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Abstract: La Banya spit, located at the south of the River Ebro Delta, is a sandy formation, developed
by annexation of bars forming successive beach ridges, which are oriented and modeled by the
eastern and southern waves. The initial ridges run parallel to the coastline, and above them small
dunes developed, the crests of which are oriented by dominant winds, forming foredune ridges
and barchans. This study attempted to test a number of techniques in order to understand the dune
dynamic on this coastal spit between 2004 and 2012: LiDAR data were used to reconstruct changes
to the surface and volume of the barchan dunes and foredunes; ground-penetrating radar was
applied to obtain an image of their internal structure, which would help to understand their recent
evolution. GPS data taken on the field, together with application of GIS techniques, made possible
the combination of results and their comparison. The results showed a different trend between the
barchan dunes and the foredunes. While the barchan dunes increased in area and volume between
2004 and 2012, the foredunes lost thickness. This was also reflected in the radargrams: the barchan
dunes showed reflectors related to the growth of the foresets while those associated with foredunes
presented truncations associated with storm events. However, the global balance of dune occupation
for the period 2004-2012 was positive.

Keywords: coastal dune; foredune; beach ridge; LIDAR data; ground-penetrating radar (GPR), La
Banya spit; Ebro Delta

1. Introduction

The development of dunes on sandy coasts depends on several factors [1] among
which the existence of accommodation space where the dune can be stabilized is of prime
importance [2]. On microtidal coasts, where sedimentary accretion processes prevail, beach
ridges usually form to reflect fluctuations in environmental conditions through the recent
historical evolution of the shoreline [3]. According to Otvos [4], beach ridges are defined
as “relict, semiparallel, multiple ridges, either of wave (berm) ridge or wind (multiple
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backshore foredune) origin”. On stable coasts, beach ridges often facilitate the generation
of foredune ridges, [5] which are shore-parallel dunes favored by vegetation [6,7]. The
historical evolution of coastal dune systems depends on a number of environmental
variables related to the coastal sediment supply, the maintenance of favorable aeolian
conditions and human intervention [7,8]. However, such environmental conditions may
change through time, leading to variations in the general evolutionary trends of dunes.
Due to their high sensitivity and low resilience to any energetic change in winds and
waves, or in sea level variations [9,10], it is important to reconstruct the recent evolution of
coastal dune systems in order to correctly locate their present situation within a general
trend [9-11].

The Ebro Delta, located on the Western Mediterranean coast [10] (Figure 1), is a good
example of where different techniques for reconstructing the recent evolution of coastal
dunes and the resulting present situation can be applied; in fact, these are essential for
making reliable predictions. The Ebro Delta is formed by two main sandy spits located
to the north and to the south of the present river mouth. The southern one, named La
Banya, is characterized by an evolution associated with the general delta progradation
recorded during the last centuries through the generation of a set of parallel beach ridges
(Figure 2c). Here, all the factors necessary to develop dunes are present: sufficient sand,
low tides, winds with an appropriate intensity and direction, and accommodation space to
provide the relative stability necessary for dune development. Since the delta spits are in a
protected natural area (Ebro Delta Natural Park), no relevant human interventions occur in
the zone. In addition, these conditions are favorable to colonization by plants, giving rise to
continuous foredunes. Therefore, a transition occurs between the mobiles dunes (barchans)
located near the shoreline and the foredunes, as the historical beach ridges occupy the
inner part of the spit.
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Figure 1. Map showing the location of La Banya spit. Inset map (lower left) shows the location of La Banya and surrounding
region in the Ebro Delta. The green point is the location of SIMAR Point (Figure 3).
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Different techniques can be used for studying the morphology and present dynamics
of dune fields [12,13]. GPS and LiDAR data are widely used in coastal studies because
they permit the mapping of large areas with very high resolution and accuracy in a short
time [14-16]. These qualities make LiDAR the main source of information in studies of the
characterization and evolution of coastal dunes [17-22].

Geophysical methods, such as Ground Penetrating Radar (GPR), allow analyzing the
internal structure of dunes [23,24], which helps to interpret its origin, evolution, and current
morphology [25-27]. This technique was previously applied to field dunes developed on
the northern delta spit, El Fangar spit [23,24].

