
Journal of Environmental Management 296 (2021) 113207

Available online 9 July 2021
0301-4797/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

A methodological framework for selecting an optimal sediment source 
within a littoral cell 

Vicente Gracia a,b,*, Joan Pau Sierra a,b, Alberto Caballero a, Manuel García-León c, 
César Mösso a,b 
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A B S T R A C T   

One of the most used measures to counteract coastal erosion is beach nourishment. It has advantages with respect 
to the use of rigid structures that sometimes entail non desired impacts on the surrounding areas. However, beach 
nourishments are often unsuccessful, requiring frequent refills due to the use of sediments that are not suitable. 
In this paper, a methodological framework for increasing the probability of success of beach nourishment pro-
jects is presented. First, this framework consists of detecting potential borrowing areas, by analysing shoreline 
evolution and selecting the stretch that shows a more accretive character. Once the borrowing area has been 
identified, several sand extraction options are defined. The beach response (in terms of erosion and flooding) to 
each sand extraction alternative is analysed by using two numerical models, which simulate the hydro- 
morphodynamic patterns in the studied area. The numerical model results allow to find the best extraction 
alternative, which is that producing the least impact in the borrow area. As an example, the methodology is 
applied to a stretch of the Catalan coast (NW Mediterranean) to illustrate its potential. The proposed method-
ology shows to be a useful tool for helping coastal managers to optimize their available resources.   

1. Introduction 

Coastal areas provide essential services for humans such as resi-
dential living, fisheries, navigation, recreation, wastewater disposal and 
commercial and tourism activities (Dennison, 2008). Sandy beaches are, 
in particular, of high economic value since they provide aesthetically 
pleasing amenities, recreational opportunities and buffer the land 
against extreme wave and storm surge events (Blackwell, 2007). They 
are dynamic and resilient environments (Schlacher et al., 2006) that, as 
a consequence of trends in population and economy growth (Ariza et al., 
2008), are subjected to anthropogenic pressures of larger magnitude and 
scale (Schlacher et al., 2008). 

Coastal erosion presents a threat to littoral areas, damaging coastal 
resources, infrastructure and properties, since it narrows the beach, 
reducing its amenity (Saengsupavanich, 2013). In particular, areas like 
the Mediterranean coast, are very prone to experiencing large scale 
erosion (Eurosion, 2004) due to the scarcity of sediment generated by 
strong river regulation (Bergillos et al., 2016), high occupation of the 

coastal fringe (Defeo et al., 2009) and the associated increasing urban-
ization (Dafforn et al., 2015), exacerbated by climate change. In this 
type of sandy coasts, microtidal environments and fetch limited areas, 
extreme events mainly account for shoreline changes (Brooks et al., 
2017; Grases et al., 2020). 

A number of engineering solutions have been implemented to 
address this problem (Pranzini et al., 2015; Rangel-Buitrago et al., 
2018), including hard solutions such as groins (e.g. Tereszkiewicz et al., 
2018; Lima et al., 2020; Torres-Freyermuth et al., 2020) detached 
breakwaters (e.g. Iskander et al., 2007; Sierra et al., 2009, 2011; Tor-
res-Freyermuth et al., 2019; Carpi et al., 2021), revetments and seawalls 
(e.g. Jin et al., 2015; Geng et al., 2021: Nunn et al., 2021), soft alter-
natives such as beach nourishment (e.g. Bocamazo et al., 2011; Pinto 
et al., 2020), beach drainage (e.g. Ciavola et al., 2011; Contestabile 
et al., 2012; Dafforn et al., 2015) or a combination of hard and soft 
engineering (Cooke et al., 2012; Waryszak et al., 2021). Nevertheless, 
hard interventions, based on building costal defence structures are not 
fully effective or cost-effective, since their construction is costly; they 
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require frequent maintenance and monitoring, and they have consid-
erable effects down the coast (Sane et al., 2007; Saponieri et al., 2018; 
Schoonees et al., 2019). In addition, coastal habitats could be effective 
strategies for risk reduction besides providing other valuable ecosystem 
services (Josephs and Humphries, 2012; Cheong et al., 2013; Reguero 
et al., 2018. 

Therefore, new management strategies such as nature based solu-
tions (e.g. Temmerman et al., 2013; Keijsers et al., 2015; van 
Loon-Steensma, 2015; Vuik et al., 2016), transient measures (e.g. 
García-León et al., 2015; Sánchez-Arcilla et al., 2016), mandated set-
backs to allow the shoreline to recede naturally (e.g. Cooke et al., 2012; 
Williams et al., 2018) or managed retreat of infrastructure under threat 
(e.g. Nordstrom et al., 2015; Williams et al., 2018; Doberstein et al., 
2019) are starting to be considered as management alternatives. 

Beach scraping is a transient measure used to protect infrastructure 
against extreme weather events (e.g Carley et al., 2010; Smyth and Hesp, 
2015). However, this measure may lead to over steepening of the beach 
and increased erosion as a consequence of the reduction in beach width 
in the case of large storms (Cooke et al., 2012). 

User demand is mainly focused on the preservation or creation of 
emerged beach, which usually is carried out through beach nourishment 
(Pinto et al., 2020; Elko et al., 2021). The beach fill is carried out with 
sediments that can be obtained from external “borrow” sites; the same 
sediment compartment or littoral cell or scraped across the beach 
(Cooke et al., 2012). This soft engineering strategy is the preferred 
management option by many agencies since it prevents the adverse ef-
fects of hard structures on water quality and beach amenities (Perkins 
et al., 2015). However, beach nourishment projects have different levels 
of success, assessed by loss rates, volumetric rates, required refill in-
tervals and fulfillment of project goals (Cooke et al., 2012; Elko et al., 
2021). 

