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Characterizing beach changes using high-frequency Sentinel-2 derived
shorelines on the Valencian coast (Spanish Mediterranean)

Abstract

Shoreline position can be efficiently extracted with subpixel accuracy from mid-resolution satellite
imagery using tools as SHOREX. However, it is necessary to develop procedures for deriving
descriptors of the beach morphology and its changes in order to become truly useful data for

characterizing the coastal dynamism.

A new approach is proposed based on a spatiotemporal model of the beach widths. Divided into
80 m analysis segments, it offers a robust and detailed characterization of the beach state along
large micro-tidal regions, with continuous information through time and space. Geographical and
temporal differences can be recognized and measured, making it possible to study the beach
response both to general factors (as wave conditions) and to punctual anthropic actions (as small

sand nourishments).

Widths were defined throughout two and a half years from 60 shorelines (3.04 m RMSE) covering
50 km of the Gulf of Valencia. Important width contrasts appeared along the study site associated
with sediment imbalances motivated by sediment traps and other anthropic actions. Segments too
narrow for maintaining the recreational function were located and mapped (16% narrower than
30 m). Short-term width changes appeared linked to storm events, with fast retreatments and slow
recoveries. Punctually, even small-magnitude nourishments created perceptible changes in width

(12,830 m® were associated with a 4 m increase).

This novel description of the beach state and its changes from Satellite-Derived Shorelines is useful

for coastal management, especially considering the global coverage of these free satellite images.
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It may improve the comprehension of coastal processes as well as monitor human interventions on

the coast, helping in the decision-making.

Keywords: shoreline-position variability, short-term beach changes, remote sensing, coastal

erosion, environmental monitoring, beach nourishment

1. INTRODUCTION

Coastal areas are essential for humans, as they hold important and diverse productive habitats for
their settlement, subsistence and development (Schlacher et al., 2008). Therefore, the monitoring
of coastal dynamics is critical for the society and economy of these areas. The availability of
information is necessary for both scientists and managers in order to understand its functioning and
to plan human settlements. In this sense, the analysis of shoreline changes and its evolutionary

patterns appears as an essential issue (Boak & Turner, 2005).

Coastal erosion is a global problem (Bird, 1996) that in Europe affects up to 20% of the coasts
(EUROSION study, European Commission, 2004). Erosive processes and coastal flooding are
expected to increase associated with climate change and sea level rise (Schlacher et al., 2008; IPCC,
2014). Erosion, coupled with the presence of landward barriers of human origin will reduce space
for natural life (Nordstrom, 2004; Feagin, 2005) causing important ecosystem loss along the coast.
With regard to a recreational function that beaches offer to human beings, erosion will negatively
affect the economic exploitation of the beaches and tourism revenues (Alexandrakis et al., 2015).
In order to maintain them, monitoring the beach morphology and their physical characteristics will
become increasingly necessary (Jiménez et al., 2011; Ballesteros et al., 2018). The beach loss will
force coastal managers to response both in the short term (e.g. to occasional episodes of storms)
and in the long term to the progressive sea level rise scenarios. As an example, planned retreatment

and sacrifice areas (Williams et al., 2018) appear as more viable options than pure engineered
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structures along the coast (Song et al., 2018). All the possible responses and adaptation strategies
should be based on updated data of the coastal state, which must be transferred to managers

through objective and simple indicators.

However, there is a lack of knowledge about the state of the beaches. Traditional techniques for
shoreline-change studies are photointerpretation (Pajak & Leatherman, 2002; Jones et al., 2009),
continuous video-monitoring (Bouvier et al.,, 2017; Sanchez-Garcia et al., 2017), DGPS field
measurements (Pardo-Pascual et al., 2005; Psuty & Silveira, 2011; Baptista et al., 2018), LIDAR (Pye
& Blott, 2016) and UAV (Casella et al., 2016; Turner et al., 2016). They are limited in temporal or
spatial coverage, as well as being both costly and labor intensive (Do et al., 2018; Sanchez-Garcia et
al., under review). Thus, the lack of continuous and up-to-date data collection systems applicable
homogeneously on a large scale has contributed to the lack of widespread adoption by

administrations.

In this scenario, previous works have investigated the potential of optical satellite imagery for
coastal surveillance. Different evolutionary studies are sustained in the identification of the
water/land position from free mid-resolution satellite imagery (Gens et al., 2010; Ghosh et al., 2015;
Luijendijk et al., 2018), mainly Landsat series (Almonacid-Caballer, 2015; Do et al., 2018). Since 2017,
Sentinel-2 mission offers improvements in both resolution and revisit frequency. With the
combination of the Sentinel-2A and 2B satellites, ESA has been providing worldwide coverage of
free images with a 5-day revisit. Given the large planetary coverage and high revisiting frequency of
the satellites, they appear as an extremely interesting source of information for studying changes in
coastal morphology (Castelle et al., 2015; Pardo-Pascual et al., 2014; Vandebroek et al., 2017), more
versatile, cheaper and simpler than videomonitoring systems. However, in order to detect relatively

