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Storms and extremely energetic events may significantly impact the form and structure of beaches, and so cause
erosive processes and coastal damages. Efficient management actions require an up-to-date and accurate
knowledge of beach morphological changes, with the shoreline position being a good indicator of such changes.
This work proposes the use of the open-source Shoreline Analysis and Extraction Tool (SAET) software for the

SAET
Sentinel-2 definition of satellite-derived shorelines (SDSs) from L8 and Sentinel-2 imagery to reveal the shoreline position
Landsat changes at the beaches of the Ebro Delta, NE Spain. Spatial-temporal models (STMs) of shoreline changes enable

a characterisation of how the beaches responded to the storms of 2020. In conjunction with wave data, STMs
enable an analysis of the erosive response to storm events, as well as a monitoring of subsequent beach recovery
in the short and medium term (<1 year). Results show how Storm Gloria (January 2020, Hs max = 7.62 m) acted
as a disruptive event and shifting point in the shoreline trend. As a response to that storm, major erosive pro-
cesses occurred along the delta that caused an average shoreline retreat of 47 m. A progressive recovery during
the spring and summer was mainly associated with periods of low wave energy. Nevertheless, by the end of the
year a complete recovery had been achieved for about half of the coast, while the other half showed an average
erosion of more than 10 m when compared to the pre-storm situation. Both the erosive and the recovery pro-
cesses took place unevenly on different sections of the coast, probably dependent on factors such as the orien-
tation of the beach and the pattern of longitudinal sediment transport along the coast.

Erosion and recovery

sediment, sometimes leading to the landward migration of the shore
(Castelle and Harley, 2020). When the response is not homogeneous,

1. Introduction

Beaches are spaces that show a high dynamism as a response to the
oceanographic conditions to which they are subjected (Ciavola and
Coco, 2017). Energetic episodes may produce large cross-shore and
longshore sediment transport (Burvingt et al., 2017) that changes the
form and structure of beaches (Anfuso et al., 2020) as well as the sedi-
ment texture (Prodger et al., 2016). It is to be expected that the response
to storms varies along the coast according to the beach characteristics
(Pardo-Pascual et al., 2014) such as the exposure to the incident waves
(Burvingt et al., 2017). Extreme storms may drastically change the
configuration of the coastline by redistributing and mobilising the

certain sections may exhibit significantly higher rates of erosion than
adjacent areas, constituting hotspots that may or may not reverse
rapidly (List et al., 2006).

Recovery may occur after the energetic episode (Castelle and Harley,
2020; Morton et al., 1994; Sénéchal et al., 2015) with different intensity
greatly depending on the sediment availability and hydrodynamic
conditions (Lee et al., 1998). The rebuilding of the subaerial beach
would depend on the combination of mechanisms such as sediment
transport from the nearshore to the beach, swash and aeolian processes
(Phillips et al., 2019; Hu et al., 2023). In equilibrium beaches, this
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process leads to a morphological configuration like that before the
storm. In this case, it would be an oscillatory process without a strong
effect superimposed on long-term evolutionary dynamics. In contrast,
when these changes cannot be compensated in the short term, they may
constitute breakpoints in the morphological evolution of the affected
beaches (Sénéchal et al., 2017) therefore impeding the complete re-
covery of the beach even over the course of a year (Castelle et al., 2015).
As there are still gaps in our knowledge about how beach responses to
storms are modulated over space and time, it is worthwhile analysing
the impact and the short- (days) and mid-term (months) recovery pro-
cesses following large storms on large coastal segments with differing
conditions.

On Mediterranean coasts, the maintenance of the physical charac-
teristics of the beaches constitutes a major concern for coastal managers
(Ariza et al., 2008). The geomorphological changes that occur as a
response to storm episodes may jeopardize the physical integrity and
maintenance of the functions of the beaches (Cabezas-Rabadan et al.,
2019a). Because of global warming (IPCC et al., 2021), the higher fre-
quency of extreme weather events and the magnitude of storms together
with sea level rise may be increasing and causing accelerated shoreline
erosion (Schlacher et al., 2008; Slott et al., 2006). In the western Med-
iterranean, storm events of remarkably high magnitude have been
registered in recent years as well as increasing wave heights (Amarouche
et al., 2021; Pardo-Pascual et al., 2022a). Among them, Storm Gloria is
the most outstanding episode in the historical series due to its oceano-
graphic conditions (De Alfonso et al., 2021; Pérez-Gomez et al., 2021)
and the resulting erosive processes and coastal damage (Berdalet et al.,
2020; Flor-Tey, 2021; Guillén, 2020; Pint6 et al., 2020; Pardo-Pascual
et al., 2022b; Sancho-Garcia et al., 2021; Angelats et al., 2022).