GPR is a well-established geophysical method [28-31], based on the measurements of
the subsurface response to high frequency (typically 100-1000 MHz) electromagnetic waves.
A transmitting antenna on the ground surface emits EM waves in distinct pulses into the
ground that propagate, reflect or diffract at interfaces where the dielectric permittivity of
the subsurface changes. EM wave velocity data thus allows conversion of a time record of
reflections to an estimated depth.

Among the great extent of different applications for GPR, one of the most interesting
is to analyze the internal and geometric structures of sedimentary deposits (e.g., [32-36]).
The high resistivity of aeolian sands facilitates the penetration of the electromagnetic waves
emitted by GPR, which favours the observation of the sedimentary structures and the
geometry of dunes [37]. The reason for the good results obtained by means of GPR applied
to dunes is the contrast in the relative dielectric properties, which are caused mainly by
differences in moisture, porosity, grain size, and mineral content [38,39].

The dynamic of coastal environments starts processes that accumulate sand bodies of
different sizes and thicknesses, as well as different crosscutting erosion surfaces, prograding
structures, and onlapping geometries. Thus, many recent works have revealed the utility
of the GPR technique to image this complex internal geometry as well as to allow the
reconstruction of the relative chronology of the different processes (identification of periods
characterized by stabilization, vertical accretion, progradation or erosion: e.g., [40-43]).

Considering that the Ebro Delta is a protected area, this technique is especially use-
ful due to its non-invasive character, which avoids any environmental damage in very
sensitive areas [5,33,40,41]. On the other hand, Geographic Information Systems (GIS)
allows for the treatment of the results obtained with these techniques and to elaborate
cartographies showing the main geomorphological and evolutionary characteristics of the
dune bodies [41].

The objectives of this work are to present the characteristics and evolution of the
field of dunes developed in La Banya spit, that is the lesser known in the Ebro Delta
complex; and to contribute to spread the knowledge about sedimentary processes that
take place in this deltaic zone. On the other hand, this work permits testing the utility of
combining different field and airborne techniques like GPR and LiDAR data to reconstruct
the recent evolution and establish the present trends of the coastal dune system developed
on this dynamic delta coast. The quite contrasting data derived from the use of such
techniques-including high-resolution topography, geomorphological mapping and the
inner sedimentary structure of the dunes-is probably the best way to assess the recent
evolution of these dynamic environments and evaluate their present situation within the
resulting trends.

Study Area

La Banya spit is located in the southern hemidelta of the Ebro River on the western
Mediterranean coast. It is connected to the main delta body by the El Trabucador bar
(Figure 1). La Banya spit has been formed by the accretion of the sediment transported
from the north by the prevailing littoral drift. A set of historical beach ridges allows
identifying the different positions of the coastline over time (Figure 2). According to
Somoza et al. (1998) [44] and Rodriguez-Santalla and Somoza (2019) [13], the construction
of La Banya spit began as a consequence of the destruction of the old Riet Vell deltaic
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lobe (active between AD 1149 and 1362). The coastal evolution of La Banya spit during
the last 100 years can be found in Rodriguez-Santalla and Somoza (2019) [13]. Two areas
with different behaviour are distinguished: the northern half is an erosive area to the
point where the shoreline movement is null, and the southern half from that point is an
accretionary area (Figure 2).

793, 1613 —

" h5 La Banya spit-bar

Banya evolution
Coastline 1946
DEM 2011

Figure 2. Digital Elevation Model (DEM) showing different historical coastal positions of the La
Banya spit (yellow lines). Above, (a,b), different dune morphologies present on La Banya Spit, and
(c) evolution of La Banya spit from Somoza et al. (1998) [44]. Red point marks the zone where the
shoreline movement is null and a change in the evolutionary trend.

On La Banya spit, two types of dunes can be distinguished: foredunes, in the inner
areas of the spit, and barchan dunes on the shoreline [45]. The dynamics of the dune field
of La Banya spit is lesser known than those of the El Fangar Spit, in the northern hemidelta.
This is probably due to the apparently lower activity of the southern spit. Rodriguez-
Santalla et al. (2017) [46] and Sanchez et al. (2019) [45] have provided an analysis of the
differences between dune fields of both spits and concluded that the conditions in which
the modeling agents (wind and wave) operate and, especially, the coastal orientation are
the main causes of the variation between them.

