on January 31, 1992. Afterward, the lake experi-
enced several periods of complete desiccation, alternating with annual
and bi-annual periods over 8 km? (e.g. 2003-2005, 2013-2015), and
reaching an area of 11 km? at the end of the spring of 2020 for the first
time since the early 1990s.

5.2. Water level elevation

When the values of the water surface of the lake are related to the
mean elevation of the shoreline, a direct but non-linear relationship
appears (Fig. 6). Although a clear trend can be observed, the pairs of
data recorded at different dates show some dispersion. Taking this into
account, and in order to minimize the effect of this punctual dispersion
in the elevation series, the elevation is not directly defined using the
values of DEM coincident with the shoreline location. In turn, it is
deduced from the lake surface of each date according with the poly-
nomial function fitted to the whole data set. The fit between both var-
iables is very high (r? about 0.98), showing a low weight of the errors
related to the inaccuracies associated with the DEM and the positioning
of the shorelines. Furthermore, the model obtained shows an obvious
characteristic of the lake, which is that in its central part it is extremely
flat and has a slightly steeper slope in its external part.
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Fig. 5. Water surface fluctuations (1984-2020) extracted from satellite data.
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When comparing the surface elevation obtained directly from the 5.3. Volumetric changes
DEM data associated with the shoreline position versus the elevation
deduced from the numerical function (Fig. 7), it is possible to observe The lake experienced great volumetric changes along the study
how they represent similar trend changes over time. period, from several periods of complete desiccation to over 17 hm®

during the late 1980s and early 1990s. From 1988 to 1993 the lake
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and rulers) registers from June 1984 to December 1994.

followed a filling period, showing volumes above 6 hm® and peaking
close to 18 hm® during February 1992. After that time, the volume
stayed low, and only at specific times the 6 hm® were exceeded. A peak
of 13 hm® reached during spring 2020, almost at the end of the series of
records, stands out.

6. Discussion

Recent techniques have been developed to achieve an efficient
extraction of the coastal shoreline position associated with large vol-
umes of dates from mid-resolution satellite imagery. The present paper
proposes to apply the system SHOREX for shoreline extraction to lake
monitoring, offering the continuous acquisition of detailed information
on changes in the water presence without the need for in situ data. Thus,
the surface covered by the Gallocanta Lake, its elevation, and its volume
have been estimated over 36 years.

6.1. Water changes in Gallocanta Lake

The definition of the shoreline position at subpixel level has been
used to accurately define the shape and perimeter of Gallocanta Lake at
1043 instants over the period 1984-2020 (Fig. 5). The surface has
experienced important changes along time, alternating periods of com-
plete desiccation and others above 12 km?. This surface is below the
more than 14 km? recorded during the especially wet decade of the
1970s (Garcia-Vera et al., 2009, pp. 77-101; San Roman et al., 2007),
and far from the 20 km? estimated in the 1920s by Hernandez-Pacheco
and Aranegui (Galvan, 2011).

The high accuracy of the shoreline dataset in combination with a
DEM allows to define the elevation of the water surface and their

changes (Fig. 6). Throughout the study period, the elevation values vary
in a range of about 1.5 m. When compared with the surface values, it can
be observed that both variables do not strictly follow the same pattern of
changes. This is partly since, after the 1990s, the lake has low levels and
the shoreline is located in areas of a very gentle slope, which translates
into almost negligible variations in elevation.

The estimated elevation could be compared with the field water level
records (using limnigraph and rulers) in the Gallocanta Lake. The
pattern of change experienced by the estimated water volume seems
consistent with the field measurements (Fig. 9). Relatively small lack of
coincidence between the two data sources may be appreciated along the
series, partly as the estimation of the volume is limited by the avail-
ability of satellite images.

Nevertheless, the field measurements defining the water level suffer
also limitations and should be considered with caution. On the one hand,
some locations of the successive rulers employed might have been
disconnected from the water ponds spread on the lakebed when water
levels were very low. On the other hand, the alternating drought and
flooding periods of the lake underwent significant changes in the con-
sistency and density of the lakebed salt-rich sediments, which probably
lead to changes in volume. Thus, due to the high difficulty of finding
representative results from combining the ruler-based water level
measurements and the satellite imagery, the formers have not been
considered to calibrate the estimates by remote sensing data.