small changes, it is necessary to overcome the coarse pixel size of the Landsat and Sentinel-2
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satellites. By the moment, only a few authors have achieved the definition of the shoreline position
at sub-pixel level (Foody et al., 2005; Pardo-Pascual et al., 2012; Almonacid-Caballer, 2014; Li &
Gong, 2016; Liu et al., 2017; Pardo-Pascual et al., 2018). A proper definition of the Satellite-Derived
Shorelines (SDS) requires to adapt the subpixel extraction algorithm to the images of the different
satellites, as well as to follow an efficient workflow capable of dealing with a large volume of images.
With that in mind, SHOREX system has been developed for the shoreline extraction (Palomar-
Vazquez et al., 2018 a, b; Sdnchez-Garcia et al., under review). As its core, it takes the algorithmic
solution for the sub-pixel extraction originally described in Pardo-Pascual et al. (2012) and
Almonacid-Caballer (2014). The algorithm has been surrounded by the necessary tools for an
efficient management of large volumes of mid-resolution satellite images, creating a system for
automatically defining the SDS. Sanchez-Garcia et al. (under review) assessed the accuracy of SDS
on the Mediterranean beach of Cala Millor (Balearic Islands) by comparing their positions with
shorelines derived from simultaneous video-monitoring. After testing the combination of different
extraction parameters, the highest accuracy for Sentinel-2 imagery was defined as 3.01 m RMSE.
This way, SHOREX system follows a complete and efficient workflow ranging from the acquisition of
images to the definition of SDS with high accuracy. It can offer big packages of shorelines (tens per
year) along large coastal areas and at the same pace in which satellite images are acquired. This
poses the challenge of how to exploit the high potential of the SDS for deriving descriptors of the
beach morphology. Only this way will SDS constitute an effective source of information for
monitoring and understanding the coastal dynamism and thus helpful for the management of

coastal areas.

The main objective of this work is to propose a methodology capable of taking advantage of high-
frequency SDS data to quantify and characterize the dynamism of beaches by means of a

spatiotemporal model of their widths. This approach is applied over two and a half years to 50 km
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of microtidal coastline in the south of the Gulf of Valencia, evaluating the utility of the model for (1)
characterizing the state of the beaches, (2) studying the impacts caused by specific events, both
natural as storms and artificial as sand nourishments, and (3) locating and mapping of problematic

segments.

2. METHODOLOGY

2.1.SDS and beach width definition
For this work, the data source was the freely available mid-resolution images of the satellite

Sentinel-2 (S2). The analysis employed the SWIR 1 band (1565 - 1655 nm, band 11) with 20 m of
spatial resolution. The images were captured in 60 different dates between 06/07/2015 and
18/01/2018, covering 925 days (Fig. 1). These are all the available images from the launch of the

first of the two S2 satellites (23/06/15 and 7/03/17 respectively) until the beginning of 2018.
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Fig. 1. Imagery employed in the analysis differentiated between summer dates (June — September)

and the rest of the year (October- May).

Throughout the study period, there were small gaps caused by the existence of cloudiness. When
the clouds did only affect one part of the coastal area, it was possible to take profit of the rest of
the image. Nevertheless, an irregular distribution of the images appears along the year, with more
available images during summer months. Therefore, the scarcity of images is remarkable along

certain periods (24/09/2015 - 3/12/2015, and 17/11/2016 — 25/02/2017).
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For each image (and date), Satellite-Derived Shoreline (SDS) and beach width (BW) were defined
along the coast. SDS was defined as the intersection between water and land at the instant in which
each image was acquired. The shoreline extraction followed the methodology described by Sdnchez-
Garcia et al. (under review) and Palomar-Vazquez et al. (2018 a, b). The SHOREX system was used
with a SWIR1 band, fitting a third-degree polynomial in order to detect on a 5x5 kernel the shoreline
position with an accuracy of 3.01 m RMSE. The process started from an approximate line photo-
interpreted from a 2015 aerial orthophotography with 25 cm resolution (PNOA, www.pnoa.ign.es).
As the protocol is fully automatic the extraction efficiency increases - 8 hours of calculation time for
the entire extraction workflow- while the subjectivity and bias associated with human intervention
disappear. After discarding sections of shore without interest for this study (rigid structures, mouths
of rivers, streams, irrigation canals, and intercalated small spaces) 41.5 km of shoreline were

defined.

For defining the BW, the inner edge of the beach was defined from the same aerial
orthophotography. Constituted by elements both natural (dunes and cliffs) and artificial
(promenades, buildings, and roads), this inner limit is considered stable at the time scale of this
work. In order to facilitate the management, the inner line of the beach was segmented into 519
segments of 80 m length. They constitute the basic spatial units on which the study has been carried
out. For each segment, the shortest distance between the inner limit and the SDS was defined as
the instantaneous width of the beach. Throughout the study period, 591,441 widths measurements
were registered, and the average width was calculated on each date for each segment.
2.2.Spatiotemporal model of beach widths

Beach width measurements were organized and led to a continuous spatiotemporal model (Fig. 2).
In order to overcome the unequal distribution of records and to have continuous records

throughout space and time, BW was deduced in instants and locations without real measurements.



136 For this purpose, from the average width values (about 55 per segment) a TIN interpolation was
137  carried out following the Delaunay triangulation (Tsai, 1993). Coastal segments with no width values
138  or without morphodynamic connection were not considered for the interpolation. For a more

139 efficient analysis, the TIN was rasterized generating the spatiotemporal model.
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141 Fig. 2. Creation of the spatiotemporal model: (A) Width measurements along space (Y-axis,
142 distance from the North) and time (X-axis, date). (B) Interpolation. (C) Rasterization leads to the
143 spatiotemporal model: a Hovméller diagram with 80 m and 1.2 days cells and colors representing
144 width values. It allows identifying changes in beach morphology.
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2.3.Characterization of beach state and changes
GIS analysis operations were carried out for characterizing beach state and changes in the

morphology. The union of the width values of the same segment allowed defining the changes over
time (925 days) in the same geographical position. On the contrary, values defined on the same date

also allowed defining the width state along the whole coast.

