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Abstract: Costa da Caparica beach, in Portugal, has suffered from chronic erosion for the last 50 years,
a phenomenon that has been countered by various management interventions. This study aims
at comparing sixteen possible interventions, thus identifying the most effective one(s) in terms of
reducing beach erosion or even promoting beach accretion. This exercise is achieved using a one-line
shoreline evolution model, calibrated with in situ field data, forced by local wave conditions. The
target management period is 25 years. In the calibration phase, it is found that the annual mean
alongshore net sediment transport along the 24 km sandy coast is variable in direction and magnitude,
but it is mostly smaller than +50 x 103 m3/year. This net transport results from the imbalance of
northward /southward-directed bulk transports of circa tenfold-larger magnitudes. This affects
the overall sediment balance at the urban beaches, as well as the effectiveness of the intervention
strategies. The results show that the present management strategy is effective in holding the shoreline
position, although deploying the same nourishment volume but over a shorter area could lead to
better results. The best solutions, which are capable of promoting beach accretion, implicate the
lengthening of the terminal groin at the northern extremity of the beach. The results from this study
can support decision makers in identifying the most appropriate management action, not just locally
but also at other coastal regions where similar problems persist and the same methodology could
be applied.

Keywords: one-line model; coastal erosion; sediment transport; coastal management; groin field

1. Introduction

Over the last century, coastal management has been addressed and confronted with
varying strategies and responses, with many successful and failure stories from which
we can learn and achieve a more efficient integration of the socio-economic systems with
natural coastal ecosystems [1]. Sandy beaches can enter into sediment unbalance and suffer
from erosion problems, affecting the socio-economic value of the area and, conceivably,
endangering people and goods [2—4].

Fifty years ago, coastal management responses were typically reactive, based mainly
on structural engineering measures that aimed to provide protection against flooding,
safety and space for beach recreation and, occasionally, natural conservation. Currently,
preventive strategies with risk-based analysis frameworks are often employed, which
combine structural and non-structural measures such as hard and soft protective measures,
land use planning and ecosystems services, early warning/evacuation strategies, education
and insurance schemes [5-7].

While the protection of coasts is becoming a global priority, there is no consensus
on the actual meaning of “coastal protection” [7]. To some, this may mean resistance
management, to halt coastal erosion and protect property; to others, it means pro-adaptive
management, allowing coastal ecosystems to function naturally [6] and, in many cases,
retreat. The outcomes of these different perceptions are contrasting. This paper analyses
different management policies aligned with the first option—halting coastal erosion and
protecting property.
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At Costa da Caparica town (near Lisbon, Portugal, see location in Figure 1), human
encroachment is responsible for degradation and loss of coastal ecosystems over recent
decades [8]. The beach suffers from chronic erosion [9,10] and has been subject to several
coastal protection measures since the early 1970s, involving both hard and soft protection
measures. In general, the hard measures built to prevent erosion (such as seawalls or groins)
further limited the coast from adjusting to the changing conditions. The naturally existing
foredunes could no longer translate upwards and landwards as the sea level rose and the
coast eroded, because the infrastructure occupied the required space. Consequently, the
resilience and resistance of the coast and its ecosystem services are being lost, diminished,
or put at risk. In addition, this coastal town is exposed to rising sea levels, erosion,
flooding, tsunamis and extreme hydro-meteorological events (e.g., [11]). Problems remain;
in particular, the narrow beach width is unable to withstand the beach-use summer crowds
and economic losses due to coastal overtopping (e.g., [12]); hence, future actions and
strategies need to be evaluated.

Lagoa de Albufeird

Figure 1. Study area with place names, reference or baseline (deep orange) and 8, 16 and 30 m isobaths.
(Adapted from geomar.hidrografico.pt, accessed on 20 May 2023, using ESRI World Imagery).

The use of numerical models for predicting shoreline behaviour in the future is a widely
used practice (e.g., [3]). Shoreline evolution models are simple but robust enough, when properly
calibrated, to help analyse different coastal management options (e.g., [13,14]) or changes in the
forcing mechanism (e.g., [15]). A recent review highlighting the capabilities and restrictions
of one-line models is given by Chataigner et al. [16].