The estimation of lake water volume and its changes from the large
dataset presented in this work enables to identify both short- and
medium-term changes in lake water. On an annual scale, it is possible to
observe cyclical oscillations, although significant differences appear
among years (Fig. 10). Seasonal variations are also observable. Water
volume depletions appear during the summer seasons, while autumn
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Fig. 10. Seasonal water volume variation (hm®) in the Gallocanta Lake, from 1984 to 2020. The four seasons have been defined considering as starting day the 21st
of December (winter), March (spring), June (summer), and September (autumn) respectively.
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Fig. 11. Estimated water volume through the period January 2016-December 2018 together with the daily rainfall and average temperature data obtained from
Daroca weather station (Spanish Meteorological Agency, AEMET) as representative of the weather conditions in Gallocanta Lake (Luna et al., 2014, p. 164). The
arrow highlights the rainfall event in early April 2018 associated with an outstanding lake volume increase also illustrated in Fig. 12.
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April 18™34.6 cm

Fig. 12. Sentinel-1 VV polarization images from April 06th, 12th, and 18th 2018 suggest a filling process in the Gallocanta Lake associated with the transition
between dry (April 6th) and flooding conditions (April 12th-18th), after the 95 mm of rainfall registered between April 7th and 11th in Daroca weather station

(see Fig. 11).

and winter show volume gains that are remarkably higher during
autumn. This is greatly linked to the differences in precipitation and
temperature recorded throughout the year in the Gallocanta Lake area.
Seasonal volumes partly contrast with rainfall registers, but it is
important to highlight that within seasons with a prevalence of losses
the lake still may flood or increase its volume associated with rainfall
episodes and hydrogeological inputs. Nevertheless, the highest tem-
perature and sun irradiation experienced during late spring and summer
accelerate the evaporation and reduce the water volume of the lake.
Although changes in precipitation and evaporation throughout the year
are important factors controlling the water volume (Fig. 8), the results of
the present work corroborate that it does not strictly follow a seasonal
pattern. Water surface variations in the lake reflect not only the pre-
vailing climatic conditions but also those of previous periods (Comin
et al., 1990). Thus, after several consecutive climatically wet years, the
lake tends to show and maintain a larger amount of water, as it was in
the early 1990s. On the contrary, lower lake water volumes can be
associated with recurrent episodes of desiccation during the summer.
This is the case of 2001, showing desiccation throughout much of the
year, being one of the driest years on record and associated with a dry
period (Luna et al., 2014, p. 164).

The detailed characterization of volume changes achieved in the last
four years shows important coincidences with the meteorological con-
ditions in the surroundings of the lake (Fig. 11). Precipitation recorded
during the day or days before the acquisition of the satellite image has
resulted in increases in water volume. It is also interesting to note the
rapid reduction in lake dimensions when its volume is low and the
temperatures are high. This is especially noticeable in summer when
water surfaces of several kilometers disappear in a matter of days
associated with high temperatures.

In 2018, the fast change between the dry state of the lake (April 6th,
field data show 0.0 cm) and its filling after the rains (April 12-18th, 26
and 34.6 cm according with field data) has been recorded by the Sentinel
—1 C-band radar images (Fig. 12). Even though their lower resolution
and the complexity of the backscattering response impedes a highly
accurate delimitation of the lakebed and the water surface extent, the
visual inspection of the C-band images evidence the increase of the
water level and its growth in parallel with rainfall episodes (Fig. 11).

6.2. A new method for volume estimation based on SDSs

Water surface monitoring is based on the high spatial accuracy of the
shorelines extracted by SHOREX, which have been recently applied to
analyze geomorphological changes in marine coastal environments (e.g.

Cabezas-Rabadan et al., 2019; and 2021), but never on inland water
bodies. This methodology based on extracting the shoreline position per
date contrasts with the remote sensing techniques mostly used to
monitor inland water bodies, lakes, and reservoirs. From optical satellite
imagery, numerous works and databases have already delimited the
water bodies over time covering large territories, even on a global scale
(e.g. Busker et al., 2019; Pekel et al., 2016). However, most of these
works offer pixel-level accuracy and, therefore, little capacity to identify
water surface changes of small dimensions. The methodology based on
subpixel extraction of the shoreline offers higher accuracy in delimiting
the water bodies and in detecting changes, even those of small magni-
tude. The traditional pixel-scale detection of the shoreline relies on the
thresholding of the image after the calculation of the water index. This
constitutes only the first phase of the sub-pixel solution employed in this
work (SHOREX), after which a 3x3 pixel neighbourhood (corresponding
to 60 or 90 m for S2 and Landsat imagery respectively) is scanned
around the shoreline defined at the pixel level to find the position of the
shoreline more accurately, reaching an error about 4-5 m RMSE. This is
a particularly significant advance in small lakes with abrupt changes in
their flooded surface as the Gallocanta Lake. In addition, the subpixel
SDS provides information not only on the flooded area but also on its
detailed shape. This can offer information about lake morphometry and
changes of ecological importance because the rapid shoreline changes
that occur in shallow and fluctuating lakes determine the habitat dis-
tribution and the preservation of protected species (Timms, 1992, p.
180).