The direction of waves showed three components (Figure 3a): East, South and South-
east. The East component is the most energetic; therefore, it is considered to be responsible
for the erosion processes of the external coast as well as for the existence of a longshore
current that transports the sediment to the extremes of both spits (El Fangar and La Banya).
The South component is responsible for La Banya coastal orientation. Figure 3b shows the
frequency of average wind direction and speed. Although the most important ones are the
northern component winds, those responsible for the dune dynamic in La Banya spit are
the South winds [47].
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Figure 3. (a) Wave rose: significant wave height (m); (b) Wind rose: average wind speed (m/s). SIMAR Point 2,096,126
(location in Figure 1). Period: 2000-2014. Efficiency: 98.76%. Source: Puertos del Estado (http://www.puertos.es (accessed

on 1 December 2020)).

2. Materials and Methods

The analysis of the La Banya dune fields was established through the comparison
of the DEMs obtained from the LiDAR data of 2004 and 2012 as well as through the
description of the GPR profiles obtained in a survey in 2012.

2.1. LiDAR Topography of the Dunes

The evolution of the dune fields was obtained using LiDAR data of 2004 and 2012,
belonging to the Catalonia Geographical Institute (ICC) (Figure 4a,b). The LiDAR density
is 0.5 points/m?. The base height of the dunes was established at 40 cm above sea level.
Two types of dunes (barchans and foredunes) were identified by visual inspection of the
ortophoto and mapped separately (Figure 4c). The treatment and data comparison were
realized using ArcGIS 10.x.

The DEMs obtained from the LiDAR data were used to obtain the temporal evolution
between two input DEMs displaying the area and volume of dunes that were modified
by the removal or addition of surface material. This was achieved by applying the “Cut
and Fill” tool of ArcGIS software by a chronological comparison of DEM between 2004 and
2012. Cut and Fill only shows the overlapping surfaces between two periods (blue and red
colors); then, in order to find out the total volume of dune fields, it was necessary to correct
the result by adding the non-common areas.

In addition, shoreline from LiDAR data was obtained to analyze the coastal evolution
between 2004 and 2012, by using the software extension to ESRI ArcGIS DSAS [48]. The
Digital Shoreline Analysis System (DSAS) generates transects that are cast perpendicular
to the reference baseline, measures the distance between the baseline and each shoreline
intersection along a transect, and combines date information and positional uncertainty
for each shoreline to calculate rate-of-change statistics from multiple historical shoreline
positions. There are numerous examples of the use of DSAS in the study of coastal behavior
and shoreline dynamics, and a review of them can be found in Oyedotun (2014) [49].
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Figure 4. DTMs obtained from LiDAR Data 2004 (a) and 2012 (b); (c) Dune field position in 2004 and 2012.

2.2. GPR Ground Penetrating Radar (GPR)

In order to obtain information about the internal structure of dunes and beach ridges,
19 GPR profiles were collected to cover La Banya spit (Figure 5) by using an SIR 3000 unit
developed by Geophysical Survey Systems, Inc. (GSSI) (Nashua, USA). GPR measurements
were made using a 400 MHz centre frequency-shielded antenna in monostatic mode, which
provided a good compromise between penetration depth and event resolution in this
kind of sedimentary materials. All the profiles were collected in continuous mode with
a distance interval of 0.05 m between traces for a total of 1024 samples per scan. The
topography along the profile was obtained by means of a differential GPS and the data
were used to correct the topography in the data processing. In this continuous acquisition
mode, each trace of the radargram was the result of 64-times stacking in order to improve
the signal-to-noise ratio. A survey wheel attachment was used to enhance survey accuracy.
Automatic gain control was employed during data acquisition, and, depending on dune
height, a time window of 60 or 80 ns two-way travel time (TWT) was applied. In all
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cases, the other acquisition parameters remained the same as well as the topography
data-collection method.
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Figure 5. Situation of GPR profiles localized by areas (b); (a) track of sector A profiles; (c) track of
sector G profiles; (d) track of sector E profiles.

Data processing was performed to increase the signal-to-noise ratio prior to interpre-
tation. It comprised six features.

First, zero-time corrections were used to adjust all traces to a common time-zero
position before applying the rest of the processing steps. Second, a devow filter (or signal
saturation correction) removed very low-frequency components that could be related to
antenna tilt and inductive phenomena. Third, band-pass filtering was used to improve the
signal-to-noise ratio without significantly altering the data.

