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ABSTRACT. Beaches are spaces of paramount importance for coastal societies currently threatened by coastal
erosion. Their preservation requires accurate quantification of their changes in order to understand their behavior
and to propose efficient solutions. Landsat 8 and Sentinel 2 mid-resolution satellites offer free-of-charge images
with great potential for coastal monitoring. From them, it is possible to automatically extract the shoreline position
as a quantitative indicator of the beach morphology over large territories and with high temporal frequency.

Beach changes take place at different spatial and temporal scales, typically responding to coastal storms and human
interventions on the coast. The collection of large packages of satellite-derived shorelines (SDS) at the coastal
sector Valéncia-Cullera (W Mediterranean) covering the period 2013-2020 makes it possible to characterize the
state of its beaches and their width changes over space and time.

Results reveal a widespread erosional trend, most likely caused by a shortage of sediment in the coastal system.
Thus, the majority of the beaches are not capable of restoring their previous conditions after storm-driven retreats.
The information provided by the SDS also shows the ineffectiveness of the nourishment actions, at least in the
way they have been carried out, and the urgent need for a strategy to address the erosion problem.

Analisis de los cambios geomorfologicos de las playas en el tramo Valencia-Cullera (Este de
Espaiia) a partir de lineas de costa derivadas de satélite

RESUMEN. Las playas, espacios de suma importancia para las sociedades costeras, actualmente estan
amenazadas por la erosion costera. Su preservacion requiere una cuantificacion precisa de sus cambios para
comprender su comportamiento y proponer soluciones eficientes. Los satélites Landsat 8 y Sentinel 2, de
resolucion media, ofrecen imagenes gratuitas con un gran potencial para la monitorizacion de costas. De ellos, es
posible extraer automaticamente la posicion de la linea de costa como indicador cuantitativo de la morfologia de
la playa en grandes territorios y con alta frecuencia temporal.

Los cambios en las playas tienen lugar a diferentes escalas espaciales y temporales, respondiendo normalmente a
tormentas costeras e intervenciones humanas en la costa. La recopilacion de grandes paquetes de lineas de costa
obtenidas a partir de imagenes de satélite (SDS) del sector costero Valéncia-Cullera (Mediterraneo occidental)
(periodo 2013-2020) permite caracterizar el estado de sus playas y sus cambios en el espacio y el tiempo.
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Los resultados revelan una tendencia erosiva generalizada, probablemente causada por la escasez de sedimentos
en el sistema costero. Por lo tanto, la mayoria de las playas no son capaces de restaurar las condiciones anteriores
al retroceso causado por las tormentas. La informacion aportada por las SDS también muestra la ineficacia de las
acciones de realimentacion de arena, al menos en la forma en que se han llevado a cabo, y la urgente necesidad de
una estrategia para abordar el problema de la erosion.
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1. Introduction

Beaches represent natural spaces with a vital role in coastal societies for different reasons: they
shelter inland territories from marine storms, serve as a habitat for valuable ecosystems, and,
undoubtedly, are an indispensable resource for sustaining the economy of coastal regions (Prodger et
al., 2016). "Nowadays, a large part of the world's beaches are subject to severe erosive problems. These
processes are mostly induced by human actions by altering sediment transport, limiting its entry into the
system, or by constructing on the beach-dune system and immobilizing the sediment (Sanjaume and
Pardo Pascual, 2019). Additionally, the erosive processes are aggravated due to the climate change
(Sutherland and Gouldby, 2003) associated with rising sea levels and increased frequency and
magnitude of coastal storms. The erosive process is especially noteworthy in the Gulf of Valéncia
(Pardo-Pascual, 1991; Sanjaume and Pardo-Pascual, 2005), where about one-quarter of the beaches
present this kind of problem (European Commission, 2009).