As a response to coastal erosion, emergency actions are often carried
out without the required planning or vision (Jiménez et al., 2012). It is
often difficult or impossible to obtain the up-to-date and homogeneous
information on the shape and structure of beaches that efficient coastal
management requires. The monitoring of large segments can be ach-
ieved using various techniques. This is the case of three-dimensional
monitoring through topo-bathymetric profiling campaigns or succes-
sive surveys of three-dimensional models (using LIDAR techniques).
However, this type of analysis is costly and difficult to apply over large
areas during long periods of time. The recent possibility of accessing
optical satellite images from the Landsat and Sentinel-2 constellations at
no cost has led to various approaches for efficiently mapping beaches. As
the shoreline position constitutes a useful indicator of the state of bea-
ches (Boak and Turner, 2005) and a good indicator for characterising
recovery processes (Phillips et al., 2017), various approaches for the
identification of shoreline positions (Satellite-Derived Shorelines, SDSs)
and their changes over time have been proposed. Some algorithms and
methodological solutions aim to define SDSs in a semiautomatic way
with subpixel accuracy, therefore overcoming the limitations imposed
by the coarse pixel size in these images (e.g., Bishop-Taylor et al., 2019;
Hagenaars et al., 2018; Liu et al., 2017; Pardo-Pascual et al., 2012).
Sustained by the advantages offered by these algorithms, tools such as
CASSIE (Almeida et al., 2021), CoastSat (Vos et al., 2019), or SHOREX
(Cabezas-Rabadan et al., 2021; Sanchez-Garcia et al., 2020) have
emerged for efficiently deriving SDSs by integrating all the required
processes from downloading to the final shoreline definition (see
benchmark comparison in Vos et al., 2023). These tools suffer limita-
tions in their application for large areas or time series due to the need for
user intervention or the computational limitations of working on a
regional scale. The open-source toolkit SAET (Shoreline Analysis and
Extraction Tool; Palomar-Vazquez et al., 2023) was recently created to
automatically define and monitor shoreline positions using imagery
from the ESA Copernicus program and the Copernicus Contributing
Missions. Based on the SHOREX tool, SAET has been developed with the
aim of offering a greater autonomy and robustness in SDS extraction
than previous tools. This new tool focuses on monitoring shoreline
changes when storms occur, showing an average error that ranges
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between 2.62 m and 8.67 m (RMSE) according to differing assessments
in microtidal Mediterranean beaches (Palomar-Vazquez et al., 2023;
Pardo-Pascual et al., 2023). The possibility of obtaining large packages
of SDSs covering long coastal segments raises challenges for its exploi-
tation. The spatial-temporal models (STMs) of beach changes
(Cabezas-Rabadan et al., 2019b) appear as a solution to characterize the
beach state when punctual events as storms affect large coastal seg-
ments, and so facilitate an analysis of temporal and geographic changes
at differing scales.

The aim of this work is to demonstrate the utility of the SDSs auto-
matically extracted using SAET in combination with STMs for studying
morphological changes of the sandy beaches of the Ebro Delta as a
response to coastal storms. The definition of shoreline positions over the
course of a year aims to quantify the erosive response to storms and
monitor their subsequent recovery.

2. Study area

The Ebro Delta (NW Mediterranean) is composed of almost 50 km of
gently sloping sandy beaches (Fig. 1). The delta presents an emerged
area about 350 km?, being the two spits, which partially close the two
adjacent lagoons, the main morphological features (Jiménez and
Sanchez-Arcilla, 1993; Rodriguez-Santalla and Somoza, 2019). The land
and dune heights behind the coast does not exceed the 5-6 m elevation
(Aranda et al., 2022) and it has been highly exploited with extensive rice
farming. It is a microtidal coast (tidal range about 0.2 m) with a
low-energy wave regime (mean significant height of about 0.7 m and
mean peak period of less than 5 s), although large waves (Hs > 5 m) can
be recorded during storms. The largest waves come from the first
quadrant, mainly from the ENE, and to a lesser extent, from the NE. The
wave pattern in combination with the deltaic morphology leads to a net
longshore sediment transport towards the north (south) in the northern
(southern) hemidelta (Jiménez and Sanchez-Arcilla, 1993). The Ebro
Delta is a highly dynamic wave-dominated coast, largely conditioned by
the reduction of sediment discharge from the Ebro River since the
beginning of the 1960s (Jiménez and Sanchez-Arcilla, 1993; Rodri-
guez-Santalla and Somoza, 2019). This has caused strong negative rates,
especially remarkable in the central lobe of the delta and the sur-
roundings of the former river mouth favoured by the change of position
of the mouth of the river (Aranda et al., 2022; Jiménez et al., 1997).
Under the coexistence of eastern wave storms and surged water levels
storm impacts occur along the coast (Jiménez et al., 1997). This leads to
pulsating erosion behaviour as well as beach and barrier breaching and
flooding events, being certain sections as Marquesa Beach, Buda Island,
and Trabucador Beach remarkably vulnerable (Jiménez et al., 2012).

Several events with high waves occurred along 2020 in the NW
Mediterranean (Fig. 2). The energetic events potentially affecting the
Ebro Delta were identified and their magnitudes were characterised
according to the wave power as proposed by Splinter et al. (2014).
Among them (Table 1), Storm Gloria was by far the most energetic
event, affecting the Spanish Mediterranean coast between 19 and 22
January 2020. The storm peaked on 22 of January (Hs max = 7.62 m)
and heavily affected the whole of eastern Spain. This storm was a
remarkably disruptive event considering its unusually large size and
impact along the Western Mediterranean (Amores et al., 2020; Berdalet
et al., 2020; De Alfonso et al., 2021). Evidence of the exceptional nature
of Storm Gloria is provided by the change in the recurrence period of the
Hs max at the Tarragona buoy, which was previously estimated to be
414 years and after the occurrence of the storm is estimated to be 48
years (de Alfonso et al., 2021). This extreme storm (which combined
waves and extreme rainfall) flooded most of the Ebro delta plain,
causing erosion and overwashing of the emerged beach in many deltaic
areas (Berdalet et al., 2020; Flor-Tey, 2021; Pint6 et al., 2020; San-
cho-Garcia et al., 2021). The emergency response to these impacts
consisted of sand dumping in the most affected areas, but it became clear
that more comprehensive measures were needed because of the huge
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Fig. 1. Location map of the study area in Ebro Delta (NE Spain, W Mediterranean) divided in three sectors for providing greater detail in the analysis. Deployed by
the Spanish port authorities, the red point and the blue asterisk indicate the buoy and the tidal gauge for retrieving wave and sea level data. Background image
Sentinel-2 products © CCME (2020), provided under Copernicus by the European Union and ESA, all rights reserved. Coord. system: ETRS89 UTM31N.
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Fig. 2. Wave data (Hs, Tp and direction) along 2020 obtained from the Tarragona Buoy (see Fig. 1) from Puertos del Estado (https://www.puertos.es/).

changes caused by the storm.