Given that most of the energy was limited to a finite bandwidth, band-limiting filtering
was thought to be appropriate. Considering the information obtained from each amplitude
spectra of the raw data, a band-pass filter of mean values 150 MHz to 650 MHz was applied
to the whole set of profiles to improve the signal quality.
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Fourth, background noise was removed. This entailed subtracting an average trace
along the profile to remove temporally consistent noise from the whole profile, thereby
possibly making visible signals covered by this noise. This processing step was also useful
for removing, or at least to minimizing, multiples of the air and ground waves at the top of
the profile or at the water table reflection that could be observed especially at deeper parts
of the radargram.

Fifth the automatic gain function applied during the field acquisition was removed and
anew inverse power decay gain function was applied to compensate for the energy decay of
the electromagnetic waves at depths that obscure the interpretation of deeper events. This
kind of gain function has linear and exponential parts that must be specifically adjusted for
each profile in a trial-and-error procedure in order to obtain a good representation of the
reflections at each depth. The mean values for the linear and exponential parts of the gain
function were 17-pulse width~! and 0.016 dB-m ! respectively.

Sixth topographic correction was used to eliminate distortions of the GPR reflections
due to the irregularities of the topographic surface.

The conversion of TWT to depth was made by calibrating the reflector corresponding
to the water table, the depth of which was determined by direct measurement in the field
from small cores and which gave an average propagation speed of the electromagnetic
waves of 0.15 m/ns. This value is compatible with previous studies in the same area for
dry sands [10]. It must be pointed out that the estimated velocity was only valid for the
sand material located above the water table since wet sand exhibits lower velocity values,
as is well known. As the time windows were determined in order to study mainly the
unsaturated zone, we considered that the obtained velocity value was valid for depth
determination. It is important to highlight that the attenuation of the electromagnetic
waves below the reflection corresponding to the water table was low in all the profiles;
thus, clear reflections were still visible and could be interpreted as different sedimentary
structures. The reason for that was that the water table at its shallowest part consists of
fresh water, not seawater, which would have completely attenuated the electromagnetic
signal. All data were processed, modelled, and interpreted using REFLEXW 3.5 software.

3. Results
3.1. Analysis of Surfaces and Volumes

The results obtained in the calculation of the area and volume of foredunes and
barchans dunes are represented in Table 1. The foredunes of La Banya spit kept their
surface and volume approximately constant. The most significant change was observed in
barchan dunes, which had an increase of about 18% in surface and about 20% in volume.
Figures 6 and 7 show the increase of area of the barchan dunes between 2004 and 2012,
moving the shoreline towards the southwest. On the eastern part of the spit, there was a
small migration of dune fields toward the northwest, but at the western part of the spit the
migration was in a southwestern direction (Figure 7a).

Table 1. Areas and volumes calculated for each type of dune.

Barchan
Maximum
2 3 ;
Year Surface (m*) Volume (m?) Average height (m) height (m)
2004 1,882,960.01 673,013.54 0.748 3.457
2012 2,217,239.22 803,860.07 0.75 3.998
Foredune
Maximum
2 3 ;
Year Surface (m*) Volume (m?) Average height (m) height (m)
2004 3,224,915.64 1,079,221.13 0.726 3.330

2012 3,201,031.75 1,045,013.87 0.716 3.404
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Figure 6. DEMs comparison for foredunes (a) and barchan (b) between 2004 and 2012, showing
deposition and erosion zones (blue and red colors) between the coincident areas of both models; and
loss or gain (yellow and orange colors) between non-coincident areas.

According to these results, in 2004 the total surface occupied by dunes was 5,107,875.65 m?
compared with 5,418,270.97 m? in 2012. The total volume in 2004 was 175,234.67 m> and
1,848,873.94 m3 in 2012. That implies an increase in the total dune field of around 6% in surface
and 5.5% in volume.

Figure 7a shows the position of transects established by DSAS every 450 m. Figure 7b
shows the End Point Rate (EPR) parameter obtained from DSAS analysis. The EPR is the
value of the Net Shoreline Movement (NSM) divided by the time interval in years between
those lines, expressed as the change in m/y; the NSM is the distance (m) between the most
ancient and most recent line [50,51]. Transects 1 to 5 reveal erosive behaviour, and from
profile 6 the trend changes to prograding. The average value of coastal retreat is 1.3 m/y,
being the highest —2.27 m/y (transect 3). The average value of coastal advance is 7.6 m/y,
and the highest is 19.14 m/y (transect 26).
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Figure 7. (a) Profiles located by DSAS; (b) EPR data showing the results of coastal migration.