The state of the beaches was characterized through their current width values, as well as their
distribution and frequency in which they appear. The dynamism of the coastal area was analyzed
through the short-term width changes that were defined by comparing an instant width with the
value at the beginning of the monitored period. This way, episodes of change were detected,
quantified and analyzed, trying to identify different typologies according to their magnitude and
area of affection (local or large sectors). The relation between width changes and impact events as
storms and artificial sediment movements was analyzed. For this purpose, the data about dumping
and removal actions were integrated into a GIS in order to locate them temporally and spatially. The
actions of greatest magnitude were selected and their effect was studied, as they potentially have

the biggest capacity to affect the morphology of the coast and the shoreline position.

In order to identify coastal segments susceptible to experience problems in maintaining their beach
functions, a minimum width threshold was defined. According to some studies on Mediterranean
beaches, widths below 30-35 m may be detrimental to the development of recreational beach
functions (Alemany, 1984; Yepes, 2002; Sarda et al., 2009; Jiménez et al., 2011). Therefore, the
problematic segments were defined as those with a width below 30 m at least once throughout the
study period. They were classified according to the number of days experiencing widths below the
threshold. Furthermore, based on their locations they were grouped in different sections and

sectors. According to their characteristics, the most problematic segments were identified. At the
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same time, their geographical distribution was analyzed together with the coastal morphology in

the surroundings, trying to get a better understanding of the cause of their problems.

3. A CASE OF STUDY FROM THE VALENCIAN COAST

3.1.Study area
The study area comprises the southern half of the Gulf of Valencia (Eastern Spain), in the western

Mediterranean, the coastal segment between the Cape of Cullera and the port of Dénia (Fig. 3).
Given the high anthropic and recreational pressure coupled with recent erosion problems, this
sandy coast is a perfect example to apply this methodology to provide data potentially useful for

coastal management.
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Fig. 3Littoral drift (arrows), sediment traps (squares) and artificial sand movements (points) along

the study area. Extractions: E1) Sant Antoni beach, E2) Séquia la Ratlla canal mouth, E3) Vaca river
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mouth, E4) Gandia beach. Nourishments: N1) South of Xuquer river mouth, N2) El Brosquil and la

Goleta beaches, N3) Piles beach, N4) El Molinell beach.

It is a microtidal coast (average range of 0.3 m and maximum of 0.7 m), with significant wave height
(Hs) of 0.7 m and peak period (Tp) of 4.2 s on average (Pardo-Pascual et al., 2018). During storm
events waves sometimes reach 5 m (Pardo-Pascual et al., 2014) as it happens during the study
period (Fig. 4), with seasonal variations showing a magnitude clearly lower than the specific

episodes of high waves (always considering the microtidal Mediterranean environment). These

peaks appeared mainly between autumn and the end of winter.
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Fig. 4. Significant wave height (June 2015-January 2018) in the SIMAR point 2083108, derived from
numerical modeling for deep waters by the Spanish Port Authorities (www.puertos.es). Dates with

available shoreline data highlighted.

The morphology evidences a historical accumulation of sediment that allowed the development of
double beach barrier and wide dune ridges (Sanjaume & Pardo-Pascual, 2003; Sanjaume et al.,
2019). The region presents southerly transport caused by its orientation in combination with the

direction of the waves during storms. The study area belonged to the Gulf of Valencia coastal cell

10
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(between Ebro Delta and Cape of Sant Antoni, about 400 km). However, the construction of port
jetties has caused its subdivision in smaller coastal cells (Pardo-Pascual, 1991; Sanjaume & Pardo-
Pascual, 2005) as these infrastructures constitute artificial barriers for the sediment transport along
the coast. The most important obstacles are the jetties that protect the mouth of the Xdquer river
(the northern one reaches 7 m depth) and the dikes of the port of Gandia (11 m depth). In both
cases, they usually act as complete sediment traps, although the jetties in the Xdquer can allow a
by-pass during big storms. The marina of Oliva and the port of Dénia also present jetties, but they
are located in coastal segments with different orientations, smaller sediment transport and,
therefore, lower impact on the surrounding beaches. The magnitude of the longshore transport
varies geographically a lot: it is greater in the northern part and it decreases substantially to the
south, especially after the port of Gandia, and it ends south of the marina of Oliva. Finally, the
southernmost section does not present a clear transport direction (Pardo-Pascual & Sanjaume,

2019).

In the Valencian coast, 26% of the beaches suffer erosive processes (European Comission, 2009). In
the study area erosion has become a problematic issue during the last decades (Cabezas-Rabadan
et al., 2018; Pardo-Pascual & Sanjaume, 2019). The situation is especially remarkable because those
beaches constitute the basic resource for sun and beach tourism (Obiol-Menero, 2003; Cabezas-
Rabadan et al., 2019). Due to their recreational function, they constitute an essential source of
economic benefits for the Valencian region, where the tourism industry contributes with more than

14 % of the gross domestic product (Rico-Amords et al., 2009).

As a response to coastal erosion, sand nourishment has been the defensive action most widely used
in recent decades (Obiol-Menero, 2003). The artificial extraction and dumping actions carried out

by the Administration were identified along the vast majority of the study area (Tab. 1, Fig. 3). Most

11
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of the interventions were sand movements from sediment-surplus beaches to segments
experiencing erosive problems. Between 2015 and January 2018, 191,297 m? of sand were extracted
and 217,002 m® were poured. Two areas recorded the largest artificial sand movements: 72% of the
sand was extracted from Sant Antoni de Cullera beach and 64% was dumped in El Brosquil and La

Goleta beaches.