The present study focused on 44.3 km of coastline composed by
sandy beaches. To analyse the results, the study area was divided into
three sectors (see Fig. 1). Sector A is the northernmost section (facing
NW-SE) and covers 13.49 km from the current river mouth to the end of
the Fangar spit. Sector B is facing NE-SW and includes the central section
of the delta, covers 17.34 km between the former river mouth and the
Trabucador bar. Sector C is crescent-shaped section that covers the
southernmost 13.44 km of the delta between the Trabucador bar and the
end of La Banya spit.

To maintain homogeneity, the areas at the mouth of the river and the
Trabucador bar were not considered in the analysis. The deposition of
sediment creates sand banks on the river mouth (Jiménez and
Sanchez-Arcilla, 1993) close enough to the surface so they can be
detected only intermittently. Regarding the Trabucador bar, it is an
extremely narrow (100-200 m width) and low (about 1.5 m above mean
sea level) coastal unit (Sanchez-Arcilla and Jiménez, 1994) usually

overwashed and submerged several times per year when storm episodes
occur (Jiménez and Sanchez-Arcilla, 1993) so its characterization re-
quires specific analysis procedures.

3. Methodology

The positions of the shoreline during 2020 were extracted from op-
tical satellite images using the SAET tool to generate STMs of the beach
changes (Fig. 3). The position of the shoreline was horizontally cor-
rected according to the oceanographic characteristics at the time of
acquiring the satellite images. The resulting STMs were employed for
analysing the beach response to the coastal storms that occurred during
the year.

3.1. Definition of SDSs using SAET

The work was based on the shoreline positions derived from the
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Table 1
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Main storm events during 2020. They were identified when the significant wave height (Hs) was higher than 2.5 m, and it was considered as a single storm when Hs <

2.5 m for less than 12 h. Wave power was calculated as XP = joN gﬁi

2 _Hs? Tp At being p the sea water density, g the gravitational acceleration, Hs the deepwater

significant wave height, Tp the peak wave period, At the measurements time step, and N the total duration of the storm. Storm Gloria is highlighted in bold. Events with
direction from the coast (mainly caused by NW winds) were not consider as their impact on the Ebro Delta is negligible.

Onset of the storm (dd/mm/yy) Mean Hs (m) Max Hs (m) Duration (h) Tp (s) Wave direct. (°N) Wave power (kW/m?s)
19/01/2020 3.99 7.62 92 11.91 82 9493
16/03/2020 2.58 2.81 10 8.2 68 209
31/03/2020 3 4.22 53 9.96 65 1962
22/04/2020 2.77 3.63 22 11.13 58 1022
29/08/2020 2.76 3.16 6 9.18 64 170
02/10/2020 291 3.16 6 8.4 225 222
05/11/2020 2.51 2.81 4 7.23 67 40
27/11/2020 2.52 2.7 2 6.64 75 22
28/11/2020 2.69 3.28 16 10.55 63 492
27/12/2020 2.78 4.34 18 10.55 227 789

optical satellite images (of equivalent pixel size) acquired by the
Sentinel-2 (sensor MSI) and Landsat 8 (OLI) satellites. The images are
available free of charge from the Copernicus Open Access Hub (https
://dataspace.copernicus.eu/) and the Earth Explorer of the U.S.
Geological Survey (USGS) (https://earthexplorer.usgs.gov/) respec-
tively. The selection and downloading of images, as well as their pre-
processing steps and the extraction of SDSs, were carried out using the
SAET tool (Palomar-Vazquez et al., 2023). The selection of suitable
satellite images was based on their spatial coverage and date of acqui-
sition. The whole study site appeared covered by a single Landsat scene
(198/032) and by two Sentinel-2 tiles (31TCF, 31TBE). For this scene
and these tiles, all the available images during the year 2020 (that is
before and after Storm Gloria) were selected. Subsequently, as described
by Palomar-Vazquez et al. (2023), SAET’s workflow followed four main
phases: downloading of the images; creation of water indices; removal of
areas affected by clouds and coastal segments that are not beaches; and
finally, shoreline extraction at subpixel level. The process led to the

Optical satellite imagery
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definition of 93 shorelines (10 derived from Landsat 8, and 83 from S2).
These SDSs were defined as the water/land intersection at the acquisi-
tion time of each image, and they were constituted by points located
every 5m (S2 imagery) and 7.5 m (L8). Previous assessments of the SDSs
showed an estimated subpixel accuracy ranging 2.62 m-3.79 m for the
beach of Valencia (W Mediterranean, Palomar-Vazquez et al., 2023) up
to 8.67 m RMSE for the Ebro Delta beaches in a single test with post
storm conditions (Pardo-Pascual et al., 2023).