In this context, beaches undergo morphological changes of different dimensions and causes.
Having updated information regarding the state of the beaches, their dynamism, and the real risk of their
disappearance is of strategic interest as this information is essential for coastal managers to make
appropriate decisions. Therefore, the systematic monitoring of beaches is a helpful strategy to
comprehend how and why beaches change, thus enabling a correct diagnosis of their condition.

In the last few years, it has been possible to use the successive multispectral images acquired
from artificial satellites as a source of environmental information. Among them, two series of satellite
images stand out: Landsat images acquired by NASA and managed by the United States Geological
Survey, and Sentinel 2 images acquired and managed by the European Space Agency. Their main
advantages are the high frequency of acquiring images (every 2 to 5 days when combining images from
different satellites) of the whole planet since the mid-eighties of the last century, and the fact that since
2008 they are available free of charge. These images present a great opportunity to deduce indicators
capable of characterizing the morphology of the beach. Among them, the position of the shoreline
(Satellite-Derived Shoreline, SDS) stands out as an intuitive and clear descriptor of the physical
dimensions of the subaerial beach. The essential limitation in defining the shoreline with sufficient
precision for coastal monitoring purposes comes from the spatial resolution of the satellite images. Thus,
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while Landsat offers 30 m of pixel size, Sentinel 2 offers 10 m and 20 m. This limitation has been
overcome by different algorithmic solutions (e.g. Pardo-Pascual et al, 2012, 2018; Vos et al., 2019;
Bishop-Taylor et al., 2019, Sanchez-Garcia et al., 2019) that extract the position of the shoreline with
sub-pixel accuracy. Thus, the integration of the extraction algorithm originally proposed by Pardo-
Pascual ef al. (2012) and Almonacid-Caballer (2014) with other necessary tools for the download and
pre-processing of the images has led to the creation of SHOREX (Sanchez-Garcia et al., 2020; Cabezas-
Rabadén ef al., 2021). This extraction system follows an efficient workflow to obtain the SDSs from the
image servers. In turn, the extracted SDSs constitute the input data for the creation of Spatial-Temporal
Models (STMs) that characterize the morphological changes at different temporal and spatial scales
(Cabezas-Rabadan et al., 2019a).

The present study aims to use the SDSs extracted with SHOREX and the derived STMs to
analyze the recent morphological changes of the beaches between Valéncia and Cullera, a coastal stretch
of the Gulf of Valeéncia with a pronounced erosive trend, in an attempt to provide information on their
behavior and causes.

2. Study area

The study focuses on the 28 km of sandy beaches located between the Port of Valéncia and the
Cape of Cullera (Fig. 1).
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Figure 1. Study area divided into 32 sections of 900 m to facilitate subsequent analyses. It comprises beaches
of the coastal front of the municipalities of Valencia, Sueca, and Cullera.
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The study area is located along a micro-tidal coast (the maximum astronomical oscillation is
0.39 cm, but it may exceed 1.32 m when adding the meteorological oscillation). The waves show low
energy, with only 24% of them exceeding 1.5 m (Pardo-Pascual and Sanjaume, 2019). The waves with
the highest energy come from the ENE. The orientation of the dominant waves in combination with the
coast led to a dominant longitudinal transport towards the south. Nevertheless, E and ESE waves of
lower magnitude are also frequent (about 1/3 of the time).

This is a sandy coastal segment that historically has followed a well-defined accretionary trend.
This is evidenced by the creation of the barrier beach enclosing I'Albufera de Valéncia lagoon, and by
the development of a large dune field (Sanjaume ef al., 2019; Sanjaume and Pardo-Pascual, 2019). The
present beach barrier has Holocene origin, although there are multiple signs of the existence of ancient
Pleistocene beach barriers currently submerged at different levels due to tectonic influence (Rossello,
1979; Rey and Diaz del Rio, 1983; Sanjaume and Carmona, 1995; Albarracin et al., 2013; Alcantara-
Carri6 et al., 2013). The genesis of the current beach barrier began with the formation of a sandspit that
developed in different hooks that started from the main source of sedimentary inputs, the Turia River.
The development of this spit ended when it trapped the sand accumulated at the Cape of Cullera
(Sanjaume, 1985; Sanjaume et al., 2019). The beach barrier shows three inlets (which the local
toponymy calls ‘Gola’, Fig. 1): the Pujol Nou, the Perellonet, and the Perell6. The first of these is
completely artificial (opened in 1953), while the other two have been artificially altered at least during
the nineteenth century (Rossello, 1995). Previously, a large inlet was open in the southern area at least
between the middle age and the eighteenth century (Sanchis, 1998). All these inlets maintain the water
communication between the sea and the current lagoon, which is artificially regulated to ensure fishing
and agricultural activities.