3.2. Analysis of GRP Profiles

Radargram P6 (Figure 8) corresponds to a 46 m-long profile carried out in sector A,
located at the inner part of the spit over an historic ridge. It exhibited a nearly symmetrical
profile shape, and the maximum height over the surrounding plain is less than 1 m. A
reflection located at a TWT of ~20 ns corresponds to the position of the water table. In
general, below the water table (dashed blue line), the radargram showed reflectors laterally
continuous and sub-horizontal or slightly undulated, which are associated with beach
deposits. Above the water table, the reflectors were more discontinuous and with a low-
angle geometry, corresponding to foreslope accretion. In addition to this, some lateral
truncations of undulating sub-horizontal reflectors were visible along the profile (12-16 m
and 18 to 37 m, dashed black rectangles) indicating the existence of erosive events such as
flooding events [9,10].
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Figure 8. Radargram P6 perpendicular to the main wind direction in southern hemidelta. Upper panel: processed
radargram. Lower panel: interpretation of the radargram. The reflections have been interpreted as line drawings to facilitate
the interpretation (see text for details). This profile presents low angle reflectors corresponding to foreslope accretion, as
well as several lateral truncations (black rectangles) associated with erosive events.

Profiles collected in sector B are very similar to those in sector A and show lateral
truncations due to the location exposed to flooding. Sectors C and D presented the highest
foredunes, reaching up to 3 m.

Radargram P15 (Figure 9) is parallel to the main wind direction and consists of an
81 m-long profile over a dune located in sector GPR-E. Similar to P6, its transverse profile
shape is nearly symmetric, but its maximum height is about 2 m in this case. Again, a
reflection located at a TWT of about 20 ns corresponds to the water table. Internally, the
structure imaged by the different reflections is slightly different to the previous case. The
most common geometry imaged consists of parallel reflections describing sub-horizontal-
to-undulating geometry with some local crosscutting relationships. The lateral extent of
the sand bodies defined by the reflectors range from 6 to 20 m. Apart from this general
trend, there were some low-amplitude, discontinuous concave and convex reflectors (A in
Figure 9) interpreted as accretionary mounds around clumps of vegetation (biotopographic
accumulation) [5]. Finally, small units of low-angle trough cross-stratification are imaged
along the upper part of the profile (B in Figure 9). These structures are the result of
foreslope accretion.

Sectors F and G are located at an area of barchan dunes, close to the shoreline. This
area is where a greater accretion of sediments on the spit occurred [14]. The height of the
dunes reached up to 4 m. Radargram P20 corresponds to a 56 m-long profile perpendicular
to the main wind direction (Figure 10) carried out over a dune at sector G near the shoreline.
In contrast to the two previous cases, the transverse profile shape of the dune exhibited
a slightly asymmetrical shape, and its maximum height was ~4 m over the surrounding
plain. The reflection associated with the water table is located at a TWT of about 60 ns
that in this case corresponds to a depth of ~2 m. In general, the internal structure imaged
by the GPR was more complex that in the previous dunes. The sand bodies defined
by the reflections have a smaller lateral extent, ranging from 2 to 6 m. Moreover, few
sub-horizontal reflections were observed, the most frequent geometry of which were of
convex-upwards reflectors adapting to the form of the underlying beach ridge (between
10 and 22 m) (A in Figure 10). Between 30 and 40 m there were discontinuous low-angle
reflectors dipping seawards (B in Figure 10), which were interpreted as roll-over and formed
when the sand flowed from the beach towards the dune top [5]. From 40 m landwards,
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the reflectors were more discontinuous and with a low-angle geometry, showing onlap
relationship (C in Figure 10). They are interpreted as the result of foreslope accretion.
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4. Discussion and Conclusions

The dynamics of the dune field of La Banya spit is associated with the evolutionary
context of the whole Ebro Delta. Beach ridges are built through the annexation of bars
(beach ridges) that are deposited on the contour of the coastline, generating an accretionary
beach profile [50]. Two very different behaviours can be observed: on one hand, a marked
coastal retreat in the area facing eastern waves (according to Figure 3a, they are the most
energetic ones); on the other, a beach accretion in a southwest direction. This evolution
is related to the coast orientation, wave action, and sediment distribution by longshore
transport. Rodriguez-Santalla and Somoza (2019) [13] have described the same evolutionary
processes for the El Fangar spit. The sediment of beach ridges on La Banya spit comes
mainly from the mouth of the Ebro River area, which is the zone of the greatest erosion in
the whole deltaic system [13]. Then, as the delta front was eroded, both spits (El Fangar
and La Banya) experienced progradation.