3.2. Spatial-temporal models characterising beach changes

From the SDSs and following the methodology described by
Cabezas-Rabadan et al. (2019b) a spatial-temporal model of the shore-
line changes was obtained for the whole Ebro Delta (Fig. 3). A baseline
divided in 60 m segments was defined, and the distance to the points
defining each SDSs was measured (see Fig. 3B). For each segment the
average distance for each date was calculated. Taking as a reference the
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Fig. 3. A) Workflow for obtaining the corrected spatial-temporal model of the shoreline changes from satellite images and with the help of oceanographic and
morphological data. B) Measurements of the distance between the points composing the SDSs and the reference baseline, and definition of the average distance for
each date and baseline segment. C) Organisation of the measurements along time and space, and interpolation to transform the discrete information into continuous

spatial-temporal models.
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average shoreline position in January 2020 before Storm Gloria the
shoreline changes were calculated, and the measurements were orga-
nized in space and time. To overcome the unequal distribution of records
and to have homogeneously available data throughout all the site and
the period analysed those measurements were used to deduce a con-
tinuum of values for the instants and locations without real measure-
ment by applying a TIN interpolation — which was subsequently
rasterized to generate the spatial-temporal model (see Fig. 3C). The STM
consists of a Hovmoller-style diagram with the values of the shoreline
changes organized in cells for time and space (60 m/day cells). This
enabled overcoming the unequal distribution of records and made data
homogeneously available for the whole of the study site and study
period. At this point, it was verified that the observed changes were
consistent with the nature of the phenomena, and the incoherent SDS
positions were identified and eliminated. Subsequently, and as
described in the following section, the horizontal correction of the
shoreline position is carried out according to tide and wave conditions.
The analysis of the resulting STM allowed the derivation of temporal
profile plots of the shoreline changes broken down into three sectors (A,
B, C, see Fig. 1). The profiles enabled the identification of the responses
to storm events and the quantification of recovery rates for the different
parts of the delta.

3.3. Tide and wave condition correction

Every image was acquired with a different sea level and wave con-
ditions and so a correction was applied to the obtained shorelines to
provide a more realistic representation of the beach changes. To do so,
each shoreline was shifted to a common reference elevation. Sea level
data (tidal level + storm surge) were retrieved from a tidal gauge in
Tarragona Harbour, while offshore wave conditions coincident with the
satellite imagery acquisition were obtained from the Tarragona buoy
(see Fig. 2). Based on previous topographic data (Guillén and Palanques,
1993) the beach slope (tg p) ranged from 0.02 to 0.05 for the delta,
although it was flatter at the tail of both spits (tg p = 0.008) and at the
river mouth (tg p = 0.018). A mean beach slope in the surveyed areas of
0.023 was used as a reasonable approximation to estimates of shoreline
location. Two corrections were applied to the position of the shoreline:
a) considering the difference between the sea level measured by the tidal

<
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gauge at the time of the image with respect to the mean sea level posi-
tion during the study period; and b) the wave setup, calculated ac-
cording to the equation of Stockdon et al. (2006) from the wave data
measured by the Tarragona buoy. The elevation of the water was
calculated for the instant each SDS was acquired. Considering those
elevation values together with the beach-face slope, the position of the
shoreline was shifted horizontally, allowing to obtain the final STM
homogenised for a similar elevation for the entire study period.

4. Results

4.1. Shoreline changes of the Ebro Delta beaches following extreme storm
events

As a response to Storm Gloria, which registered its peak during the
second half of January (Hs max = 7.62 m, wave power = 9493 kW/m3s),
important erosive processes took place along the Ebro Delta (Fig. 4). The
event produced an average shoreline retreat of 47 m immediately after
the storm. There were significant variations in the shoreline changes in
different parts of the Ebro Delta, and in some locations the retreat
exceeded 100 m. When analysing the various sectors, it can be clearly
seen how sector B showed the largest landward shoreline movement
(average retreat more than 60 m), followed by sector A (42 m), and
sector C (24 m).

Apart from Storm Gloria, other storms registered during 2020 (see
Table 1) also caused shoreline retreats. This is the case of the 16 March
(wave power = 209 kW/mss) that caused an average retreat of 4.63 m
although, surprisingly, it did not affect sector A. Similarly, the 27
December (wave power = 789 kW/rn3s) caused a significant retreat
(average of 7.35 m). In turn, the storms in end of March and April (Hs
max = 4.22 m the 31 March and 3.63 m the 22 April) did not appear to
cause sustained erosion, although a detailed analysis is impeded by the
lack of available SDSs in the dates immediately following.

The STMs show in higher detail the shoreline position changes that
occurred during 2020 at the three analysed sectors (A, B, C, Figs. 5-7
respectively). Using analytical units of 60 m/day the STMs show the
retreats (red-orange-yellow colours), areas of stability (changes between
—5 and +5m are shown in grey), and the accretion processes (cyan
blue). The average shoreline position during the first part of January, i.
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Fig. 4. Average shoreline changes along the Ebro Delta (black dashed line) and for sectors A (red line), B (blue), and C (green) taking as a reference the average
position before Storm Gloria (early January). Changes are not shown between the 21 March and the 24 April due to the lack of satellite-derived shorelines in sectors A
and B. At the top, significant wave height data are shown (Storm Gloria appears marked by an arrow) together with the shorelines extracted from satellite imagery

for 2020.
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Fig. 5. Shoreline position changes at sector A covering the northernmost 14 km of the study area. The locations are presented in the image at the bottom, while
arrows on the right column show the direction of a cross-shore profile towards the sea. The dashed line highlights the section showing an apparent sand wave

movement as described in Fig. 9.

e., before Storm Gloria, was taken as a reference value. The wave data
registered shows long periods of calm conditions, as well as several
stormy periods associated with generalised changes in the shoreline
position.