Beach nourishment implies the use of compatible sediments (Pran-
zini et al., 2018) since the use of external littoral sediment sources 
frequently is associated with different granulometric distributions, 
which produce changes in the beach features and morphology (e.g. sand 
colour or beach slope), thus being less effective interventions (Aragonés 
et al., 2015; Chiva et al., 2018). Consequently, it is necessary to optimize 
the interventions, identifying those areas that can be sediment sources, 
assessing the different extraction possibilities to maximize the volume 
mobilized and, at the same time, minimize the impacts in the extraction 
zone. 

In this way, the sediment existing in the emerged part of the beach 
remains more stable, producing less morphodynamic changes in the 

beach (Grasso et al., 2011). Therefore, the transfer of sediments (in 
particular those located in the emerged zone) within the same littoral 
cell, from an accreting to an eroding beach, may minimize the impacts of 
nourishment projects associated with different sediment granulometries 
(Chiva et al., 2018; López et al., 2018). 

This paper presents a methodological framework for selecting, 
within a littoral cell, the best potential sources of sediment to perform 
beach fills. The aim is to develop a coastal management strategy that can 
be used to increase the probability of success of such interventions. As an 
example, the methodology is applied to a stretch of the Catalan coast 
(NW Mediterranean) to illustrate its potential. The results show the 
feasibility of using sand transfer between beaches within the same 
littoral cell as an effective coastal management tool. The main benefits 
of the proposed methodology are the use of terrestrial means (bull-
dozers, trucks, etc.) instead of dredges, lower environmental impact 
(particularly on benthic communities), extension of the time interval 
between two beach refills and, ultimately, lower costs. 

2. Study area 

The analysed coastal fringe is located in the vicinity of the city of 
Barcelona (NW Mediterranean), between the Llobregat river mouth to 
the NE and the marina of Port Ginesta to the SW (Fig. 1). This 18 km long 
coastal stretch is formed by fine sandy beaches with an emerged mean 
grain size diameter of about 0.23 mm being coarser at the NE (0.31 mm) 
and finer at the SW (0.22 mm). The average emerged beach width is 
about 95 m, 2.5 times greater than the mean value for the region (CIIRC, 
2008). However, at the central and northern part of the unit a significant 
narrowing is observed in such a way that it has lost its ability to protect 
the backshore. 

The yearly mean offshore significant wave high for the area is about 
0.8 m with an associated peak period of 6 s (Bolaños et al., 2009). The 
mean wave climate shows a clear seasonal variability with low wave 
heights in summer, when there is the highest beach demand from users, 
and highly energetic events mainly concentrated in winter, when the 
beach takes a protection role. Storms mainly come from the ENE-E and S 
sectors, with a highest recorded offshore significant wave height of 5.2 
m and peak periods of up to 15 s. The astronomical tidal range is very 
low, smaller than 0.3 m (Sánchez-Arcilla et al., 2006), however, storm 
surges can reach values of up to 0.6 m. 

The studied beaches form the southern stretch of the Llobregat delta 
and present two clear shoreline alignments: a high wave exposed coast 
in the NE half and a more protected area in the SW part. The littoral drift 

Fig. 1. Study area. Red arrows indicate emerged width narrowing. White arrow shows the sand back pass management strategy followed in the area during the last 
10 years. d50 is the mean grain size diameter at the emerged beach. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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is governed by two main wave directions: the E-ESE component, the 
most energetic, and the southern directions. The net longshore sediment 
transport pattern is to the south, with high transport values in the 
exposed area and small rates at the southern part where the cross-shore 
dynamics dominates (CIIRC, 2008). 

The expansion of the harbour of Barcelona required modifications to 
the last reach of the river course which was artificially shifted towards 
the south. A long jetty was also constructed, reaching 8 m in depth, to 
prevent the sediment settling at the river mouth, lowering the risk of 
flooding of the deltaic plane where the airport of Barcelona is located. 
The harbour of Port Ginesta has its entrance at 4 m depth, very shallow 
when is compared with the depth of closure in the study area, which is 
about 8.5 m; because of this a short groin leaning on the breakwater has 
been constructed to prevent siltation at its entrance. These two main 
features, the harbour and jetty at the NE and the harbour and groin at 
the SW define an almost closed littoral cell from a sediment transport 
point of view. 

The area is characterised by two coastal archetypes: a semi-natural 
environment at the NE and a typical urban littoral with a seafront 
promenade and urbanized area backing the beach at the SW. A sand by- 
pass strategy was adopted to preserve the area in such a way that 
sediment is yearly dredged near Port Ginesta, and deposited in the 
northern beaches. During the last 10 years, almost 1 million m3 of sand 
have been recycled to compensate for the natural drift. However, the 
sediment dredged in the prodelta has been revealed as too fine to remain 
on the nourished beaches for a long time and insufficient to recover the 
intense shoreline retreat that is experiencing the central part of the unit. 

3. Material and methods 

3.1. Sand source management alternatives 

Beach nourishment frequently involves the use of sediments that are 
not fully compatible with the beach being managed because they are 
imported from outside the littoral cell and have a different granulo-
metric distribution. Another beach management strategy, beach 
scraping, uses sand from the intertidal zone that is moved by mechanical 
means to the upper beach, trying to mimic the natural beach recovery 

processes, although it increases the recovery rate compared to such 
processes (Carley et al., 2010). In addition, it may have other adverse 
effects as the aforementioned over steeping of the beach and increased 
erosion (Cooke et al., 2012). 

The proposed methodology consisted of a historical analysis of the 
shoreline evolution to determine the trend (accretion or erosion) of the 
different stretches of the analysed beach. This helped to identify, in a 
certain littoral cell, the zones experiencing erosion and the sectors where 
there was accretion. These sectors are the areas where there is an excess 
of sediment and, therefore, are more prone to act as borrow areas to 
provide sediments to the erosive stretches. Second, several extraction 
strategies were proposed to transfer sediment from the accretion areas to 
erosive ones, but only considering the emerged beach. This guaranteed 
the compatibility of the sediment since it was located in the same littoral 
cell and had similar granulometry. In addition, the expected ecological 
impacts of such interventions are much smaller than those caused by 
usual beach nourishment, since they do not have effects on benthic 
communities. Finally, the suitability of different extraction alternatives 
was analysed simulating their hydro-morphodynamic response under 
storm conditions by using two numerical models. This allowed us to 
determine the best extraction configuration that would produce the least 
impact (in terms of flooding and erosion) in the borrow area. Fig. 2 
shows a flowchart of the framework presented in this work. 