The methodology proposed in this work is supported by the high
spatial resolution of the shorelines extracted by SHOREX, with values
close to 3-5 m RMSE (Sanchez-Garcia et al., 2020; Palomar-Vazquez
et al.,, 2019). Although inland water bodies lack the dynamism and
swash processes that may pose a challenge for defining the shoreline
position in marine coastal environments (Cabezas-Rabadan et al., 2020),
a shallow lake like Gallocanta brings other difficulties for the definition
of the land-water interface. The occurrence of sheets of water only a few
centimeters thick covering significant areas together with zones where
the soil is saturated in water (see Fig. 4) sometimes makes it difficult to
delimit the water surface. The challenge of defining the approximate
shoreline position, a step required by SHOREX prior to starting the
extraction process, has been solved by adopting the AWEINSH index
(Feyisa et al., 2014) after offering satisfactory results in previous tests in
Gallocanta Lake (Palomar-Vazquez et al., 2019). This has allowed
achieving the automation of this part of the process, increasing the ob-
jectivity of the results and facilitating the obtention of a large SDS
dataset.
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The revisiting of satellite images from the Landsat and Sentinel-2
series enables to have a large dataset of the lagoon morphology
covering more than 3 decades. The distribution of images is uneven over
time, with higher density in the final part of the series. At present, the
combination of satellites L8, S2A, and S2B offers a revisit time of about
2.3 days (Li & Chen, 2020) enabling the quantification of changes in the
water sheet with sub-weekly frequency. This large availability of data is
being increased even more with the recent availability of Landsat-9
images.

The solutions proposed in the literature to define the elevation in
lakes either are based on payment platforms (e.g. TerraSAR-X) and/or
do not offer sufficient spatial or altimetric resolution to be useful in
shallow water bodies. Thus, when a DEM is available (using bathymetric
techniques or aerial sources in the case of lakes experiencing seasonal
drying processes), the methodology presented here seems to be a very
interesting alternative for an accurate definition of elevation, especially
in water bodies with reduced slopes. The accuracy of the subpixel
shorelines is key in this methodology in order to correctly define the
three-dimensional position of the shore and, consequently, its elevation.
The proposed refined elevation model is defined by the numerical
function that relates a large dataset of surface and elevation data
intending to minimize the influence of existing errors in the definition of
the shorelines and in the DEM itself. The raw data of the model have
been obtained from LIDAR, with an estimated altimetric accuracy better
than 0.2 m RMSE. This level of error is significant considering that
Gallocanta Lake is a shallow lake with very gentle slopes. In fact, when
comparing the elevation values obtained directly from the DEM versus
those obtained using the refined model (Fig. 7) it is evident that the
measurements in the DEM are about 20 cm above the base that marks
the dry lake level. This might be explained by the fact that when the
LiDAR data of the area were acquired, the deepest parts of the lake had
some water, preventing the data acquisition or, alternatively, recording
the elevation of the water surface.

7. Conclusions

The method constitutes a novel approach for characterizing the
water surface, elevation, and volume of inland water bodies. It is based
on freely-available satellite images provided by ESA and USGS, and in
the availability of a sufficiently accurate DEM model of the lakebed.

The application of techniques capable of extracting SDSs with sub-
pixel accuracy together with the refinement for deducting the mean
elevation of the water level allow obtaining a robust and continuous
estimation of the water stored in the Gallocanta Lake between 1984 and
2020. The proposed solution is supported by the combined use of images
from different satellites. It enriches the existent data based on ground-
based water level measurements, which have poor robustness during
low water levels of the lake and do not consider the water surface
dimension. The large amount of data derived in this study allows the
analysis of yearly and seasonal trends along decades, as well as the
quantification of short-term water changes, even those of small magni-
tude. This enables to verify how the lake’s hydrological system responds
to rainfall events in its watershed, opening up a promising possibility for
advancing our knowledge of the hydrological dynamics of semi-arid
environments. In addition, it allows differentiating modal states from
extraordinary states, either by filling or emptying, which may be asso-
ciated with particular hydro-meteorological situations. Likewise, the
data show the existence of a seasonal behavior, although with an
irregular (non-systematic) character, as previously pointed out by other
authors.

This method may be exported to other water bodies (lagoons, res-
ervoirs, etc.) with intermittent behavior in order to support monitoring
purposes as it is able to offer datasets covering large periods (both his-
torical and present/future) with a large degree of automation. A future
improvement could come from analyzing the correspondence between
the modal altitudes predicted by the model and the active littoral forms
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recognizable on the shores, which appear distributed at different heights
defining different degrees of frequency of inundation/activation.
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