According to Bristow and Pucillo (2006) [3] the beach ridges provide an inventory of
Holocene shoreline evolution and the progradational infill of La Banya spit. Rodriguez-
Santalla et al. (2015) [51] presented a reconstruction of its evolution from OSL dating,
locating the first ridge near the year 1700. From these data, the average rate of accretion
was 26 m/y. The average spit accretion rate obtained by Rodriguez-Santalla and Somoza
(2019) [13] was nearly 14 m/y, while the result obtained from this this study was 7.6 m,
which means that the sediment supply decreased significantly. The rate of erosion in the
prism of the mouth also decreased as a large part of it has already eroded.

Once the ridges occupied inner positions, they favoured the deposit and development
of dunes, which were colonized by vegetation giving rise to foredunes. This evolution
model coincides with that explained by Bristow et al. (2000) [5]. Where the coast is
prograding, new beach ridges are formed migrating up beach. Once a stable backshore
platform is formed, dune initiation is usually accompanied by the growth of vegetation to
establish a foredune ridge [5].

The analysis from LiDAR data revealed how the dune fields developed parallel to the
coastline, and the dune crest line orientation was not influenced by the prevailing wind as
in other coastal dune fields like the El Fangar spit [23,45,46]. The coastal trend conditioned
the dune evolution and reached a maximum extension just in the area where the greatest
accretion of sediments occurred (Figure 4), whereas in the area located between transects 1
to 5 the width of barchan dunes was low. In this area, the foredunes could not develop due
to the occupation of space by a salty lake (Figure 1).

The internal structure of the dunes located on the inner part of the La Banya spit
(sectors A to D) revealed a predominance of foreslope accretion similar to those described in
foredune ridges [3,6] where sand blown from the beach was trapped by vegetation growing
on the foredune [5]. Some discontinuous reflections, convex and concave, were found
above or just below the water table (Figure 9), which represent hummocky topography
formed around sand-trapping vegetation [5]. The radargram P6 (Figure 8) shows many
truncated reflectors. These are interpreted as foreshore sediments with erosional truncation
during storm events [5,23,24] causing the flooding of the inner part of the La Banya Spit.
This profile was made over a dune body located in the area where flooding is more intense.
Figure 11 reveals how during a storm episode, the inner parts of the La Banya spit are
flooded, affecting the foredunes. Jimenez et al. (2012) [52] collected storm events that
occurred during period 1958-2008, which could account for the loss of volume in the
foredunes which are most exposed to flooding.

The barchan dunes, in contrast to foredunes, showed an increase in surface and
volume. The radargram P20 (Figure 10), located next to the coastline, presented a foreset
associated with the foreslope accretion and reached a high altitude [5,23]. This profile is
located where the greatest accretion of sediments occurred and corresponded with the
Bristow et al. (2000) [5] model mentioned before. The beach accretion resulted from bars
migrating up the beach. At the same time, a transfer of sand from beach to dunes by
wind caused dune aggradation by foreslope accretion, producing reflectors with cross-
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stratification by cut and fill and rollover [5]. The barchan dunes are very important for
maintaining the shoreline during a storm (Figure 11). The data obtained from a comparison
of LiDAR 2004 and 2012 showed a significant increase in both area and volume, which is
consistent with the general trend of La Banya spit. This implies that, despite the increase in
the incidence of storms, the barchan dunes remained where the line formed by the barchan
dunes was maintained as can be seen in Figure 11 during Storm Gloria in January 2020.
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Figure 11. (a) Oblique aerial photograph of La Banya spit showing the barchan dunes present at a
higher level than the foredunes (source: http://www.infosa.com/ accessed on 1 December 2020) and
(b) image of Sentinel of 21 January 2020, showing the flooded areas during Storm Gloria.

As a final conclusion, the combination of LIDAR data and GPR proved to be extremely
useful for reconstructing the recent (last decades) evolution and present trends of this area
of the Ebro Delta. GPR data allowed us to understand the recent evolution of dune/beach
ridges in the zone over the last centuries while LiDAR data allowed us to establish shoreline
trends and accretion rates. These results can be used by the managers of the Ebro Delta
Natural Park to predict future evolution trends in the most vulnerable coastal areas and
proceed accordingly.
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