To illustrate this methodology, it was applied to a case study located 
on the Catalan coast (NW Mediterranean). In this particular case and, in 
order to limit the magnitude of the analysis, three specific extraction 
measures were studied. In other cases, a different configuration or 
number of choices could be used, but the proposed methodological 
framework would be the same. 

The three proposed extraction alternatives were (see Fig. 3): I) a 
trench 40 cm deep along the area between the sand dune and 15 m from 
the shoreline, II) a trench 70 cm deep along the area between the sand 
dune and 15 m from the shoreline and III) sand extraction from the 
present shoreline to the shoreline that existed in 2004. 

These alternatives were defined considering it essential that they 
were located on the emerged beach, to facilitate the extraction opera-
tions. Alternative I and II involved a trench and they were based on a 
pilot intervention carried out at the study area in 2017. Alternative III 

Fig. 2. Flowchart of the proposed methodology. The dashed line indicates that this step in not included in this study.  
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was based on the assumption that the swash zone sediment was the most 
suitable from a morphological point of view, i.e. it had the ideal particle 
size distribution to remain in the swash zone at the refilled area and, 
consequently, it would generate a more lasting emerged width. 

3.2. Sediment source identification 

To identify the potential sediment sources, it was necessary to 
analyse the mid-term shoreline evolution along the littoral cell studied 
(Llobregat – Port Ginesta). To do this, a series of orthophotos collected 
from the Institut Cartogràfic i Geològic de Catalunya (ICGC), the gov-
ernment agency that provides information on geodesy, cartography and 
geography at regional level, was used. The orthophotos were obtained 
during flights carried out in 2004, 2006, 2008, 2009, 2010, 2011, 2012, 
2013, 2014, 2015, 2016 and 2017 and published as orthophotomaps as 
World Map service (WMS) and UTM projection at a scale of 1:5000. The 
shorelines were digitized using a geographic information system (Arc-
GIS10.5), considering as shoreline the last point of the emerged beach 
wetted by waves at the time of the photo. 

When obtaining the coastal evolution from the comparison of 
shoreline positions, the sources of error must be identified to ensure a 
level of accuracy. These sources are, firstly, the accuracy of the photo-
grammetry, which in this case, was 1 m in horizontal and 1.5 m in 
vertical. The second source of error is related to the selected definition of 
the shoreline, which depends on the location of the sea level at the 
instant of the photo and the foreshore slope. Assuming a maximum error 
of 0.5 m in the sea level (Jiménez et al., 2012), the maximum possible 
errors (considering both error sources) are indicated in Table 1. These 
values are of the same order of magnitude as other similar studies 
(Anders and Byrness, 1991). 

To analyse the historical evolution of the shoreline between 2004 
and 2017, the computational tool Digital Shoreline Analysis System 
(DSAS) was used. It was developed by the U.S. Geological Survey (USGS) 
(Himmelstoss et al., 2018) and is available in ArcGIS 10.5. It allows the 
user to obtain the evolutionary state (erosive or accretive) for the years 

considered, by means of a linear regression. The DSAS was applied using 
a transect spacing of 50 m that was deemed sufficient to analyse the 
evolution along the whole littoral cell. With this strategy, the trend of 
each studied stretch was obtained, determining if it was losing sand and, 
therefore, needed to be nourished, or if it was accumulating sand in 
excess and could borrow it. 

3.3. Numerical modelling strategy 

The last step in the methodological framework developed was the 
numerical modelling of the hydrodynamic and morphodynamic pro-
cesses in the nearshore area, to determine beach response to storm 
conditions. This was done using two different numerical models: the first 
one simulated wave propagation from deep water to shallow water, 
while the second model used the results of the previous model to 
reproduce hydrodynamics and morphodynamics in the nearshore area. 

Wave propagation was carried out using the SWAN model (Booij 
et al., 1999; Ris et al., 1999), a 3rd generation model which describes 
spectral energy distribution considering wind, currents and bathymetry. 
It can simulate interactions and transformations experienced by waves 
during propagation: refraction due to bottom and currents, shoaling, 
wind effects, whitecapping, depth induced wave breaking, bottom fric-
tion and non-linear wave-wave interactions. 

The results of the SWAN model in the nearshore area were used as 
input by the XBeach model (Roelvnik et al., 2009), a 2D horizontal 
model that solves equations for flow, surface waves, sediment transport 
and bed evolution. It is used to obtain beach response to hydrodynamic 
forcing, including sediment erosion or accretion and flooding. The 
model also works with the wave action balance equation, that solves the 
propagation and decay of short waves. Flows are computed by solving 
the nonlinear shallow water equations. 

To implement the modelling strategy, the application of SWAN was 
carried out in a larger region, with the aim of avoiding interactions 
between waves and boundary conditions in the areas of interest. XBeach, 
due to its computational requirements, was applied to a smaller domain 
and needed a very precise bathymetry to obtain more realistic erosion 
and flooding results. The topographic information to generate the digital 
elevation model can be freely downloaded from the ICGC webpage (htt 
p://www.icc.cat/vissir3/). It has a spatial resolution of 2 m. Bathy-
metric information was built from digitalized nautical charts and 
cartographic data at a scale of 1:1000 from the Area Metropolitana de 
Barcelona (AMB), which is the institute in charge of infrastructures and 
planning in the metropolitan territory of Barcelona. 

The mesh used to discretize the computational domain is of the 
curvilinear type, with variable density, which allows a better capture of 
the digital elevation model trends with a lower number of nodes. To 
reduce the computational cost without losing spatial resolution a nesting 
of two meshes was carried out. The SWAN model was applied to a large 
area (18,500 m x 19,000 m) covering the entire littoral cell, while the 
computational domain of the XBeach model was smaller (4000 m x 
2500 m), because it is focused on the extraction site. Urbanized areas 
were considered rigid zones that could not be eroded. These models had 
been calibrated in the study area in a number of previous studies (Alo-
mar, 2012; Gracia et al., 2013; Pallarés, 2016). 