This paper aims at comparing different intervention strategies at Costa da Caparica
beaches, comprising soft- and hard-engineering solutions (as detailed in Section 3.2.4),
using a one-line shoreline evolution model. This provides a unique framework to assess
possible coastal management interventions.
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2. Study Area

The study area comprises the Atlantic ocean sandy beach immediately south of Lis-
bon (Portugal), which extends southward from Cova do Vapor to Praia da Pipa (Figure 1).
This coastal stretch includes: (i) a northern sector—Costa da Caparica beaches—strongly
intervened by artificial structures, protecting the town with the same name; (ii) a low-lying
beach—dune system extending southwards from Costa da Caparica until Fonte da Telha;
(iif) a sandy beach backed by soft (sandstone/clay stone) coastal cliffs; and (iv) the inter-
mittently opened coastal lagoon Lagoa de Albufeira. South of the sandy beach, the littoral
arch is completed by limestone cliffs until Cape Espichel (to the south of the region shown in
Figure 1).

At the northern extreme, Cova do Vapor faces the Tagus river mouth, a tide-dominated
estuary, with complex morphological interactions and evolution [17], which also affects
the Costa da Caparica beach sediment transport fluxes and stability. Along the 5 km
stretch to the south of Cova do Vapor, the coastline presents an alluvial plain with strong
anthropogenic occupation [17].

Costa da Caparica beach (Figures 2 and 3) is an urban beach, with buildings con-
structed over foredunes, and part of the approximately 24 km low-elevation sandy beach
sector, with a predominantly NNW-SSE orientation. Coastal defence works in the area
include two groins (EV1 and EV2) at Cova do Vapor, delimiting the Tagus river entrance,
and seven groins (EC1 to EC7) and one ~2.9 km long rock armour revetment at Costa da
Caparica beaches (Figure 3). Figure 2 illustrates two photographs, one showing the beach
to the north of Caparica, named Praia de Sdo Jodo da Caparica, and the other an urban beach,
in front of the town, confined by groynes and a coastal revetment.

Figure 2. Images of Costa da Caparica beaches: Praia de Sio Jodo da Caparica (left), and central urban
beach, confined by groynes and an inland revetment (right).

According to Lira et al. [18], between 1958 and 2010, the entire sector presented a
relative stability, with minor erosive tendency of —0.04 & 0.03 m/year. However, the
northern sector of Costa da Caparica exhibited a spatial maximum coastal retreat of
—4.57 + 0.2 m/year, whereas the sandy beaches at the south of the coastal arch presented
accretion with a maximum of 1.20 & 0.2 m/year. These data agree with the findings of
Silva et al. [11], who report mean retreat rates of —3.09 & 1.12 m/year at Sdo Jodo da Caparica
beach (between groins EC7 and EV1; see location in Figure 3) and —1.69 &+ 1.94 m/year at
the urban beaches of Costa da Caparica, from the analysis of shoreline evolution data from
1958 to 2013. Accordingly, Pinto et al. [19] reported erosion over 200 m in the past 60 years
at Costa da Caparica.

In order to counteract this erosive tendency, between the late 1950s and early 1970s, a
groin field and a seawall/revetment were built in order to stabilize the shoreline and, tenta-
tively, increase the beach width. However, coastline stabilization was not enough to reduce
beach erosion and protect inland infrastructures. Between 1995 and 2003, several erosive
episodes were reported north of Costa da Caparica, followed by emergency repair works
(such as dune reinforcement) between 2003 and 2004, and strengthening and reconfigura-



J. Mar. Sci. Eng. 2023, 11, 1159

4 0f 23

tion of the groin field and seawall from 2004 to 2006 [9,20]. Afterwards, according to the
designed coastal management master plan [21], an extensive beach nourishment program
was carried on by Portuguese coastal authorities between 2007 and 2019, comprising the
placement of 4.5 million m? of sand (in five phases) in the sub-aerial beach, along the 3.8 km
northern shoreline. Sand sources came from regular maintenance dredging performed by
the Lisbon Port Authority (APL) in the outer Tagus estuary navigation channel (located 7
to 9 km from the project site) [19].