Punctual but strong recovery processes appeared in specific seg-
ments. This is the case of the northern and southern ends of the study
area — such as the dynamic extremes of the El Fangar (km 1, sector A)
and La Banya (km 51, sector C) sandspits. Associated to high dynamism,
it is possible to identify a sandwave at the km 4, sector A (Fig. 8). During
the second half of the year a seaward movement of the shoreline position
appeared progressively towards the northwest, apparently caused by the
migration of the attachment point of a longshore bar to the shoreline.

4.2. Erosive hotspots following Storm Gloria

Among the beach segments suffering the largest shoreline retreat,
three zones may be highlighted due to the magnitude of the erosion as a
response to Storm Gloria (Fig. 9). This is the case of (a) La Marquesa
Beach, (b) Buda Island and (c) the northern extreme of Trabucador bar.

Located in the central part of northern hemidelta (sector A, segments
9-11 in Fig. 5) NE-facing, La Marquesa experienced a landward move-
ment about 50 m, with some segments exceeding the 75 m (Fig. 9, a).
The greatest shoreline retreat following Gloria occurred in Buda Island
the northern part of sector B (segments 18-20 in Fig. 6) facing ESE. The
shoreline retreat exceeded the 100 m affecting more than 1 km of
coastline alongshore, even causing the breaching of the bar (Fig. 9b).
The third zone with the highest shoreline erosion corresponds to the
northern edge of the Trabucador bar (the only section of the bar
included in this analysis), facing SE in the south-western end of zone B
(Fig. 9c, segments 33-34 in Fig. 6). In this section the shoreline expe-
rienced a maximum retreatment that exceeded 100 m associated to
Storm Gloria.

4.3. Recovery process of the Ebro Delta beaches following Storm Gloria
Taking the shoreline position prior to Storm Gloria as a reference, it

is possible to quantify the displacements associated with the storm as
well as the subsequent recovery throughout the consecutive months.
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Fig. 6. Shoreline position changes at sector B covering 17 km at the centre of the study area. The locations are presented in the image at the bottom, while the arrows
on the right column represent the direction of a cross-shore profile towards the sea.

After the impact of Storm Gloria, a significant and generalised recovery
process started along the whole Delta (Table 2) and continued during the
following months (Table 3). During the first days after the major retreat
the recovery process was very intense (average recovery of 5.44 m per
day between the 23 and 26 January), especially in the sector B (7.43 m/
d). Progressively during the following weeks, the shoreline position
started to stabilize, showing an average retreat of —25 m by mid-
February. The recovery process continued more slowly throughout the
winter (0.17 m/d), and was reduced along spring (0.10 m/d), being less
intense in the sector A than in B and C.

Like the impact, the recovery did not affect the whole Delta homo-
geneously (Fig. 10). Although the sector B experienced the highest re-
covery in the short term, the average shoreline position in February
shows the remarkable beach loss in certain segments in the easternmost
part of the delta (south of the river mouth and northeast of Buda Island).

Between end of April and end of August, the accretion of large coastal
sections took place, such as along km 9 and 12-14 of sector A, as well as
south of km 22 in sector B. Thus, In May there was an average retreat of
about 20 m, while the segments with retreats greater than 80 m had
already disappeared. However, in the northern and central sectors there
was no clear recovery; at least until the end of July, both sectors
continued with a loss of about 25 m on average. The recovery trend
continued to August (about 10 m of average retreat) when one third of
the coastline showed relative stability compared to the location of the
shoreline prior to Storm Gloria. From August onwards, however, the
recovery was moderated and uneven among the three sectors. The
central zone showed a slight recovery that reached its maximum at the
end of October when the loss stood at less than 2 m. The northern and
southern areas, however, did not show significant recovery during
autumn, although there was considerable variability. Among those
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2020-01-11 2020-01-26

Fig. 9. Examples of shoreline change associated to Storm Gloria in three zones with strong erosion: (a) La Marquesa, (b) Buda Island, and (c) Northern extreme of the
Trabucador bar. The SDSs (dashed lines) are superimposed to the false colour infrared composites from the Sentinel-2 images obtained just before (11/01,/2020, in

blue) and after (26/01/2020, in yellow) the storm episode.

Table 2

Average shoreline changes during different periods after Storm Gloria, expressed as meters per day.

Period Short-term post storm (3 days) End of winter

Start-end date (dd/mm) 23/01-26/01 26/01-21/03

no. SDSs analysed 2 12

Total Delta Rate (m/d) 5.44 0.17
Sector A 2.62 0.13
Sector B 7.43 0.23
Sector C 2.66 0.18

Spring Summer Autumn/early winter Overall post storm
21/03-21/06 21/06-22/09 22/09-31/12 23/01-31/12

15 28 23 77

0.10 0.03 —0.03 0.07

0.11 —-0.03 —-0.01 0.03

0.16 0.05 0.05 0.10

0.18 0.05 —0.04 0.06

changes, the storm the 2 October (wave power = 222 kW,/m?s) appeared
linked to a generalised recovery (about 3.3 m). Several times the
shoreline position showed an inverse response in the diverse sectors.
Thus, between the 11 and 16 November there was a strong retreat in the
central and southern part, while the northern part remained almost
stable. Similarly, associated to the event the 28 November (wave power
= 492 kW/m°) sector C was the only one showing recovery. In
December, 41% of the coastline presented total recovery comparing to
the situation pre-Storm Gloria (see Table 3), while another 10% pre-
sented excess recovery. However, at that time, about 50% of the
remaining coastline showed partial recovery, with retreat of more than

10 m when compared to the pre-storm situation.
5. Discussion

Shoreline position constitutes a useful indicator to describe the
evolution of a beach and its response to coastal storms. The efficient
extraction of SDSs from satellite images that can be accomplished using
tools such as SAET (Palomar-Vazquez et al., 2023) offers an opportunity
to monitor the impact of disruptive events over the beach morphology
and the subsequent recovery. The organisation of the shoreline data into
STMs as proposed by Cabezas-Rabadan et al. (2019b) enables the
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Table 3
Coastline length of the Ebro Delta (%) experiencing a certain magnitude of shoreline changes during 2020. The average shoreline position in January before Storm
Gloria is taken as a reference. Values in bold highlight changes below 5 m (assimilated to a stable situation).