Fig. 3. Sketch of the sand alternatives proposed. (a) and (b): Trench between 
the sand dune and 15 m from the shoreline, corresponding to scenarios I and II. 
(c): Extraction between the present shoreline and the one that existed in 2004. 

Table 1 
Maximum errors obtained in the assessment of the shoreline position.  

Beach Foreshore slope (%) Maximum error (m) 

Les Botigues 6 9.33 (1.00 + 8.33) 
Castelldefels 8 7.25 (1.00 + 6.25) 
Gavà 25 3.00 (1.00 + 2.00) 
Viladecans 5 11.00 (1.00 + 10.00) 
El Prat 7 8.14 (1.00 + 7.14)  
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4. Results 

4.1. Mid-term shoreline evolution 

In Fig. 4 DSAS results show the shoreline evolution in the littoral cell 
from 2004 to 2017. Table 2 summarizes the main parameters of this 
evolution. Two clear evolution trends can be observed: erosion in El Prat 
de Llobregat (except in the central stretch and the sector attached to 
Llobregat river mouth), Viladecans and Gavà beaches and accretion in 
Castelldefels beach and in Les Botigues de Sitges beach (except the area 
attached to Port Ginesta). 

In the NE stretch of the littoral cell, Barcelona harbour and Llobregat 
river mouth are obstacles for longshore sediment transports acting as 
groins resulting in sediment accumulation immediately downstream and 
erosion towards the SW. Another remarkable feature of the shoreline 
evolution is the larger erosion in the area of El Prat de Llobregat and 
Viladecans due to the change of shoreline orientation. This beach 
stretch, is very prone to experience erosive behaviour due to this change 
in coastal direction and, as a consequence, to its exposition to storms 
from the East, which are the most energetic in this region. The eroded 
sediment and sediment carried by the Llobregat river accumulate 
downstream in Castelldefels beach. 

Attached to the river mouth, El Prat de Llobregat beach did not show 
a significant change in its evolutionary trend (which is predominantly 
erosive with the aforementioned exceptions) in the period 2004–2017 
compared to 1957–2004. The only relevant change is an increase in the 
average accretion rate in two stretches of the beach as a consequence of 
the accumulation caused by sediment trapped upstream. The average 
erosion rate has remained around 2 m/year since 1957. 

Viladecans beach has changed its previous accretive character to an 
erosive behaviour, along most of the beach (about 90% of its length). It 
shows progressive erosion over time (at an average rate of about 1 m/s 
in both periods), except in some episodes of sand nourishment, The 
comparison of shoreline evolution showed that the Barcelona harbour 
expansion and the new location of the Llobregat river mouth have 
caused a fast change in the evolutionary status of the beach, from ac-
cretion (66% of the beach length in 1957–2004) to erosion. 

Results obtained in Gavà beach in the period 2004–2017 are very 
similar to those from period 1957–2004, with a prevailing erosive 
behaviour. The most relevant feature is that the average erosion rate has 

decreased by half and the average accretion rate has slightly increased. 
This is because the western part of the beach (that attached to Cas-
telldefels beach) has an orientation W-E and, therefore, it is not exposed 
to the most energetic storms. 

Meanwhile, Castelldefels beach shows a great change in the shore-
line evolution between the two periods analysed. Between 1957 and 
2004 the beach had two clearly differentiated zones: one erosive 
(average rate equal to 0.9 m/year) and another accretive (average rate 
equal to 0.7 m/year). Conversely, between 2004 and 2017, there are no 
longer erosion zones and, along the entire beach, sediment accumulates 
at an average rate of 2.03 m/year. 

Two different sectors can be distinguished in this beach. Sector 1 
(located in the western part) occupies three quarters of the total beach 

Fig. 4. Shoreline evolution in the littoral cell “Port Ginesta – Barcelona harbour” between 2004 and 2017. The names in yellow correspond to the municipalities 
existing in the littoral cell and are used to delimitate its different beach stretches. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Table 2 
Main parameters of shoreline evolution of the different beaches in the studied 
littoral cell for the period 2004–2017. Figures for the period 1957–2004, ob-
tained from CIIRC (2008), in parentheses.  

Parameter Botigues 
de Sitges 

Castelldefels Gavà Viladecans El Prat de 
Llobregat 

Erosion zone 
length (m) 

630 (414) 0 (1738) 2283 
(2494) 

1998 
(745) 

3908 
(3131) 

Maximum 
erosion (m) 

− 2.05 0 − 0.75 − 2.61 − 3.34 

Minimum 
erosion (m) 

− 0.43 0 − 0.03 − 0.42 − 0.10 

Average 
erosion rate 
(m/year) 

− 1.3 
(− 0.5) 

0 (− 0.9) − 0.4 
(− 0.8) 

− 1.04 
(− 1.1) 

− 1.96 
(− 2.2) 

Accretion 
zone length 
(m) 

800 
(1016) 

4284 (2546) 1078 
(867) 

200 
(1453) 

1160 
(1615) 

Maximum 
accretion 
(m) 

+2.59 +4.85 +1.1 +0.38 +4.85 

Minimum 
accretion 
(m) 

+0.37 +0.93 +0.17 +0.08 +0.11 

Average 
accretion 
rate (M/ 
year) 

+1.29 
(+0.9) 

+2.03 
(+0.7) 

+0.7 
(+0.5) 

+0.27 
(+1.4) 

+2.34 
(+1.8) 

Evolutionary 
state 

Erosion/ 
Accretion 

Accretion Erosion Erosion Erosion  

V. Gracia et al.                                                                                                                                                                                                                                  



Journal of Environmental Management 296 (2021) 113207

6

length, its accretion rate is greater than 1.5 m/year, reaching a 
maximum value of 4.85 m/year. In Sector 2 (eastern part of the beach) 
the average accretion rate is less than 1.5 m/year, with a minimum value 
equal to 0.93 m/year. 