Figure 3. Groin’s identification at Costa da Caparica beach.

According to Silva et al. [11], from the analysis of a 35-year long hindcast record, the
area is frequently affected by moderate wave conditions with significant wave heights lower
than 2 m with a dominant NNW-SSE direction. Raposeiro et al. [22] and Garzon et al. [23]
indicate that the averaged significant wave height at the entrance of the Tagus river (at an
approximate depth of 24 m Chart Datum, C.D.) is 1.22 m and 1.19 m, respectively. The
averaged mean wave direction and mean wave period are 280° and 5.7 s, respectively.
Sancho et al. [24] presented the wave climate spatial variation along the coastal arch, where
an increase in the mean wave direction from north to south (from approx. 230° to 285°) is
noticeable, as well as an increase in the mean significant wave height from half the coastal
arch until the southern end. Dodet [25] reveals a high seasonal variability in the wave
climate in front of Lagoa de Albufeira, with a maximum mean value in January (1.6 m) and
a minimum mean value in August (0.8 m). Similarly, those results also exhibit a large
seasonal variability in the significant wave height standard deviation, with larger values
during the winter period (up to 0.4 m) than during the summer period (up to 0.1 m).

Regards to astronomical sea level variation, the study area is affected by semi-diurnal
tides, with a mean tidal range of 2.20 m recorded in Cascais (west of Lisbon) tide gauge [11].



J. Mar. Sci. Eng. 2023, 11, 1159

50f23

In front of Costa da Caparica beaches, the residual tidal currents intensities are much lower
than at the river mouth, of the order of 0.2 m/s, directed northward [26].

The magnitude and net direction of the longshore sediment transport at Costa da
Caparica and the coastal arch Caparica-Espichel has been subject to debate [24]. While some
authors (e.g., [27]) advocate that the net alongshore yearly mean sediment transport is
directed south to north over the entire sector, other results have pointed out that the net
transport has the opposite orientation, for example, in front of Lagoa de Albufeira [25]. Recent
results by Sancho [28] sustain that the net transport is indeed northward oriented in the
northern sector of the coastal arch (in the first 5 km south of Cova do Vapor), and then the
net direction changes southward, with increasing magnitudes towards the south. At Costa
da Caparica beaches, the net transport is of the order of 50,000 m?/year [28], resulting from
the (in)balance of larger bulk transports, in either direction. At the groin-confined urban
beaches, the bulk transports are lower than those at non-confined beaches, due to sand
retention at the structures. It is worth noticing that, at Sdo Jodo da Caparica, Sancho [28] identi-
fied an inter-annual variability in the net alongshore sediment transport rates and direction,
despite the long-term averaged value being northward directed. Finally, it is worth noting
that the sediment dynamics at Costa da Caparica beaches is intimately connected with the
Tagus river inlet dynamics, with complex sediment exchanges between the beaches and the
inlet southern sand banks (e.g., the Cachopo Sul sand bank) [17]. Possible causes for erosion
at the Caparica beaches have been debated, amongst others, by Veloso-Gomes et al. [9,21],
Silva et al. [10], Taborda and Andrade [27], and Fortunato et al. [17]. These point towards a
combination of anthropogenic factors (sand extraction and river regulation) and natural
agents (sea level rise, wave energy increase and shoreline rotation), which are not entirely
understood. The modelled alongshore sediment fluxes are further discussed in Section 5.2.

Beach sediments consist of well-sorted medium-to-coarse sand (median grain size
between 0.2 mm and 0.7 mm) [29]. At Costa da Caparica beaches, the dominant grain size
is 0.3 mm. According to Freire [30], this sand is composed, predominantly, by siliceous
grains and bioclasts.