The historical human action on the beach barrier presents some differences between the northern
part (within the municipality of Valéncia, see Fig. 1), and the rest of it. This is because the northern part
(known as Devesa del Saler) was, for centuries, a royal property protected for hunting purposes until a
century ago when it was ceded to the municipality (Benavent et al., 2004). For this reason, this sector
was not heavily-altered during a long historical period. On the contrary, the rest of the barrier
experienced a strong demographic pressure, the landscape was strongly modified by agricultural use,
and the dune morphology was largely destroyed (Sanjaume and Pardo, 2011a). The Devesa del Saler
dunes were partially destroyed due to the implementation of a large urbanization plan at the end of the
1960s. This provoked an important social reaction that led to the suspension of the urbanization plan in
1979. Since then, several actions have been aimed at progressively recovering the naturalness of the
area and the dunes (Sanjaume and Pardo, 2011b).

Focusing on the beaches, the most important human intervention by far is the port of Valéncia,
which began its construction at the end of the eighteenth century. The port is located just north of the
Turia River mouth, and its main impact is caused by its dikes interrupting the transport of sand towards
the south associated with the coastal drift. This effect reached its peak during the second half of the 20th
century when the dikes were extended beyond the closing depth, becoming a complete trap for the
longitudinal transport of sediments. It caused the division in two parts of the sedimentary cell that
historically extended throughout the Gulf of Valencia. All this has led to a decrease in sediment inputs
towards the study area (Sanjaume and Pardo, 2005; Pardo-Pascual and Sanjaume, 2019). On a smaller
scale, other human interventions have also conditioned the beach trends. At the northernmost part of the
study area, just south of the Turia River mouth and the port (Pinedo beach), up to 16 breakwaters have
come to coexist, and since 1985 more than 300,000 m? of sand have been nourished. Currently, there
are still four fixed structures of significant dimensions: the jetty of the Turia river that generates a
shadow effect protecting the adjacent beach, two perpendicular groins, and between them, a breakwater
that protects the promenade at the point where there is no beach left. The next section to the south has
never shown rigid elements over the shore, although constructions have been eliminated on the dune
ridge, and subsequently, it has been regenerated. Further south we find a sector that, despite remaining
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intact until the 1960s, the urbanization process seriously altered its ecosystems (Sanjaume and Pardo-
Pascual, 2011a).

Concerning sediment availability, the Administration has carried out different nourishment
actions along the study area in an attempt to favor the maintenance of the subaerial beach surface. Thus,
in the mid-1990s large inputs were carried out in this coast, progressively repeated over time (Fig. 2).
The majority of these nourishments occurred in the northern part (Devesa del Saler) although in 2010
there were also actions to recover the dunes on El Dosser Beach.

In addition to the impact of the port, the study area is also affected by the lack of sediment
arrival from the fluvial system. This is the case of the Turia River, which only discharges water into the
sea during stormy episodes through its newly artificial channel. The Benagéber and Loriguilla reservoirs
(located in the last hundred kilometers upstream of the river mouth) act as obstacles to sediment transport
preventing the arrival of sediment to the coast.
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Figure 2. Volume of sand nourishments accumulated along the period 1985-2020 carried out in the study
area. Data provided by the Coastal Demarcation of the General Directorate for Sustainability of the Coast
and the Sea (DGSCM). The vertical line highlights the start of the study period.