In les Botigues de Sitges beach, Port Ginesta marina blocks the 
sediment transport and then hydrodynamic processes move the sand 
eastwards. In the period 2004–2017, the beach evolution trend is similar 
to that of the period 1957–2004, although the area affected by accretion 
slightly decreased while the eroded area increased. In addition, both 
erosion and accretion rates increased significantly, as a consequence of 
the construction of maritime infrastructures. 

In summary, longshore sediment transport dynamics shift sediment 
from Les Botigues de Sitges, Gavà, Viladecans and el Prat de Llobregat to 
Castelldefels beach, which since 2004 has been gaining terrain to the 
sea. 

Once the evolutionary behaviour of beaches included in the littoral 
cell had been analysed, Sector 1 from Castelldefels beach was selected as 
the most suitable zone to carry out sand extraction due to its large 
accretive nature. In order to minimize possible negative effects of the 
proposed extraction alternatives, an evolutionary rate greater than 1.5 
m/year was considered a necessary condition for the extraction zone. 

The next step was to analyse if in the selected borrow area (Section 1 
of Castelldefels beach) sand extraction was possible and under which 
conditions (volume extracted and geometry), so that the beach can 
continue performing its protection function. This was done through 
numerical modelling as described in the next section. 

4.2. Wave propagation 

The local extreme wave climate was obtained from a wave buoy 
located in front of Barcelona harbour and managed by the Spanish Port 
Authority (Puertos del Estado). Three levels of storminess were 
considered, corresponding to return periods (TR) of 1, 5 and 25 years. In 
addition, the considered wave directions were those affecting the ana-
lysed littoral stretch: SE, SSE, S and SSW. Waves from the E were not 
considered because their crests reach the shoreline almost perpendicular 
to it and, therefore, they generate a negligible sediment transport. In 
Table 3, all the wave conditions considered in the study are shown. 

Another variable that had to be taken into account was the mean 
water level. The combined effects of astronomical tides and storm surges 
can produce an increase in the mean water level that can lead to non- 
negligible quantities, particularly under storm conditions. Therefore, 
three different sea levels (SL) were considered for each wave condition, 
taking into account data provided by the tidal gauge located within 
Barcelona port and also managed by Puertos del Estado. These sea levels 
are 0 m (which means that the simulations are carried out with the 
current mean water level), 0.40 m (which is the median of the data 
recorded by the tidal gauge) and 0.88 m (which is a value close to the 
maximum data recorded by the tidal gauge). Each combination of wave 
conditions and water levels was simulated for 4 scenarios, one corre-
sponding to present beach conditions (baseline) and the other three to 

the different sand extraction alternatives presented in Section 3.1. In 
summary, a total of 144 simulations were performed (12 wave condi-
tions x 3 water levels x 4 scenarios). Each simulation was run for 6 h 
which, is a consistent average value of storm duration in the Mediter-
ranean Sea (Grases et al., 2020). 

In this Section, some examples of wave propagation results obtained 
by applying the SWAN model (described in Section 3.3) are presented. 
The figures corresponding to these results are plotted, for each scenario, 
at two different scales (whose domains are shown in Fig. 5): one at 
littoral cell scale and the other at local scale, this last covering the sand 
extraction area. 

In Fig. 6a-d, the wave fields generated in the littoral cell by storms 
corresponding to a return period of 25 years, four wave directions (see 
Table 3 for wave parameters used) and a water level of 88 cm are shown. 
Isobaths are represented together with wave heights in the nearshore 
area. 

Beaches forming that littoral cell have a very smooth slope and show 
a dissipative behaviour. Significant wave height remains unchanged 
until a depth (depending on the wave period) at which the shoaling 
appears, which combined with bottom friction dissipates wave energy. 
When waves reach the breaking zone they start to lose energy, with 
progressively decreasing wave height until the shoreline. 

Areas where shoaling, refraction and breaking appear depend on the 
return period considered and, therefore, the storm magnitude. The 
longer the return period the higher the wave height and length and, as a 
consequence, shoaling starts farther from the shoreline. For example, a 
storm with a return period of 25 years (Hs = 2.89 m) starts to modify its 
wave height at a depth of 40 m depth and it breaks at a depth of 4 m. 

Wave direction is also an important factor in refraction and breaking. 
Storms coming from the S and SE have the same wave height and return 
period, but waves begin to dissipate energy at higher depths in storms 
coming from the SE. This is due to the oblique incidence of waves 
coming from SE, which are more refracted as they approach the shore-
line, losing part of their energy during the refraction process. On the 
other hand, waves coming from the S are nearly perpendicular to the 
beach, so they are not refracted. Consequently, although both storms 
differ only in wave direction when they are offshore, waves coming from 
the SE reach the beach with lower heights. 

Fig. 7a-d, represents wave height distribution in the nearshore area 
around the sand extraction zone. In these plots, wave height gradients 
were observed alongshore, especially between 12 m and 4 m deep. This 
effect could be due to the high-resolution bathymetry, which provides 
an accurate description of the seabed, where isobaths are not always 
strictly parallel to the shoreline, forming wavy lines. 

4.3. Morphodynamic beach response 

4.3.1. Present situation 
Fig. 8 represents the morphodynamic beach response in potential 

areas of flooding, erosion and sediment accumulation as a consequence 
of a 6-h storm (SSW direction, return period of 25 years and SL of 0.88 
m), considering the present beach conditions. This corresponds to sim-
ulations carried out using the Xbeach numerical model. 

Results demonstrate how sea level, as a combination of wave set-up 
and astronomical and meteorological tide, caused a width decrease 
along the beach. Flooding was located between the 0 m isobath, which 
defines the initial shoreline with respect to the mean water level (MWL), 
and the 1 m contour line. Nevertheless, no additional areas were flooded 
by wave action and wave set-up was, in this case, practically imper-
ceptible given the dissipative behaviour of the beach. 