Shoreline change (m) Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
[>-80] 4.3 4.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
[-79.9, —60] 4.3 0.0 4.3 6.5 21.7 19.6 13.0 4.3 10.9 15.2 15.2
[-59.9, —40] 10.9 2.2 6.5 10.9 6.5 6.5 4.3 4.3 2.2 8.7 4.3
[-39.9, —20] 43.5 28.3 21.7 19.6 19.6 15.2 17.4 17.4 10.9 13.0 15.2
[-19.9, —10] 26.1 41.3 39.1 34.8 19.6 19.6 19.6 19.6 13.0 10.9 13.0
[-9.9, -5] 8.7 15.2 10.9 2.2 0.0 2.2 2.2 2.2 4.3 2.2 0.0
[-4.9, +5] 2.2 8.7 15.2 21.7 26.1 30.4 32.6 37.0 32.6 28.3 41.3
[+5.1, +10] 0.0 0.0 2.2 2.2 2.2 2.2 6.5 10.9 15.2 13.0 6.5
[+10.1, +20] 0.0 0.0 0.0 2.2 4.3 4.3 2.2 2.2 8.7 6.5 2.2
[>+20] 0.0 8.7 0.0 0.0 0.0 0.0 2.2 2.2 2.2 2.2 2.2

Shoreline change (m)
e | > -30.0]
e [-79.9, -60.0]
e [-59.9, -40.0]
[-39.9, -20.0]
[-19.9, -10.0]
[-9.9, -5.0]
[-4.9, +5.0]
| — [+5_.1, +10.0]
e [+10.1, +20.0]

e > +20.1]

4520000

4510000

4500000

4490000

300000 310000 320000

Fig. 10. Shoreline positional changes taking as reference the average position in January 2020 before Storm Gloria. The analysis quantifies the impacts of the storm
according to the average position in February, as well as its subsequent recovery until May, August, and December. Coord. system: ETRS89 UTM 31N.
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subsequent analysis of shoreline changes at different temporal and
spatial scales. Thus, the proposed methodological approach enables
studying the behaviour of the beaches composing a complex morpho-
logical unit as the Ebro Delta before and after an extreme event such as
Storm Gloria.

5.1. Impact and recovery of the Ebro Delta beaches

Accumulative and erosive patterns defined by the shoreline posi-
tional changes appear coincidental in time with changing wave condi-
tions. Thus, the wave data recorded throughout the year (Table 1)
enable the identification of long periods of calm conditions and episodes
of storms. According to that, storms appeared closely associated with
generalised changes in the shoreline position throughout the whole
delta. Although several storms were registered during 2020, Storm
Gloria (the largest event) was the one that conditioned the shoreline
position to the greatest extent. This storm clearly marked a turning point
for the morphology of the Delta beaches, with an average of 57 m of
retreat in the first SDS defined after the storm (23/01/20). Considerable
diversity in erosion rates were recorded around the Ebro Delta. Thus, the
easternmost section (sector B) experienced the greatest retreat after the
storm — with several segments exceeding 100 m (see Figs. 4 and 6), and
this was followed by the northern and, to a lesser extent, the southern
sections. The changes from this date onwards were much less pro-
nounced, but an erosive situation with respect to the situation before
Storm Gloria was maintained almost throughout the whole year.

The orientation of the coast together with the sediment dynamics
seem to determine where the greatest shoreline impact occurs and how
long it is maintained. This is the case of certain beach segments of that
can be identified storm hotspots following Storm Gloria as they expe-
rienced extreme erosion maintained over time, without recovering their
pre-storm status by the end of the year. Results show that Buda Island,
the northern part of sector B, experienced the highest erosive taxes. Buda
Island is a sensitive area facing E and located in the easternmost part of
the Delta, therefore especially exposed to storms. In this section the bar
breached resulted in the inundation of the inner lagoon (see Fig. 9), a
phenomenon that has already been reported in different occasions in the
past (Jiménez et al., 2012). This section experienced a remarkably slow
recovery, mainly showing above 100 m retreat in mid-April and in
different episodes during autumn. By the end of the year the recovery
was only partial (retreat ranging from 10 to 20 m), which is in line with
the annual rates estimated during the last decades (Valdemoro et al.,
2007). Buda presents a limited capacity for recovery since it receives no
external supplies of sand as sediment inputs from the river are currently
extremely scarce (Jiménez and Sanchez-Arcilla, 1993). Another of the
identified hotspots is Marquesa Beach (central part of sector A,
NE-facing) probably due to its almost perpendicular orientation with
respect to the waves during Gloria (as well as most of the storms that
occurred in the site). This translated into severe overwash flooding
during Storm Gloria (see Fig. 9, also reported by Blay and Avila, 2020).
La Marquesa is a zone previously identified due to high erosion rates and
repeated episodes of overwash and flooding (e.g., Aranda et al., 2022;
Jiménez et al., 2012). Marquesa presents a limited capacity to accu-
mulate sediment from the surrounding beaches. By the end of the year
most of the zone had experienced a partial recovery, but still main-
taining a retreat about 10-20 m (30 m in some points), clearly exceeding
the 5 m/y estimated by Lavoie et al. (2014) during the 1957-2007. The
third hot spot appears in the northern edge of the Trabucador bar, a very
low beach segment that was completely overtopped by waves during
and after the storm (Berdalet et al., 2020). Breaching have been
repeatedly reported over time in the central section of Trabucador
linked to the low elevation and narrowness of this unit (e.g., Jiménez
et al., 2012; Sanchez-Arcilla and Jiménez, 1994). The shoreline retrea-
ted more than 100 m after Storm Gloria, and the displacement was
maintained with this magnitude at least until March. Subsequently, the
recovery was progressively taken place towards the south, but it was
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only partial by the end of the year. This annual retreat (10-50 m in the
different segments) was far larger than the erosion rates estimated by
Jiménez et al. (2012) for the north of the Trabucador during the stormy
period 2000-2004 (more than 8 m/y). The three sites with the
maximum shoreline retreat during the storm were characterised by a
strong overwash (including sandbar breaching at the Buda and N Tra-
bucador sites) and subaerial washover deposits at La Marquesa beach
(Fig. 9). Thus, the flooding and overwash processes may have displaced
important quantities of sediment landward. Although remaining in the
beach system, the availability of sediment for the recovery of the
shoreline position is limited. Similar to other measures taken in the past
(Blay and Avila, 2020), emergency actions were taken — consisting of
sand mobilisations to rebuild the beach barrier and prevent flooding —
and these actions probably favoured the recovery of the coastline in
these sectors during the months of February and March. However, the
relative relevance of the actions carried out on the beachface for the
recovery of the beach is so far unknown.