The local closure depth was estimated according to Hallermeier [31] formula, using
the onshore wave climate estimated at 14 m depth [28]. According to the original for-
mula [31], this depth depends on the non-breaking significant wave height that is exceeded,
on average, 12 h per year. This resulted in a value of 9.0 m at Sdo Jodo da Caparica, which
is in agreement with beach cross-shore profile data from the COSMO monitoring pro-
gramme [32], at Praia de Sdo Jodo and Praia do Tarquinio, from 2018 to 2021, that shows minor
bathymetric changes at depths greater than —11 m (MSL) (approx. —8.7 m C.D.). The
estimated closure depth increases to the south, and thus, the unique value of —12 m (MSL)
was adopted for the entire coastal sector.

3. Data and Methods
3.1. Data

In the present analysis, aerial photographs, orthophotographs and topo-hydrographical
surveys from 1979 to 2018 were used. Table 1 contains information on the data type, date
and time of photo/orthophoto, scale, spatial range and tidal level. Regarding the spa-
tial range, it covers either the total continuous sandy beach, from “Cova do Vapor” to
“Praia da Pipa”, or just part of it, as indicated in each case. The total period was subse-
quently divided from 1978 to 2004 for model calibration, and from 2004 to 2018 for model
performance verification.

These data were analysed with GIS-designated software, adopting the Official Por-
tuguese reference system—PT-TM06/ETRS89—and the vertical Nautical Chart Datum,
abbreviated as C.D., established 2.26 m below the present mean sea level (MSL) at Cas-
cais [20]. Times of photos/orthophotos are referred to UTC (Coordinated Universal Time).
Tidal levels were obtained using the “Service Hydrographique et Océanographique de la Marine”
(https:/ /maree.shom.fr/, accessed on 30 March 2023) tidal model estimates at Cascais.
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Table 1. Aerial photographs, orthophotographs and topo-hydrographical surveys used in

present study.
Data T Time and Date Scale and Resolution Spatial R Tidal Level
ata lype (dd/mm/yy) (If Available) patial Range (m C.D.)
. 7 April 1979; 11 h 00-12 h 00 . .

Aerial photo (UTC +1) 1:10,000 Entire sector 2.46-2.65
Topo-hydrograpic survey September and October 1979 1:5000 " LI;;ZZ;Z:Z AA;I;;;H:; -
Topo-hydrograpic survey September 1980 1:2000 “Costa da Caparica” -

9 March 1989, 11 h 00-11 h 10 (UTC), "Costa da Caarica” to 0.74-0.85

Aerial photo 14 March 1989; 15 h 10 (UTC), 1:15,000 “T nooa de AII})Ju feira” 167

22 March 1989; 11 h 05 (UTC) 8 Le6
Orthophotomap 29 August 1995, (low-tide) 1:40’000. Entire sector 1.0
(False colour) 1 m resolution
9 November 2004, (high tide) ) 3.2
Orthophotomap 13 November 2004, (high tide) 0.1 m resolution Entire sector 3.7
14 November 2004, (high tide) ’ 3.5
6-7 September 2008, - . }
Orthophotomap 15 September 2008, 10 October 2008 0.1 m resolution Entire sector
24 October 2014, (high tide) - . 3.44
Orthophotomap 26 October 2014, (high tide) 0.1 m resolution Entire sector 3.50
S - “Cova do Vapor” to
Orthophotomap 17 September 2018, (high tide) 0.03 m resolution “Draia da Coff] ndlia” 2.7
3.2. Methods

3.2.1. Shoreline Identification

A mosaic for each collection of orthophotos/photos was constructed, and the shoreline
was extracted. Several distinct shoreline indicators (e.g., [33]) can be obtained, but here, the
use of a dynamic indicator was favoured, in line with the shoreline model assumptions,
which was able to catch the annual and inter-annual variability. Moreover, not all photos
allowed us to identify the high-tide water line. Hence, the wet/dry-sand line is the
adopted proxy for the coastline or shoreline. In a recent work, Buccino et al. [34] used the
instantaneous waterline. A single operator visually identified the shorelines for all data,
thus avoiding any subjectivity associated with multiple operators.

An average beachface slope of 0.1 was assumed uniform for the whole sector, despite
the occurrence of spatial and temporal variations [29], which would affect the shoreline
position, albeit within the method’s accepted error (see below). Using the tidal level data
at the time of the photo and the above beachface slope, all shorelines were transferred
landwards or seawards to the mean sea level position, if in low tide or high tide, respectively.
Wave runup was not accounted for, but it was checked that it would only affect minimally
the results, within the methodology uncertainty.