Regarding erosion and accumulation, there was a clear predomi-
nance of cross-shore sand transport following the natural defense 
mechanism of the beach, which consists of erosion between the surf zone 
and the beach area affected by flooding, formation of a longitudinal sand 
bar in the submerged beach (whose objective is to protect the beach 
generating wave breaking farther from the shoreline), and a berm in the 

Table 3 
Wave conditions considered in the study.  

TR (years) Direction Hs (m) Tp (s) 

1 SE 1.07 5.3 
1 SSE 1.02 5.2 
1 S 1.07 5.3 
1 SSW 1.34 5.8 
5 SE 2.30 7.2 
5 SSE 2.19 7.1 
5 S 2.30 7.2 
5 SSW 2.97 7.9 
25 SE 2.89 7.9 
25 SSE 2.75 7.8 
25 S 2.89 7.9 
25 SSW 3.61 8.6  
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emerged beach (whose aim is to reduce wave impact and flooding). 
Therefore, in this case, the beach response followed the typical behav-
iour of a dissipative beach under storm conditions. 

4.3.2. Alternative I 
Fig. 9 displays the results of the Xbeach numerical model corre-

sponding to Alternative I, a 0.4 m deep trench. Model outcomes show 
increased flooding of the emerged beach at the western region close to 
Port Ginesta when considering a sea level of +0.88m. 

The most important floods took place when wave heights were 
greater (SSW storms). In this case, flooding occurred behind the area 
where the dunes are located. Another observed phenomenon was 
overwash, which generated connection channels between the sea and 
the sand extraction location during periods of flooding (Fig. 9a and b). 
Such channels could concentrate beach erosion and, in this sense, in-
crease flood and erosion hazards. 

The same pattern was observed in Figs. 9–11 when comparing 
sediment erosion and accretion after sand extraction with those of the 
present beach scenario. There was an increase in the sediment transport 
magnitude, both in the emerged and submerged parts of the beach. The 
most relevant differences were observed in the western location of the 
study area due to its greater vulnerability. In addition, in SSW storms, 
deposition of sand in the emerged beach could be observed. 

4.3.3. Alternative II 
Results obtained after the extraction of 70 cm of sand along the 

trench (Alternative II) showed a worse situation (Fig. 10). Flooded area 
became larger than in Alternative I and the number and size of overwash 
currents increased. In addition, in SSW storms the flooded areas were 
enlarged in such a way that more than half of the emerged beach was 
completely flooded by water. 

In this case, the flooded area reached the seaside promenade 
(Fig. 10). Thus, it is important to remember that the action of individual 
waves is not represented by the model, which propagates the significant 
wave height. Therefore, it must be taken into account that individual 
waves could reach the promenade and the urbanized area causing 
serious damages. 

Regarding sediment transport, the same type of behaviour than in 
the previous case was observed. The most significant change was found 
in the sediment deposited by washover. By increasing the number of 

overwash currents, the amount of sediment returned to the extraction 
site was, in this case, greater. As a consequence, the amount of sand 
deposited in the bar was less, reducing its protective function. 

4.3.4. Alternative III 
Fig. 11 represents the results of flooding and morphodynamic evo-

lution in the case of an extraction of sand that returns the shoreline to its 
location in 2004 (Alternative III). This scenario is the only one in which 
the beach response is very similar to the present situation. The gentle 
slope built during the extraction, combined with keeping the large width 
of the beach preserves the protection function. 

The beach in 2004 was already able to offer a good response to 
storms. Therefore, a return to the same condition does not change its 
protection function. The only significant difference is the retreat of the 
berm in comparison with the present situation. In SSW storms a larger 
beach response can be observed, especially in the central zone. 

5. Discussion 

The results presented in the previous section are at event scale 
because extreme events entail the worst damages in coastal areas 
(Sánchez-Arcilla et al., 2011; Grases et al., 2020). To determine which 
sand extraction alternative was the best, the beach response to different 
events was analysed and compared to the present situation and proposed 
management strategies. 

5.1. Present situation 

For the present situation, even in the worst cases (greater wave 
height and SL), the flooded area was limited to the stretch between the 
shoreline and the height +1 m. This is because, under these conditions, 
the beach responds appropriately to storms, generating a berm (with 
larger dimensions in the western side of the beach) that contributes to its 
protection, stopping the advance of the flooding and preventing erosion. 
The response was practically the same for all the storms considered. 
Therefore, the present beach, when subjected to extreme events that 
include a decrease of its foreshore width due to the raise of the sea level 
(caused by the combination of storm surge and tide) does not increase its 
vulnerability. 

The amount of eroded sediment was strictly related to the storm 

Fig. 5. Domains in which wave propagation results are depicted.  
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intensity, as could be expected. Results showed that greater return pe-
riods gave rise to larger sizes and volumes of the erosion and accumu-
lation zones. 

Another observed feature of the beach response was the appearance 
of rip currents, which were caused by wave height gradients; a conse-
quence of bathymetric irregularities. These stronger currents intensify 
erosion generating channels, as shown in Fig. 12. The magnitude of the 
currents is strongly related to the storm intensity, so that the greater the 
wave height the larger the erosion. 

5.2. Alternative I 

In the case of sand extraction by means of a 40 cm deep trench, there 

were some differences in the beach response with respect to the present 
situation, according to Xbeach model results. The main difference was 
the appearance of additional zones of the emerged beach that were 
flooded, in particular when the SL raised 0.88 m due to tide and storm 
surge. In S, SE and SSE storms the flooded zone was less extended, 
forming independent unconnected areas. Conversely, SSW storms, 
which had the highest waves, entailed the largest flooded surface, even 
inundating part of the dune sector. Such flooding had a great impact on 
the beach ecosystem, because it could cause vegetation to disappear due 
to drowning. Another observed process for SSW storms was overwash, 
which opened connection channels between the sea and the sand 
extraction area flooded by the storm (Fig. 9a and b). This established a 
continuous flow exchange with an area that should not be exposed to 

Fig. 6. Distribution of significant wave height in the littoral cell for storms with a return period of 25 years and a water sea level of 88 cm. Wave directions: (a) SSW, 
(b) S, (c) SSE, (d) SE. 