Shoreline changes show how calm periods appear as a main factor
contributing to beach recovery. A quantification of the displacements
after Storm Gloria was made to map in detail the impact and the re-
covery over the subsequent months (see Fig. 10). The most significant
recovery occurred in low wave conditions the first days after the peak of
the storm. The recovery was fast, with an average rate of 5.44 m/day,
reaching 7.43 m/d in the most affected sector B (see Tables 2 and 3),
probably as a consequence of a partial recovery of the three-dimensional
morphology of the beach. Afterwards, the recovery was progressively
reduced, although it continued associated with a long four-month
episode of calm waves between the end of April and the end of
August. During this period the significant wave heights did not exceed 2
m, confirming a general coincidence between incident wave energy and
recovery (Wright and Short, 1984). This pattern of recovery rates is in
line with the observations by Phillips et al. (2017) suggesting that, after
a first phase in which the sediment is detached from the beachface, the
accumulation and fast berm progradation occur followed by slow rates
in more advanced recovery stages. Nevertheless, this process does not
take place homogeneously. While sectors A and B generally showed
similar changes, sector B (more affected by the storm) showed a re-
covery pattern that was sustained during the year. In certain segments,
the lack of recovery could be caused by a combination of cross-shore
losses of sediment from the active beach (overwash or to deeper
areas) together with an insufficient supply of sediment. From then until
the end of the year several episodes of higher waves occurred, and the
shoreline experienced an oscillatory pattern and a slightly negative
trend in sectors A and C, and positive in sector B. The interruption of the
recovery process led to a situation of partial recovery by the end of 2020
as about half of the delta still presented a significant retreat. This partial
recovery is a common phenomenon after extreme storms as beaches may
need more than one summer season or even years to recover (e.g.,
Castelle et al., 2015). With this in mind, a longer series of SDSs would be
needed to be able to analyse in the medium-long term the consequences
of Storm Gloria in the Ebro Delta beaches and to determine if a complete
recovery is achieved.

The characterisation of the shoreline changes after Storm Gloria
supports the idea that following a storm the beach response is greatly
dependent on the orientation of the beach with respect to the waves
(Burvingt et al., 2017), and the higher vulnerability of beach-barrier
systems. In these circumstances, cross-shore sediment losses and long-
shore sediment transport gradients are both relevant. On the contrary,
during medium-sized storms there is no sediment loss from the beach
system, and the recovery of the shoreline position mainly depends on
longitudinal sediment transport gradients together with the potential
return of sediment to the beach from deeper areas. In line with that and
regarding the identified hotspots in the Ebro Delta, it can be seen how
Marquesa Beach presents an almost perpendicular orientation to the
waves during Storm Gloria. At the same time, Buda Island and the
northern part of the Trabucador Bar constitute very sensitive
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beach-barrier systems. Finally, longshore sediment transport gradients
favour the accumulation of sediment at the end of the spits, contributing
to the formation of mesoforms as the identified sandwaves (see Fig. 9).

At this point, it is important to highlight the role of the storms in the
shoreline recovery. Several storms smaller than Gloria do not appear
linked to clear shoreline retreat and, on the contrary, they even appear
associated with accretion in certain sectors. The consecutive storms that
occurred during spring appear to be related to the start of an accumu-
lative behaviour in several segments, while on certain occasions, the
shoreline position shows an inverse response in the diverse sectors (see
Fig. 4). Depending on the previous morphological state of the beach and
the direction of the storm those events can contribute to the recovery by
mobilising sediment from the bar and increasing the volume of available
sand on the subaerial beach. These displacements of sand were previ-
ously pointed out by different authors as an essential recovery mecha-
nism, and it supports the idea that recovery does not necessarily occur
during calm periods being energetic events essential for the mobilisation
of the sediment (Scott et al., 2016), although this is not observed in our
data.