Table 1. Artificial sediment movements on beaches in the province of Valencia (Source: Directorate
General of Sustainability of the Coast and of the Sea). Data of the southernmost 15 km of the study

area (Alicante province) were not available.

Location Municipality | Volume (m?3) Action Start Finish
Sant Antoni beach Cullera 137,489 Extraction June-15 June-18
Séquia la Ratlla canal mouth Tavernes/Xeraco 21,796 Extraction March-15 May-18
Vaca river mouth Xeraco/Gandia 8,944 Extraction May-18 June-18
Gandia beach Gandia 23,068 Extraction November-17 June-18
South of Xdquer river mouth Cullera 63,561 Nourishment April-15 June-18
El Brosquil and la Goleta beaches = Cullera/Tavernes 138,099 Nourishment = December-15 June-18
Piles beach Piles 14,822 Nourishment = November-15 @ November-17
El Molinell beach Dénia 520 Nourishment October-15 November-15
3.2.Results

3.2.1. Beach widths
Figure 5 shows a spatiotemporal model of the BW over the whole study area and the period
analyzed, useful for understanding the beach state. All the narrow coastal segments (below 30 m)
appear in reddish colors differentiated according to their magnitude. Blue and purple indicate, on
the other hand, very wide segments (over 60 m and up to 159 m). Green tones represent widths

between 30 and 60 m.

12
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Wide beach segments appear located updrift of artificial obstacles to coastal transport. Their
cumulative effect is associated with the progressive width increase when approaching the
infrastructure as it can be seen between Séquia de la Ratlla canal and the port of Gandia, and
northern of the jetties protecting the mouth of the Xdquer river. Narrow beach segments (below 30
m, red colors) appear only partially related to the interruption of longitudinal transport. In fact, a
clear relationship with a sedimentary trap only appears south of the Xdquer jetties, between
Brosquil breakwaters and la Goleta canal. The port of Gandia, with a strong cumulative effect on its
north, clearly does not show the opposite effect on its south. Although the beach segments are
quite narrow there, most of them are usually between 30 and 50 m wide. Segments narrower than
30 m have a specific but well-defined character. Fig. 6 shows the width of the beach on a given day
throughout the whole study area, and narrow widths can clearly be appreciated (close to 20 m) in
Bellreguard (km 25) and Piles (km 28). The 12 km in the southern end present a continuous contrast

of very wide and extremely narrow beach segments (below 10 m both in km 43 and km 50).
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254  Figure 7 shows a strong asymmetry in the BW distribution. Although the widths range between 3
255  mand 159 m, only 11.45% of the beach segments are wider than 80 m. More than a half (55.5%)
256 have between 30 and 50 m. The percentage below 30 m reaches 15.9%, while 2.1% are critical
257 below 15 meters. Nevertheless, these data hide the variation along time: when considering the
258 summer dates of the different years important variations appear in the percentage of beach

259 segments narrower than 30 m meters (14.76 %, 14.34 % and 17.62 % for 2015, 2016 and 2017

260  summers respectively).
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262 Fig. 7. Histogram of widths registered in the different segments of analysis.
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3.2.2. Beach changes
Short-term beach changes were characterized along the study period by comparing the
instantaneous width of each segment against the width on the first date analyzed. Fig. 8 shows a
spatiotemporal model that simultaneously represents all the changes. There was a predominance
of width loss processes (yellow to red). The average change for the whole study area is -3.4 m, with
the first three quartiles registering negative values. Fig. 9 shows a distribution of the types of
changes that resembles a normal curve but with a clear negative bias. Changes between -3 and -4

m are the most abundant (13%).
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Fig. 8. Changes along the study area (distance from North, in km). Width on 6/07/2015 as a
reference. Three episodes of local change (A, B, C) and general changes in 21/05/2016 and

17/11/2016 are highlighted.
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Fig. 9. Beach changes and their direction

Width changes showed different magnitudes and directions in space and time (Fig. 8). At least two
particular episodes caused short-term changes that affected large portions of the study area,
although with different magnitudes. Figure 10 shows in detail the magnitude and direction of the
width changes associated with these two episodes. For each one, the width was compared between

two dates, associated with the start and end of the episode respectively.

The first episode took place approximately on 21/05/2016 and had positive values, with beaches
generally widening. The changes did not affect the whole study area but were reflected in the 20
km further north of the study area and in the last 4 km to the south (Fig 8, 10). It took place at the

end of a calm period (Hs was below 1 m for approximately 20 days, Fig. 4).

The second episode occurred around 17/11/2016 and it was even more evident because it affected
the entire study area (Fig 8, 10). On the contrary, it clearly presented negative values, and the
majority of the segments registered erosion. The changes were negative for the whole area (mean

regression of -3.5 + 1.8 m), which suggests a general cause affecting the whole coast. This episode
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occurred associated with a storm (Hs reached 2.32 m on 15/11/2016, Fig. 4) that could be
considered the first important one of that autumn. Similarly, other episodes seem to show a general
response to the changing oceanographic conditions. This is the case of a recovery process along

December of 2015, a long period without high waves.

Width change (m)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52

Distance from North (km)

Fig. 10. Short-term width changes associated with two specific episodes: 21/05/2016 and
17/11/2016. The changes were quantified between 1% of May and 6th June (blue) and between 7th

and 17" of November (red).