V. Gracia et al.                                                                                                                                                                                                                                  



Journal of Environmental Management 296 (2021) 113207

9

water entrance, because this could enhance flooding and erosion hazard 
and negative impacts on vegetation. 

For other SL values modelled, the flooded area was negligible as in 
the case of the present beach situation. This means that the beach could 
withstand SL raises up to 40 cm due to the safety fringe of 15 m left 
between the shoreline and the trench. 

In terms of accretion/erosion, beach evolution followed the same 
pattern as in the present situation, although with differences in the 
magnitude. The most remarkable contrast with respect to the present 
situation (Fig. 13a, for SSW storms) was a larger sediment deposition in 
the dune zone for the sand extraction case and a different, patchy dis-
tribution of the bottom evolution between both cases. One of the main 
observed features was the formation of a more discontinuous submerged 

bar between depths of 3 m and 6 m in the western part of the beach. For 
storms with other directions, the observed patterns of accretion/erosion 
were similar although the magnitude of sediment transport was smaller 
for S and SSE storms and even lower for those of SE. 

5.3. Alternative II 

The results obtained by the Xbeach model after sand extraction using 
a 70 cm deep trench (Alternative II) showed a worse beach response to 
storms than in the previous case (Alternative I, 40 cm deep trench), in 
particular if a SL rise (due to tide and storm surge) of 88 cm is consid-
ered. The flooded area was larger, in particular at the western side of the 
beach and the overwash currents increase in number and size. For the 

Fig. 7. Distribution of the significant wave height in the sand extraction area (Castelldefels beach) for storms with a return period of 25 years and a water sea level of 
88 cm. Wave directions: (a) SSW, (b) S, (c) SSE, (d) SE. 
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most energetic storms (SSW), large sectors of the central part of the 
extraction area were flooded and water reached the seaside promenade 
on the western side. 

With respect to bottom evolution, the obtained results showed 
similar behaviour to the previous case, although the volume of sand 
deposited in the extraction area was larger due to the more intense 
overwash process. In other areas, the differences with respect to the 
present situation were smaller than for the 40 cm sand extraction case 
(Fig. 13b). This was probably a consequence of the greatest flooding and 
sand deposition in the extraction area, which left less sediment available 
for the formation of the submerged bar. For S, SE and SSE storms the 

differences with respect to the present situation were smaller. 

5.4. Alternative III 

Finally, for a sand extraction made by returning the shoreline to its 
2004 position (Alternative III), the beach response to storms (Xbeach 
model results) was very similar to that of the present situation. The mild 
slope left when the extraction was carried out, combined with the large 
width that the beach still conserves and the fact that the present 
emerged beach level has not been reduced, preserve the beach protec-
tion function. This is because the beach already offered a good response 

Fig. 8. Xbeach numerical model results showing the effects of a storm from the SSW corresponding to a return period of 25 years and a SL of 0.88 m for present 
conditions. (a): flooded area; (b): changes (in m) in sea bottom due to erosion (negative values) and accretion (positive values). 

Fig. 9. Xbeach numerical model results showing the effects of a storm from the SSW corresponding to a return period of 25 years and a SL of 0.88 m for sand 
extraction with a trench of 40 cm alongshore (Alternative I). (a): flooded area; (b): zoom of the most flooded area; (c): changes (in m) in sea bottom due to erosion 
(negative values) and accretion (positive values); (d) zoom of the area with the largest bottom changes. 
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to storms in 2004. In the present situation, its width has been increased 
due to sand deposition coming from other stretches of the littoral cell. 
When returning to conditions practically identical to those of that year, 
its protection function has not changed, offering a similar response to 
the combined action of waves and higher sea levels. In addition, there 
were no flooded areas in the stretch where the sand extraction was 
carried out (except the area occupied by the higher SL). The main 
observed difference was a slight retreat of the beach with respect to the 
present situation. 

When comparing the bottom evolution between this sand extraction 
alternative and the present situation, the differences were not significant 
for S, SE and SSE storms. For SSW storms (Fig. 13c) the differences were 

more noticeable, particularly in the central stretch of the study area. 
In all analysed sand extraction alternatives there was always one 

sector where the morphological response was more intense: the western 
boundary of the study area, the closest to Port Ginesta marina. This is 
because the topographic analysis shows that the elevation levels there 
are lower than on the opposite side of the study area; the result of a 1918 
law, which carried out wetland drying for health and agricultural rea-
sons. Therefore, due to its lower elevation, this area is going to experi-
ence a greater impact if sand extractions are carried out by making a 
trench (40 cm or 70 cm) that lowers further the emerged beach level. 

In summary, the model results showed that, among all the proposed 
sand extraction alternatives, the one offering a better beach response to 

Fig. 10. Xbeach numerical model results showing the effects of a storm from the SSW corresponding to a return period of 25 years and a SL of 0.88 m for sand 
extraction with a trench of 70 cm alongshore (Alternative II). (a): flooded area; (b): zoom of the most flooded area; (c): changes (in m) in sea bottom due to erosion 
(negative values) and accretion (positive values); (d) zoom of the area with the largest bottom changes. 

Fig. 11. Xbeach numerical model results showing the effects of a storm from the SSW corresponding to a return period of 25 years and a SL of 0.88 m for sand 
extraction between the present shoreline and that of 2004 (Alternative III). (a): flooded area; (b): changes (in m) in sea bottom due to erosion (negative values) and 
accretion (positive values). 
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storms in the sand extraction zone was the third one, consisting of using 
the sand accumulated between 2004 and the present to nourish the 
eroded stretches of the beach. This Alternative III, in case of severe 
storms (with high waves and the associated sea level raise due to storm 
surge and tide) does not entail flooded areas in the emerged beach 
(except that corresponding to the higher SL). These flooded areas can 
generate strong impacts on the existing vegetation and can make easier 
for waves to reach the seaside promenade, generating damage in the 
urbanized area. In addition, conversely to what occurs in Alternatives I 
and II, in Alternative III there are not channels connecting the sea and 
the flooded area. These channels can become preferred lines of erosion, 
that could even affect buried infrastructure such as pipes. Therefore, 

among all the management options for extracting sediment to fill the 
eroded beach sectors, Alternative III is preferable since it will generate 
less impact in terms of beach flooding and erosion. 