5.2. Advantages and constraints of the methodology and future research

An analysis of the STMs enables us to recognise the dynamic pro-
cesses that take place at different spatial and temporal scales in the
studied area. When considering the Ebro Delta as a unit, it is evident that
the differentiation of three sectors is insufficiently detailed to capture
the evolutionary dynamics of such a complex area. To overcome this
issue, it is possible to zoom into the STMs to identify small-scale
evolutionary processes. The accuracy provided by the sub-pixel SDSs
facilitates analysis at a greater scale of detail and the identification of
mesoscale forms such as the movement of a sandwave (Fig. 8), or the
elongation of sand spits at the northern and southern ends of the study
area (Figs. 5 and 7).

There are periods with almost no data. Thus, a notable data gap
appears between mid-March and the end of April (5 and 4 SDSs for those
months respectively) due to an abnormally long period of cloudiness
after the stormy season at the end of winter. In these periods, the
interpolation leading to the STMs is compromised and results must be
interpreted carefully. Given that recovery in microtidal beaches can take
place within a few days (Ranasinghe et al., 2012), it is possible that
retreat and recovery after storms occurred during periods when no data
are available, making adequate detection impossible. However, despite
the gap in source data satellite imagery, there is a high level of coverage
throughout the year (93 images, that is one shoreline position every four
days). This enables the evolutionary sequence to be mapped continu-
ously and with a frequency far greater than that usually obtained from
DGPS and UAVs that require in situ work. Furthermore, the current
availability of Landsat 9 satellite images (which can also be used by
SAET for extracting SDSs) establishes a new scenario with more data
available.

The accuracy of the shoreline positions ranges from 2.62 m to 8.67 m
RMSE for the Western Mediterranean (Palomar-Vazquez et al., 2023;
Pardo-Pascual et al., 2023), which appears in line with the those pro-
vided by other shoreline extraction tools for microtidal environments
(Vos et al., 2023). Although the errors associated with the method can
introduce noise in the time series obtained, the main trends are
captured. The magnitudes of shoreline change associated with extreme
storms are far larger than the accuracy level of the technique validating
its use for monitoring purposes. Furthermore, the correction of the STMs
carried out in this work according to the tide and wave set-up helps
distinguish the variability in shoreline position changes caused by
morphological variability from those originated by water level changes,
which is a key issue for correctly interpreting the information provided
by the SDSs (Castelle et al., 2021; Konstantinou et al., 2023). In the
present work, the accuracy of the horizontal shifting carried out has
been hampered by the time lag between the available slope data and the
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shoreline extraction and the employment of a single value. The high
variability in beach slope (between +1 and —1 m) in response to wave
conditions is well known, but unfortunately, there are no topographic
measurements coincident in time with the series of satellite images. The
horizontal correction could be improved using spatial and timely variant
slope data, which could potentially be obtained from topographic pro-
files or satellite images (Vos et al., 2020).

In certain coastal sections, shoreline extraction cannot be properly
carried out given the complex form and structure of the beach. This is
the case of El Trabucador bar (narrower than 100 m at certain points),
and the river mouth in which the narrowness and the intermittent
presence of shallow sand banks impeded obtaining reliable shoreline
data. The analysis of this type of coastal segment may be possible with
shoreline extraction techniques adapted to the particularities of each
area (e.g., Angelats et al., 2022; Cabezas-Rabadan et al., 2020; Kon-
stantinou et al., 2023; Pardo-Pascual et al., 2023), but not with the
methodology used in this work to homogeneously analyse the entire
delta.

Considering the critical situation of the Ebro Delta beaches, it is
important to provide managers with up-to-date information to ensure
optimal decision making. The integration of an automatic shoreline
extraction tool such as SAET with analysis tools such as the STMs brings
a direct application of satellite images for coastal management. To
obtain a holistic view of the sedimentary situation of the affected bea-
ches, data provided by SDSs and STMs may be complemented with
three-dimensional data of the dunes and emerged beach (e.g., Call-
eja-Cascajero and Rodriguez-Santalla, 2021; Pardo-Pascual et al., 2021)
and bathymetry (e.g., Viana-Borja et al., 2023).

6. Conclusions

Using the SAET extraction tool and the freely available S2 and L8
images enables efficiently and accurately defining the shoreline changes
caused by major storms at a regional scale. The analysis of STMs in
conjunction with wave data has enabled mapping the shoreline posi-
tional shifts and quantifying the impact and recovery processes that
follow coastal storms. The results evidence the enormous importance for
the medium-term evolution of beaches of the highly energetic storms
that cause erosive hotspots. A large storm such as Gloria appears as a
disruptive event that constitutes a shifting point in the shoreline trends.
After these storms, recovery is slow with differing intensities along the
coast, and recovery mainly occurs when low-energetic episodes persist.
The analysis of the shoreline changes evidences the role of calm wave
periods in beach recovery, with a response that varies along the coast
and is apparently related to orientation and local sediment transport
patterns. Shoreline recovery was faster in the immediate aftermath of
the storm and slowed over the following months. One year after the
extreme storm, approximately 50% of the coastline had recovered its
pre-storm shoreline position, although sand mobilisation actions in
certain sectors may have promoted this recovery to an unquantified
extent.

The exploitation of the shorelines largely depends on the accuracy
and frequency of data acquisition, something in which the methodology
presented in this work stands out from other techniques. The SAET tool
implements the necessary workflow to provide relatively simple and
comprehensive sets of updated shorelines for long coastal stretches.
Moreover, the efficient management of the obtained SDSs, and their
organisation in STMs of the shoreline changes, provides the holistic and
homogeneous approach required for coastal monitoring systems.
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