The detailed analysis of the change model (Fig. 8) also made it possible to recognize changes on a
local scale, with a much smaller spatial dimension. Three types of local change episodes have been

differentiated:

(A) Those with an inverse tendency to the one observed in close areas and even in the same
spot at another time. The clearest example is the one observed in position A (focused on
km 8) associated with a strong widening of the beach (up to 10 m) around on 12/01/2016.
(B) Those affecting an entire sector, and although obvious, they are not excessively punctual
either in space or time. Thus, it is possible to recognize the places and moments in which

the changes were of greater magnitude. As an example, North and South of Séquia del Vedat
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307 canal between 18/03/17 and 13/10/2017, we can see setbacks of about -15 m with respect

308 to the initial situation and this substantial alteration was maintained for months.
309 (C) Those in which itis possible to simultaneously identify completely opposite dynamics in very
310 near locations. The example is paradigmatic since, on the same beach, a 13 m recession
311 took place while, at a distance of only 400 m, an advance of 10 m was registered.

312  Short-term changes linked to artificial sediment mobilization were also analyzed. The analysis was
313  focused on the two beaches that registered the major actions of sand removal and dumping (Fig.
314 11, 12). On Sant Antoni beach (Cullera) 137,489 m? of sand were dredged between June 2015 and
315  June 2018. On the contrary, 138,099 m? were used for the nourishment El Brosquil and la Goleta

316  beaches, in which actions started in December 2015 and were repeated in the next winters.

317
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319 Fig. 11. Sand extractions in Sant Antoni beach (Cullera) and width change in the associated 80 m
320 segment (red).
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Fig. 12. Sand nourishment (green color) in la Goleta beach (Tavernes) and the associated width

change of the beach (blue).

The effects on the width were clear in both cases. On the one hand, regression episodes were
registered coincident in time with the sand removal activities. Width loss took place on the whole
beach, especially remarkable in one of its segments. On the other hand, la Goleta showed accretion
episodes coincident with three different sand nourishments. The first one, the most remarkable
(41,600 m?® about 15 December 2015), was associated with a positive mean change of the shoreline
of around 12 m. It can be clearly seen in the spatiotemporal model as a local change episode (Fig. 8,
A). A second action (27,800 m? at beginning of March 2017) was followed by a positive mean change
of more than 6 m. Finally, a smaller nourishment (12,830 m? about 15 November 2017) seemed to

be associated with a positive change close to 4 m.

3.2.3. Problematic narrow segments
Beach segments with insufficient width and therefore likely to cause conflict with beach functions
were identified. At least once along the study period, 15.2% of the analyzed segments registered a

width below 30 m, while 1.5% showed a critical situation below 15 m.
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The amount of time experiencing a problematic narrow situation varied a lot between segments
(Tab. 2), and it was used to classify them. Along the study area, a width below the 30 m threshold
was registered continuously along 3.84 km, while it was maintained more than 75% of the time

along 2.16 km.

Table 2. Classification of beach segments with problematic width according to the proportion of

measurements lower than 30 m throughout the study period.

Percentage of days Code @ Length (m)

1%-25% 5 3840
25%-50% 4 1440
50%-75% 3 640
75%-99% 2 2160

100% 1 3840

Problematic segments appeared grouped in three large coastal sectors with different orientation
and characteristics (Fig. 13). The first one, Sector 1, appeared southern of the Xdquer river along 9.7
km, with an orientation NNW-SSE. Sector 2 appeared along 11.5 km and with NW-SE orientation
between the port of Gandia and the beaches south of the marina of Oliva. Sector 3 appeared at the
southern end of the study area, along 10.5 km of Dénia coast, oriented W-E (1009). At the same
time, inside these three large sectors, several problematic segments (with width records below 30
m) appear arranged continuously (or almost) along the coast. When grouping these segments it is
possible to identify 19 sections with problematic situations that cover up to 13.36 km (although few

segments were not identified as problematic).
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Fig. 13. Geographical distribution of the problematic segments classified according to the
percentage of days registering BW below 30 m. They appear grouped in three large sectors. A line
in cyan shows a long rigid segment not included in the analysis. More detailed information is

included as supplementary data.

Sections 1-A, 1-B, 3-A, 3-B, 3-E and 3-H present average widths below 30 m over the entire period.

Among them, as particularly problematic appear the section 1B (Brosquil and la Goleta beaches)
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with the narrowest average width (21.5 m) along 1.8 km, and 3-H with the narrowest segment (6.6

m).

Sector 1 (9.7 km) is located south of the Xuquer river dikes and includes four sections covering 4.16
km of beach with an average width of 26 m. Sections 1-A and 1-B are the narrowest ones and,
between them, there is a coastal stretch with artificial structures (seawall, breakwaters and small
groins) that aim to stop the erosion. Section 1-B (Brosquil and La Goleta beaches), located downdrift
of the artificially protected area, is the longest of all the areas studied (1.84 km) and the one with
the smallest average width (21.5 m). Section 1-C shows substantially greater widths (33.4 m on
average), and it is separated from 1-B by a small structure protecting the mouth of an old inlet that

connects with the wetland.