3. Methods
3.1. Shoreline extraction

This study is based on the information provided by Landsat 8 (OLI) and Sentinel 2 (sensor MSI)
imagery available between 2013 and November 2020 to automatically define the shoreline position
(SDS) using the SHOREX extraction system (Fig. 3). Both satellites offer mid-resolution images that
may be obtained free of charge from the Copernicus Open Access Hub (https://scihub.copernicus.eu/)
and the Earth Explorer of the U.S. Geological Survey (USGS) (https://earthexplorer.usgs.gov/). The
images include the bands RGB, NIR, SWIRI1, and SWIR2, employed within the extraction process.
Their similar spatial resolution and radiometric characteristics allow the extraction of comparable SDSs,
as discussed in Pardo-Pascual et al., 2018 and Sanchez-Garcia et al., 2020.

The images were downloaded and pre-processed using the system SHOREX (Cabezas-Rabadan
et al., 2021). A manual cloud-checking was carried out, and the resulting images were georeferenced
using orthorectified aerial photography. From the resulting images, SDSs were automatically defined as
the water/land intersection at the acquisition time applying the sub-pixel algorithm proposed by Pardo-
Pascual et al. (2012) operating over the Short-Wave Infrared bands (SWIR1) using a third-degree
polynomial, and 3x3 analysis kernel. As a result, 236 SDS were obtained, and they are expected to offer
an accuracy of 3-4 m RMSE according to previous assessments at micro-tidal beaches (Sanchez-Garcia
et al., 2020).
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Figure 3. Diagram with the methodology followed in this work. The satellite imagery (orange) constitutes the
input data. They are used by the SHOREX system for extracting the satellite-derived shorelines (SDS) and the
spatial-temporal model (STM) of beach width (BW) as products for characterizing the beach morphology
(light blue). These products, together with the external information (green) regarding the wave conditions
(wave height and peak) and human actions (nourishments, dredgings, and coastal constructions) will make it
possible for the analysis of beach changes.

3.2. Spatial-temporal models of the beach width

Parallel to the SDS, the inner limit of the beaches was defined by photo-interpretation of recent
aerial orthophotography. This inner line was divided into 60 m segments, and the distance to each of the
SDS was measured in order to define the average beach width (BW) of each segment. All these
measurements were organized within a spatial-temporal model (STM) as described by Cabezas-Rabadan
et al. (2019a) allowing to quantify the beach width continuously over space and time. The morphological
information provided by the STM was combined with data characterizing both wave conditions
(significant height and peak period) and anthropogenic actions (sand nourishments, dredgings, and
constructions on the shore) to analyze their effect on the beaches. Thus, it was possible to analyze at
different levels of spatial and temporal detail the changes registered by each beach segment in response
to storm events or anthropic actions. Subsequent analyses were carried out considering as the unit of
analysis sections of 900 m length created by grouping the 60 m segments.

3.3. Identifying problematic beach sections

Insufficient beach widths can jeopardize the maintenance of the beach functions. The width may
become problematic depending on the characteristics of the beach, the functions that it sustains, and the
oceanographic conditions to which it is exposed. Nevertheless, there is a certain consensus that on
Mediterranean beaches widths below 30 m negatively affect the recreational function (Alemany, 1984,
Lozoya et al., 2011; Yepes, 2002) by conditioning the type of user, increasing the density, or even
impeding the access and use of the beach (Valdemoro and Jiménez, 2006; Cabezas-Rabadan et al.,
2019b). Accordingly, and following the criteria proposed in Cabezas-Rabadan et al. (2019c¢), coastal
segments narrower than 30 m were identified as problematic, while those narrower than 15 m were
defined as critical.
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The mean beach width is a representative parameter of the beach morphology useful to
characterize its state. However, the high sub-annual variability of the beach makes it necessary to use
other parameters to characterize the width conditions throughout the year (Cabezas-Rabadan er al.,
2019c). Thus, in the present work, the standard deviation was considered together with the annual mean
width as a statistic to quantify the annual changes of each beach segment.