5.5. Implications for coastal management 

Although the results presented here correspond to a particular case 
study, this example illustrates how the proposed methodology is useful 
for selecting the best management alternative in sites where beach 
nourishment will be carried out through the recycling of sediment from 
the same littoral cell. The combination of an accurate analysis of the 
shoreline evolution in the different stretches of the littoral cell (to 

Fig. 12. Morphodynamic changes (in m) generated by a storm from the SE corresponding to a return period of 25 years and a SL of 0.88 m for the present situation. 
The changes in the sea bottom due to erosion have negative values and due to accretion have positive values. Red ellipses indicate areas where rip currents appear, 
increasing erosion. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 13. Differences in beach response (in m) between the different alternatives of extraction and the present beach condition for a storm from the SSW corre-
sponding to a return period of 25 years and a SL of 0.88 m. (a): sand extraction with a trench of 40 cm alongshore (Alternative I); (b): sand extraction with a trench of 
70 cm alongshore (Alternative II); (c): sand extraction between the present shoreline and that of 2004 (Alternative III). 
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identify possible sources for sediment borrowing) plus the use of hydro- 
morphodynamic numerical models (to simulate the beach response to 
storms of the different extraction alternatives proposed) allows refining 
of the management strategy. The selection of the best alternative is made 
by choosing the one that offers a better response to storms in terms of 
flooding and erosion without losing the protection function of the beach. 

The proposed methodology can be applied to other places with 
similar problems, e.g. a well-defined littoral cell where some stretches 
present erosion and other accretion. The recycling of sediments depos-
ited in areas with significant and sustained accretion will allow, on the 
one hand, filling of the eroded sector, recovering its previous configu-
ration and solving the problem in the short and medium term. On the 
other hand, the borrow sediment zone will retain a configuration that 
will enable it to withstand severe storms. This illustrates the feasibility 
of using sand transfer between beaches within the same littoral cell as an 
effective means for coastal management. 

Due to the timescale (short-medium term) of the processes involved 
in this methodology, other processes involving long-term timescales, 
such as sea level rise due to climate change, were not considered. This is 
because the level differences associated with climate change during the 
lifetime of a beach nourishment project would be negligible. 

As with most beach nourishment projects, future, periodic beach 
nourishment may be necessary (Dean and Dalrymple, 2004; Cooke et al., 
2012). Nevertheless, the use of recycled sediments (which have the same 
granulometry as the beach at the eroded stretches) instead of sediments 
from submerged borrow areas (which usually are finer) (Stauble et al., 
2007) will extend the time interval between necessary beach fills 
(Pranzini et al., 2018). This will reduce CO2 emissions and contribute to 
climate change mitigation. In addition, the recycling of sediments from 
emerged areas can be carried out by using terrestrial means (bulldozers, 
trucks, etc.) that are more available than the equipment (dredges, etc.) 
necessary for extracting submerged sediments. Moreover, the environ-
mental impact on benthic communities associated with traditional 
beach nourishment will be prevented. 

In addition to the benefits for the environment (no impact on benthic 
communities and lower CO2 emissions), less frequent beach nourish-
ment and the use of terrestrial means will entail considerable cost sav-
ings, helping coastal managers to handle and optimize their available 
resources. Lastly, as pointed out by a number of authors (e.g. Alexan-
drakis et al., 2015; Ludka et al., 2018; Marinho et al., 2018), detailed 
post-implementation monitoring of beach nourishment is essential for 
coastal managers attempting to protect coastal areas and infrastructure, 
in order to determine the success of the project. 

6. Conclusions 

In this paper, a methodological framework for selecting the best 
potential sources of sediment to perform beach nourishment is pre-
sented. The aim was to develop a coastal management strategy that can 
be used by coastal managers to increase the probability of success of 
such interventions. 

The proposed methodology was developed in three steps. The first 
consisted of a historical analysis of the shoreline evolution to determine 
the trend (accretion or erosion) of the different stretches in a certain 
littoral cell. The sectors experiencing accretion are the areas where there 
is an excess of sediment and, therefore, are more prone to act as sedi-
ment borrow areas for erosive stretches. In the second phase, several 
extraction strategies were proposed to transfer sediment from accretion 
to erosive areas, although only considering the emerged beach, since the 
sediment had similar granulometry. Finally, the suitability of the 
different extraction alternatives was analysed, simulating their hydro- 
morphodynamic response under storm conditions by using the numer-
ical models SWAN and Xbeach. The best extraction configuration pro-
duced the least impact (in terms of flooding and erosion) in the borrow 
area. 

The methodology was applied to a stretch of the Catalan coast (NW 

Mediterranean) to illustrate its potential. In this application, the best 
area for borrowing sediments was found and three sand extraction al-
ternatives were tested, determining which one was preferable to pre-
serve the protection function of the beach. 

The proposed methodology can be applied to other places with 
similar problems, where the existence of areas of accretion and erosion 
within the same littoral cell allows the smart exploitation of the sedi-
ments accumulated in certain stretches. The recycling of such sediments 
has significant economic and environmental advantages, besides 
increasing the probability of success of the nourishment without 
generating unwanted impacts in other areas. From an environmental 
point of view, it prevents the impact on benthic communities and re-
duces CO2 emissions, contributing to climate change mitigation. On the 
other hand, it reduces the necessary time between successive beach re-
fills and allows the use of terrestrial means, which are cheaper. This will 
lead to the reduction of beach maintenance costs and, as a consequence, 
will allow coastal managers to optimize their available resources. 
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