Sector 2 (11.7 km) includes seven sections with extremely variable dimensions. In general, the
segments are wider (32.9 m average) than in the other sectors and there is a smaller proportion of
problematic segments. In fact, only 22.4% of the segments in this sector have at some point widths
below the 30 m threshold. Problematic sections show three different typologies in relation to the
presence of obstacles and rigid structures. (i) Sections located downdrift of an obstacle. That is the
case of section 2-A (0.5 km length) south of the port of Gandia with an average width of 30.6 m. (ii)
Sections linked to artificial rigid structures too close to the shoreline spatially constraining the beach.
That happens with sections 2-B (0.18 km length) in Daimus beach, 2-C (0.37 km) in Bellreguard beach
and more remarkably in 2-D (0.7 km) in Piles beach (26.8 m average). (iii) Sections not associated
with obstacles or structures as 2-E, 2-F, and 2-G. Section 2-F, the largest one, extends 0.85 km with
an average width is 35.4 m but at various times has recorded widths less than 30 m. It should be

noted that its inner edge is largely constituted by dunes.
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Sector 3 (6.16 km) has an average width of 28.78 m, 8 problem sections. Although the sector
presents great heterogeneity of typologies, 47.7% of the segments at some point have presented
less than 30 m. The segments with the greatest problems have been analyzed in depth (Fig. 14). In
several cases they show a punctual sedimentary deficit linked to artificial or natural barriers to the
littoral drift, as it happens in 3-A, B, C and D. In section 3-A, the width increases from the jetty
progressively towards the west. Sections 3-B and 3-C show very narrow beach segments at the fan-
delta of the Girona river, which widen to the east and west. Section 3-D shows a beach supported
by the Punta dels Molins breakwater, which most problematic point may remain narrower or

unsupplied depending on the direction of transport.

However, sections 3E and 3H show no barriers to transport, and therefore the cause of the problems
does not seem clear. In the case of section 3H, given the possible relation with the artificial
occupation of the active beach, an analysis from a historical perspective was carried out. For that
purpose, a 1956 orthophotography was combined with recent shoreline positions and the current
inland limit of the beach (Fig. 15). The analysis determines that the current inland border coincides

with the one existing back in the 1950 decade when the beach was already extremely narrow.
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Fig. 15. Orthophotography with 0.5 m resolution created by the Valencian Cartographic Institute
(ICV) from a photograph from May 1956. The inner edge of the current beach appears overlayed

with the percentage of days with widths below 30 m, as well as the minimum width recorded.

4. DISCUSSION
This study shows the potential of applying a large package of Satellite-Derived Shorelines (SDS) for

monitoring large coastal sectors. The extraction algorithm and the automatic protocol SHOREX
developed in previous works (Pardo-Pascual et al., 2012, Almonacid-Caballer, 2014; Sanchez-Garcia
et al., under review) constitute a time-efficient solution for this purpose. It may supply up-to-date
information at a regional scale at the same pace as satellite platforms acquire the images. This has
made possible to monitor the shoreline position along the Valencian coast using 60 records for a

period of two and a half years.

Starting from Sentinel-2 mid-resolution images, SDS are defined with great accuracy -RMSE 3.01 m.
Although other data acquisition methods such as video-monitoring may obtain higher accuracies
they do not possess the large spatial coverage offered by satellite imagery. From SDS, beach widths
are derived as an intuitive indicator of the punctual state of the beaches on micro-tidal
environments. The raster model organizes a large amount of morphological information in the
spatial and temporal continuum. This model makes it possible to characterize the beach state and

to identify narrow segments that may conflict with beach functions. The possibility of visualizing in

27



419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

great detail the changes throughout space and time facilitates their interpretation. It allows the
analysis of short-term changes and their relationship with both natural events and human actions.
Thus, it is possible to identify episodes that affect large sections of the Valencian coast and to

differentiate them from those local, as well as making an approach to identify their causes.

Results show a relation between major width changes and wave conditions. High-energy episodes
have repercussions over large areas causing beach retreatments. On the contrary, calm periods
seem to result in seaward movements of the shoreline and beach recovery. This dynamic is well
known and is associated with changes in the morphology of the beach profile (Jara et al., 2015). The
proposed methodology makes it possible to quantify the changes and measure the different
response of each beach. In other cases, wave conditions seem to present more local impacts, to
which should be added other elements such as the coastal orientation and the incident waves, the
distribution of anthropogenic obstacles, as well as the accumulation of different storm episodes,
that should be considered for a deeper analysis. Previous works had already shown the possibilities
that SDS offer for recognizing the unequal response to storms due to the local factors that modulate
those impacts (Pardo-Pascual et al., 2014; Cabezas-Rabadan et al., 2018). However, the availability
of a greater number of data per year and the methodological improvements implemented in the
SDS definition process (Sanchez-Garcia et al., under review) allow a more robust and reliable

definition of the coastal response.

Defining the shoreline position by satellite imagery during the maximum impact of the storm is a
difficult task due to the usual cloud cover. Radar images could be an alternative, but the evaluations
carried out show lower precisions (Lubczonek, 2017). Another strategy consists in modeling the
behavior of the beach and foreseeing the response. This requires calibrating the model with real

data about the morphological change, which can be obtained by topo-bathymetric surveys (Yates
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et al., 2009) or video-monitoring (Jara et al., 2015). For these calibrating purposes, it has recently
been demonstrated that SDS are equally effective than video-monitoring (Jaramillo et al., under
review). Thus, SDS could potentially be used to test and adjust the models in many more areas

generalizing their applicability.