4. Results

The analysis of the beaches over the period 2013-2020 shows an average width of 36.9 m£17.9
m (expressed as annual mean width + standard deviation). This is a value close to the threshold employed
to identify a width as problematic (30 m). According to the average width of the sections that compose
the study area (Fig. 4), it may be divided into three large sectors. From north to south:

Sector A. Relatively narrow beaches (its average width is 33.4 m £9.9 m) extending between
sections 1 to 14 (from the beaches of Pinedo to north of la Punta del Perellonet, see Fig. 1)

Sector B. Dominated by wider beaches (average width 50.7£10.9 m) and extending between
sections 15 to 20 (from la Punta del Perellonet to Gola del Perello)

Sector C. The southern sector (sections 21 to 32, from el Perelld beach to El Dosser beach) is
also dominated by narrow beaches (the average width is 33.5 +5.8 m). During the first years of the study
period, the beaches of this section were far wider and have progressively reduced their width. Over time,
many sections of the beach have reached widths below 30 m (problematic) while in some cases, widths
below 15 m (critical) have also been recorded.

2013 2014 2015 2016 2017 2018 2019 2020

A z

[ Jwidth>30m [ width<30m>15m [l width <15m

Figure 4. For the period 2013- 2020, characterization of the beach width of the 32 sections into which the
study area is divided. Sections with problematic widths (below 30 m, in orange color) and critical widths
(below 15 m, red), and those with no problems (green) have been identified.

Problematic widths affect each sector very differently. Figure 5 shows the percentage of time a
section shows widths below 30 m, that is experiencing a problematic width. These results allow
recognizing more clearly how the northern zone (sector A) has a clear dominance of problematic
conditions. This is especially noticeable in sections 5 and 7 to 11, where more than half of the time the
width is below 30 m. Moreover, as evidenced by the very low standard deviation values, this is a sector
without large variations in width over the study period, so that this problematic situation has remained
constant. The intermediate sections (sector B) delimits the area with wider beaches in which a
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problematic width situation is not reached. This is the segment that extends between La Punta beach and
Gola del Perell6. However, south of El Perelld Port begins a stretch of about 2.6 km in length (Les
Palmeres beach) in which at least 50% of the time the beach is narrower than 30 m. This happens mostly
after storm episodes but becomes constant since mid-2019. To the south (sector C) we find El Rei beach
where there are very strong variations in the width of the beach, which often leads to a problematic
situation. Section 27 (corresponding to Mareny Blau beach) is maintained with sufficient width
practically throughout the entire period studied. However, further south the problematic width
conditions -even critical- are repeated on multiple occasions, especially from autumn 2019 when it can
be considered constant. The critical condition (width less than 15 m) is practically limited to El Dosser
beach (sections 31 and 32) during 2020.
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Figure 5. For each of the sections composing the study area, the amount of time (%) for which the beach
width is below the 30 m threshold, considering the average beach width (blue color) and adding/substracting
the associated standard deviation along the year (red and green respectively).

Regarding the rate of change followed along the study period, practically the entire area has
followed a negative trend (Fig. 6). Only the segment corresponding to La Garrofera beach shows a clear
positive trend, with rates higher than 2 m/year. However, the general domain is erosive. Important
erosive trends (retreats larger than 2 m/year) are experienced in the segment of El Rei beach and, above
all, El Dosser beach, reaching -2.9 m/year.

It is very interesting to note the existence of a pattern in which erosive peaks are experienced
along segments several hundred meters in length. They appear alternated with others more stable or with
less exacerbated erosive rates. The average spacing between peaks is about 2.2 km although it can by
no means be considered regular.