The response to actions more limited in space and time as sand extractions and nourishments was
studied on two beaches. Despite the absence of in situ high precision measurements, it is possible
to identify changes coincident in space and time with sediment movements. It is important to
remark that in both cases and unlike other previous works (Vandebroek et al., 2017; Hagenaars et
al., 2018; Pardo-Pascual & Sanjaume, 2019; Cabezas-Rabadan et al., 2018) the detected changes are
associated with actions of very small magnitude. Thus, in contrast with the movement of 252,000
m? of sediment previously detected in this same coast (Pardo-Pascual & Sanjaume, 2019), now it
has been possible to detect movements even below 15,000 m3. The results prove that this type of
actions can be identified with the SDS. At the same time, it is possible to monitor the effects in the
surrounding area and the durability of the action (and therefore, the investment made). It is well
known that anthropogenic actions influence the state and behavior of beaches (Sanjaume & Pardo-
Pascual, 2005; Pagén et al., 2016, 2017; Stronkhorst et al., 2018). In light of sea-level rise,
nourishment actions appear as a common solution for the beach loss preventing shore retreat
(Stive, et al, 1991). Sometimes beach retreatment events lead managers to take hasty decisions with
insufficient data. Nevertheless, these actions have an important cost and environmental impact
(Peterson and Bishop, 2005; Speybroeck et al., 2006) and the benefits may be of short duration
(Cabezas-Rabadan et al., 2018). The real effects of these interventions are generally not monitored
and well defined. It is essential to quantify their effect on space and time. This is the only way to

assess the cost-benefit for society, and thus be able to support critical decision-making by managers.
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SDS seem to serve this purpose and could be applied for monitoring both large-scale sectors

punctual segments, allowing assessing the environmental impact of specific actions.

The spatiotemporal models allow characterizing the state of the beaches and its problematic
segments with higher frequency and more rigorously than only a few specific measurements. This
makes it possible to identify in advance sectors likely to conflict with beach functions. It may be used
for identifying segments without a sufficient width for sustaining the recreational use of the beach,
or for protection purposes at the arrival of the storm season. This is important as pre-any-crisis
event management is very advantageous compared to crisis management, which entails high risk
and cost (Williams et al., 2018). Following the criteria of the literature, the recreational function may
be especially affected in beaches below a 30 m threshold. Taking advantage of continuous
measurements, segments narrower than 30 m at least once along the study period were identified
as problematic. They represent a significant percentage of the coast (15.2%), while only a small
percentage show a critical condition (1.5%). This is in line with the Valencian erosive trend over the
last decades (Pardo-Pascual, 1991; Sanjaume & Pardo-Pascual, 2005; European Commission, 2009).
Moreover, the results have evidenced that storm events can strongly affect the available width for
recreational purposes as demonstrated in 2017 summer, after the 2016-17 winter storms, when the

percentage of beaches too narrow for the maintenance of this function increased 3.28 %.

The analysis of problematic segments in its geographical context makes it possible to define specific
problematic typologies as well as offering hints to the causes of imbalances in sediment distribution.
Firstly, there is a clear relation between widths and sedimentary traps due to the N-S transport along
the larger coastal cell. Barriers to longitudinal transport cause local sediment shortages (sections 2-
A, 3-A, 3-B, 3-C and 3-D, Fig.13,). In some cases, seawalls built with the aim of stopping erosive

processes (sector 1) appear linked to erosive problems downdrift. These results are consistent with
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previous studies that show that high anthropogenic pressure has degraded greatly the littoral and
contributed to a significant coastal regression (Yepes & Medina, 2005; Obiol-Menero & Pitarch-

Garrido, 2011).

Natural causes also bring sediment imbalances. As an example, the fan-delta created by the Girona
river (sections 3-B and 3-C in fig. 14) causes a punctual coastal progradation (Segura-Beltran &
Pardo-Pascual, 2019) evidenced by the subsequent displacement of sediment away on both sides.
The mouth marks a turning point, the edge of a small sedimentary cell. The west coast of the fan
delta shows smaller widths as it is not being fed by longitudinal transport under practically no
circumstances. The waves from the west that would provide sand towards that point do not have
sufficient fetch as the wave height is minimal and the magnitude of the transport is practically non-
existent. On the contrary, although the east face also is deficient, in some cases it may receive sand

form eastern beaches, basically during NE storms.

In recent decades, the coastal urbanization process has led to the construction of artificial structures
too close to the shoreline (Obiol-Menero, 2003), constraining the beach and preventing its natural
readjustment (Fig. 13, 2-B, 2-C y 2-D). This would also be the case of section 3-H, where the
occupation of the waterfront several decades ago left doubts with regard to the cause of the
narrowing. The evolutionary analysis of the morphology of the coast shows that the inner edge of
the beach coincides with that of the 1950s when the beach was already extremely narrow (Fig. 15).
The cause of the problems in that section is therefore very probably due to the construction of
houses fixing the inner limit of the beach before 1956. In this case, the “problem” remains for
decades because in fact the beach area has been artificially occupied. Segment 3-E also presents
constricting urbanization, but the presence of rocky outcrops close to the shore plays an essential

role as natural protection for the shore: waves break at a certain distance impeding a freely

31



511

512

513

514

515

516

517

518

519

520

521

522

523

524

sedimentary transport and minimizing beach mobility. By this reason, the beach width remains

much more stable than the segment 3-H.

Problems in segments 2-E, 2-G and especially 2-F seem not to be related with the previous causes:
they suffer neither the interruption of the downdrift nor the occupation of the beach system (in
fact, they present a well-developed foredune) (Fig. 13). Furthermore, during the last centuries, the
sector has globally experienced a clearly cumulative trend as evidenced by a double beach barrier
and archaeological remains (Pardo-Pascual & Sanjaume, 2003; Sanjaume et al., 2019). In contrast,
recent changes indicate the existence of a stable or slightly recessive dynamic (Sanjaume & Pardo.,
2007). This work also states that the sediment size has suffered a slight increase with respect to the
mid-'80s (Sanjaume, 1985) mostly linked to an erosive trend. The existence of excessively narrow
segments to the south of the marina of Oliva (2-E, 2-F, 2-G) reinforces this idea. Figure 16 shows
problematic segments with retreatments over 10 m: precisely the sector with greatest losses
coincides with the problematic segments in Oliva. These results suggest that the monitoring method

used is sufficiently refined to detect erosive trends, even if they are still very tenuous.
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Fig. 16. Shoreline retreatments greater than 10 m with respect to its initial position (dark green). At

the same time, % of days in which the segments are narrower than 30 m.