Concerning the temporal evolution of beach changes, the STM model shows changes over the
study period taking as reference the first recorded date (23/04/2013), and with a scale of colors reflecting
the erosion/accretion trend (Fig. 7). This model allows the study of beach behavior at different scales of
spatial and temporal detail. This enables analyzing the relation between width changes and
oceanographic conditions. A strong correlation appears between episodes with high wave heights and
beach width loss phenomena that affect the entire study area in a generalized manner.
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Figure 7. The upper part of the figure shows the significant wave height (Y-axis, in m) obtained from the
SIMAR point 2081112 for the period 2013-2020 (X-axis). The lower part shows the associated spatial-
temporal model of width changes, taking as reference the first recorded date (23/04/2013), along the study
area (Y-axis, as the distance from the North limit, in km).
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To facilitate the analysis, all this information can be simplified by taking years as a time unit
and averaging the changes recorded in each of the 32 sections that compose the study area (Fig. 8).
During the first year (2013) there was a retreat of about 2.4 m. In the following two years (2014 and
2015), although the width increases, it does not exceed the original situation, while in 2016 there is an
accretion of 1.5 m from the original position. In 2017 a sharp setback is detected (- 3 m), partially
recovered in the following two years but without reaching the initial position. Finally, 2020 experiences
the most important retreat of the study period (up to 8 m on average from the original situation).

The analysis shows significant geographic differences. Thus, the most positive trends are
experienced by sections 3 and 4 (south of Pinedo beach and north of 1'Arbre del Gos beach), section 9
(La Garrofera beach), and section 27 (Mareny Blau beach). On the contrary, sections 1 and 2 (north of
Pinedo beach), 5 to 8 (El Saler beach), and the entire southern area, from section 13 (La Malladeta
beach) to 32 (El Dosser beach) stand out as more erosive. It is very interesting to note that in the latter
beach (fig. 8, D) all the annual mean values of width are lower than in 2013 (including 2016, which in
the rest of the places presented significant increases in beach width).
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Figure 8. (A) Spatial-temporal model of beach changes for the 32 sections that compose the study area taking
2013 as reference the initial date of the series of records (April 23, 2013). (B) color legend representing the
magnitude of the change, (C) graph of the mean annual change by year, and (D) annual mean beach width of
El Dosser beach.

5. Discussion

The results presented show that the coastal segment has mostly suffered a strongly recessive
trend during the period 2013-2020. Among the results obtained in this work, this is probably the most
remarkable, as it breaks with the historical behavior of this coast. The whole sector is deeply affected
by the complete interruption of the longitudinal sediment transport caused by the dykes of the port of
Valéncia for decades. The old coastal sedimentary cell is fragmented and, therefore, the sediment no
longer arrives from the north. In addition to this phenomenon, the Ttria River is artificialized and with
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different dams along its course, meaning that it also does not constitute a sedimentary input. All this
translates into an erosive trend that for years has been taking place causing a progressive emptying of
the submarine profile and a retreat of the shoreline position. These retreats are the most obvious signs
of the erosive scenario, and they have been expanding southward over the years. In the 1930s and 1940s,
the effects were obvious, especially on Pinedo beach (Vilar, 1934; Yordi, 1943). At the end of the 1980s
and based on a systematic analysis of successive series of aerial photographs Pardo-Pascual (1991)
detected the end of the effect caused by the port of Valéncia on El Saler beach, about 4 km north of Gola
del Pujol Nou. Some decades later, in a study based on the analysis of successive images captured from
Landsat 5 and 8 between 1984 and 2014 (Pardo-Pascual et al., 2015), the effect had reached La
Malladeta beach (1.5 km south of Pujol Nou). Now, after the strong storms of 2017 and 2020, it can be
seen how the most accelerated erosive processes cover practically the entire study area.

Particularly remarkable is the erosion along its southern end (El Dosser beach), as well as the
strong retreat on El Recati and El Rei beaches. Throughout the whole period, El Dosser follows an
erosive trend quite surprising considering its geographical position at the end of the sedimentary cell.
This beach is supported by the rocky promontory of the Cape of Cullera. It is the base of the
sedimentation process that has built up the barrier beach enclosing the Albufera de Valéncia. For this
reason, it is so striking that it is now evolving negatively. When analyzing the phenomenon from a
longer time perspective (1956-2021) taking advantage of the series of historical orthophotographs it can
be seen how until 2012 the area followed the expected cumulative trend (Fig. 9). It should be noted that
from 2000 to 2010 there was a decline that seems to be partly mitigated by sand nourishments of the
dune ridges (92,725 m*) which caused in 2012 a seawards displacement of the shoreline. However, since
2012 it has followed an erosive trend, although with an oscillating behavior.

Shoreline change (m)
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Figure 9. Shoreline change in El Dosser beach for the period 1956-2020. The registers appear as blue points,
being the position of 1956 considered as reference. The year 2012 constitutes a turning point in the evolution
of the shoreline position. The shoreline position was manually defined using historical orthophotographs
(Available in the Generalitat Valenciana viewer, https://visor.gva.es/visor/).

A detailed analysis of the shoreline changes during the last eight years (2013-2020) together
with the incident wave conditions and human actions provide some important clues (Fig. 10).

The comparison of the wave conditions and the evolution of the beach width shows how the
shoreline systematically retreats linked to storm events. As a clear example of this, after the first
available SDS (20/04/13) a storm with Hs of 3.46 m causes a retreat from which the beach widths do
not recover. In fact, in late autumn 2013, several weeks with energetic waves (Hs of 3.46 m in December
2013) cause a critical situation with widths below 15 m (on days with significant energetic swell). After
that storm, there is a recovery, showing widths about 40 m compared to the 30 m previously observed.
When waves reach again Hs of 3 m, critical widths of 15 m appear, from which they tend to recover
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within a period of about three months. However, when more energetic storms occur in which the Hs
exceeds 4 m as in January 2017 and especially in January 2020 (Storm Gloria), the retreat is more
aggressive. It results in beach widths of only 5 m, followed by a very slow recovery. In the case of the
Storm Gloria, the complete recovery does not occur, leaving a residual beach width (less than 10 m). A
similar pattern of retreatment during the largest storm events and the subsequent lack of complete
recovery was identified on beaches with similar characteristics at the southern part of the Gulf of
Valéncia by Cabezas-Rabadan ef al. (2019d). On the contrary, this behavior does not seem to take place
associated with the storm in January 2017. This could be due to the sand nourishments carried out:
2065 m® and 5000 m* of sand were nourished in February and November 2017 respectively (marked
with a blue arrow in Fig. 10). Although of small magnitude, these artificial inputs, seem to have an
immediate effect on widening the beach. However, even though the wave conditions are quite calm, the
effect is not sustained over time.

Significant height (Hs) - SIMAR point 2081112 (2013-2020)
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Figure 10. Shoreline changes in El Dosser beach (North of Cullera, section 32), together with wave data
(SIMAR point 2081112) highlighting the storm episodes with Hs over 3 m (vellow) and 4 m (red). Blue arrows
allow identifying sand nourishments