Continuous and large-scale monitoring of the morphological changes of the coast through indicators

as shoreline position and beach width is fundamental for understanding coastal dynamics (Song et

al., 2018). It may fill the shortage and fragmentation of available long-term data (Defeo et al., 2009)

providing the holistic and homogeneous approach required by coastal monitoring systems,

facilitating the analysis of changes and the subsequent management (Cabezas-Rabadan et al., 2019).
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If the erosive trend continues in the Valencian coast narrow sectors will expand affecting the beach
functions. Among them, the recreational one constitutes the major concern for coastal managers
(Micallef & Williams, 2002). This is especially remarkable along the area of the case study, where
the management of most of the beaches is oriented for sustaining recreational activities as sun and
beach tourism plays a huge role in the economy (Cabezas-Rabadan et al., 2019). In fact, the regional
Administration has just started using the beach width in order to organize the beach exploitation
through the Territorial Action Plan for Green Coastal Infrastructure of the Valencian region (GVA,
2018). The sea level rise is likely to put beach functions at risk, and it will further force coastal areas
to take measures. Planned retreat seems to be the most viable solution, especially in regions where
engineered structures can destroy the tourism-related industry (Song et al., 2018). Nevertheless,
this type of measures require reliable data of the coastal state, and there is a shortage of means to
obtain them, especially remarkable in developing countries (Saleem & Awange, 2019). In such cases,

obtaining data from satellite imagery appears even more suitable given its cost-effective approach.

Among the limitations of this methodology, one of the severest constraints appears linked to the
number of days with satellite images and, therefore, available data. At the same time, given the
influence of clouds, there is an irregular distribution of images along the year, higher in the summer
months. All this influences the study of the response of beaches to specific actions and episodes
since in microtidal beaches the recovery can take place in a few days (Ranasinghe et al., 2012)
making the changes unnoticed if it occurs in periods with no available data. However, the available
Sentinel-2 (5 days of revisit time) can potentially be combined with Landsat 8 images resulting in a
scenario with very low revisit intervals (average of 2.9 days combining both platforms according to

Li & Roy, 2017).
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About the accuracy when defining SDS, assessments with real data hardly appear in the literature
(Do et al., 2018). Nevertheless, Sanchez-Garcia et al. (under review) estimated the accuracy of this
methodology from Sentinel-2 images by comparing with simultaneous in situ and independent
observations on a Mediterranean microtidal beach similar to those studied in the present work. It
gives credibility to the method and delimits its potential usefulness. The obtained SDS accuracy is
considered more than sufficient to record the magnitudes of the changes with the necessary degree
of certainty for the purposes of this paper. The water/land indicator of the shoreline position
presents uncertainty associated with punctual changes generated by oceanographic variables such
as waves and tides. This effect has been minimized due to the conditions of the Mediterranean
coasts, as well as due to the availability of a more or less continuous series of data. Nevertheless,
bearing all this in mind, and in the absence of assessments on coasts with different tidal levels, the
application of the methodology in meso and macro-tidal coasts would not be immediate. Likewise,

the width as beach state indicator may be meaningless on changeable environments.

5. CONCLUSIONS
The availability of SDS obtained from Sentinel-2 with high frequency and sufficient degree of

precision poses the challenge of taking advantage of this new source of information to improve
knowledge of the morphology and dynamics of the beaches. This work offers a methodological
proposal based on the measurement of the width in short beach segments (80 m long) using the
SDS and the inner limit of the beach. From these data, a spatiotemporal model of the beach widths
and their changes was created for easy consultation of the coastal state and the dynamism of the

microtidal beaches at different spatial and temporal scales.

The methodology has been applied along 50 km of the Valencian coast, as it constitutes a
representative example of a coast highly exploited and modified by the human being, and
threatened by erosive processes. Results show how the methodology is able to characterize changes
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in the shoreline position in response to both natural events and artificial actions, either locally or in
large regions. It has been demonstrated that even small-magnitude sediment movements create
perceptible changes in beach width —only 12,830 m3 caused 4 m width increase--, evidencing the
potential of SDS and other derived morphological indicators as tools for monitoring the effects of
anthropogenic actions. At the same time, SDS are also able to register the beach response to natural
events. Storm episodes exceeding certain magnitudes create general shoreline retreatments, with
variable effects along the coast related to the beach characteristics. The spatiotemporal model

allows recognizing where storm impact is bigger and where the recovery process is more rapid.

Therefore, the spatiotemporal model offers a better understanding of the functioning of the
beaches, as well as sometimes recognizing the cause of the sediment imbalances. The methodology
offers a rigorous, robust and detailed characterization of the state of the beaches through a large
coastal area, making it possible to identify segments of 80 m length too narrow for the maintenance
of beach functions as the recreational one. The analysis of these segments in their geographical
context allows establishing relations with the morphology of the beaches and their location with
respect to artificial structures or natural landforms, offering a diagnosis of the causes of the local
lack of sediment. All this information is essential for understanding the dynamics of beaches. It
constitutes the first step to adopt solutions to the erosive processes, supporting the coastal planning

and the decision-making of the managers.
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