The underlying question is why a historically cumulative sector has become erosive without the
direct human intervention. The explanation could be associated with the gradual emptying that has been
occurring in the profile of the majority of the beaches of this sector as a result of the lack of sediment
arrival from the north. This emptying has been exacerbated as a result of the storms recorded since
autumn 2016 and, particularly in January 2020, when waves of more than 7 m were reached. The
emptying must have been particularly aggressive in front of the middle cliffs of the cape of Cullera
where the reflection of the large waves has been able to displace the submerged sand offshore. In this
context, the E and ESE waves of small dimension (Hs up to 1 m) that occur in this sector about 1/3 of
the time together with the coastal orientation may lead to the sand transportation towards the north in
the nearshore zone (upper part of the beach profile). At the same time, as the availability of nearshore
sand at the Cape of Cullera is very low, the sediment transported northwards cannot be replaced. This
would cause a local and well-defined negative sedimentary balance that would explain the change in the
evolutionary dynamics highlighted by the STMs.
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Until a decade ago, the erosive problem affected practically only the northern part of the
Albufera barrier beach. However, it now includes places far away from the harbor dikes. This substantial
change in the evolutionary dynamics of El Dosser beach is an example of this. All this raises the need
to open the potential range of causes that would explain this erosive behavior, beyond the interruption
of the southward drift of sands caused by the dykes of the port of Valéncia. Undoubtedly, the decrease
in sedimentary inputs from the fluvial systems must also be taken into consideration. Throughout the
20th century, Valencian rivers experienced great anthropic alterations that have been associated with a
significant hydro-sedimentary deficit (Segura-Beltran and Sanchis-Ibor 2013; Sanchis-Ibor et al., 2017).
One of the most important impacts has been sediment retention in the reservoirs. It has been estimated
that in the Benagéber reservoir alone in its first 37 years of operation 6.66 Hm® of sediments were
retained (Cobo, 2008). This effect is not only confined to the Turia basin but practically 75% of the area
that drains to the Valencian coasts is controlled by the reservoirs (Pardo-Pascual and Sanjaume, 2019)
so it is evident that the whole coastal system receives less sediment than it had historically received.

A third key factor, in addition to the effect of the port of Valéncia and the decrease in fluvial
sediment inputs, is the fact that the magnitude of the storms seems to be increasing. Thus, both wave
height and storm intensity expressed as a product of wave height and storm duration (Sénéchal et al.,
2015), are increasing in recent decades (Fig. 11). Prior to 2017 only one storm showed intensity values
over 250 m?h, but since then six storms have been recorded. Likewise, prior to 2000 no storm had shown
Hs of 4 m. In 2001, one case was recorded, but since 2009 there have been 10. This increase in situations
of higher energy is associated with the wash of the beach and the sediment loss (especially of that of
smaller caliber) towards deeper waters that cannot always be returned to the coast during calmer wave
conditions.
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Figure 11. Changes in the magnitude of coastal storms according to two representative parameters: the
maximum significant wave height and the intensity (in m2h). The latter one is the result of multiplying the
maximum significant height squared by the duration of the storm.
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One last factor to take into consideration within this area is that during the study period (2013-
2020) the artificial sediment input has been substantially lower than during the previous two decades
(Fig. 2). Thus, the large sediment nourishments carried out on this coast during the 1990s could have
helped to temporally minimize the erosive impacts in the area. On the other hand, the holistic analysis
made possible by this work shows how the numerous rigid interventions carried out in the area in an
attempt to offer local solutions have been insubstantial in terms of the sedimentary state of the cell as a
whole.

The physical maintenance of the beaches requires the supply of new sediment to the coastal
system. This supply must have a magnitude large enough to enable the recovery of beach widths, but
also to replenish the submerged profile. It would be convenient to take advantage of all the potential
resources of sand of suitable grain size. This is the case of the large submerged deposits of sands linked
to the transition between the Pleistocene and the Holocene found off the coast of Cullera (MITECO,
2018) but also those that are being retained in the reservoirs or on beaches artificially, constituting
potential sediment reservoirs.

6. Conclusions

The entire coastal segment Valéncia- Cullera is affected, on the one hand, by the low availability
of sand and, on the other hand, by substantially more energetic wave conditions. It takes places a
progressive migration of the finer sediment to deeper areas from which only a small proportion of sands
can return to the beach system. These factors favor the progressive increase in the slope of the beach
profile, the decrease in the width of the emerged beach, and the increase in sediment size. Therefore,
this causes a progressive decrease in the volume of sand that can be transported by longitudinal currents
parallel to the coast. This new scenario, conditioned by the scarcity of sediments, would explain a
general retreat of the shoreline position, not only in areas immediately affected by the sediment trap
effect of the port of Valencia. This scenario urges to counteract the sediment shortage in an attempt to
physically maintain the beaches in their current state.
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