For comparison and data analysis purposes, shoreline data points were extracted
every 50 m along the baseline, as depicted in Figure 1.

Regarding the shoreline determination, a specific uncertainty or error analysis was
not carried out here. Nevertheless, since the present analysis follows the procedure of
Silva et al. [35], who performed an extensive error analysis, and uses similar data sources,
we assume an identical error in the shoreline identification method, of the order of 3 m,
not factoring in the tidal level adjustment. Moreover, according to the same authors [35],
an uncertainty of a similar magnitude (circa 4 m) is associated with georeferencing the
aerial photo mosaics. Combining these uncertainties, which sum non-linearly (the total
uncertainty is equal to square-root of the sum of the, partial, squared uncertainties), results
in an overall positioning root-mean-square error of circa 5 m [35], and thus, generally, the
shoreline evolution is of significance only at places where this value is exceeded. Note
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that although this error estimate may appear underestimated, given the methodological
approximations and uncertainties, it is larger than that provided by other works using
similar orthophotomaps (e.g., [34]), but it is similar to that obtained from air photos
analysed by Hapke et al. [36]. Lastly, the correction for the tidal level adds an uncertainty,
which sums linearly with the above. This is further discussed in Section 5.1.

3.2.2. Local Wave Climate

The wave climate at the closure depth (—12 m MSL) bathymetric contour, along the
study area, was calculated using the SWAN (version 41.10) spectral wave model [37].
Sancho et al. [24] provide details of the model setting and application. In particular,
the model was forced with spatial-uniform conditions at the domain western boundary,
using the hindcast offshore wave climate time series at approximately 122 m water depth
(hindcast data point located at 38°36’ N and 9°33’ W, WGS84 coordinate system), provided
by Dodet et al. [38] and Dodet [25]. This time series consists of a 65-year hindcast data set,
with data every 6 h, for the period from 1 January 1948 until 31 December 2012. Here, only
the period from 1979 until 2012 was used.

The modelled results were compared with local measurements from a wave buoy
placed at —22 m C.D. (38°37/33.6" N and 9°23/16.8"" W, WGS84 coordinate system), at
the mouth of Tagus estuary, for the period of 5 years, from 2007 until 2012. For a total of
4906 records, approximately equally distributed along the years, Sancho [28] obtained root-
mean-square errors for the significant wave height, wave peak period and mean direction
equal to 0.34 m, 2.08 s and 26°, respectively. The bias were —0.002 m, —0.222 s and —4.2°,
respectively. These results are considered quite satisfactory, except for the wave direction
mean-square error. Despite the latter appearing to be high, it is similar to the accuracy
obtained for other wave model implementations (e.g., [17,39,40]), and thus, it was accepted.
However, it cannot be ignored that +25° errors in the wave direction can significantly
affect the estimated longshore sediment transport fluxes and, presumably, the modelled
shoreline evolution. According to Chataigner et al. [16], assuming that the one-line model is
conceptually correct, a small wave angle bias (approximately 5-10°) has significant impacts
on simulated long-term shoreline change trends. The lower bias obtained here for the wave
direction indicates, however, that there should be no tendency along all the model results
to underestimate or overestimate the wave direction (and alongshore sediment transport
direction), and thus, one might expect that the modelling errors from this source should
cancel out.

3.2.3. Shoreline Modelling

In the following, the shoreline evolution in the region of interest is modelled using
the LITMOD model [41,42]. This is a classical one-line model, similar to the well-known
GENESIS model [43], that allows us to easily define and evaluate scenarios, and to obtain
medium-to-long-term (of the order of decades) estimates of the shoreline position for long
(of the order of kilometres) coastal stretches. This model was designed to apply mostly to
linear (or small-curvature) sandy beaches, where the shoreline evolution is mainly governed
by the alongshore sediment transport and wave energy gradients, dependent on the local
wave-breaking climate, sediment sources and sinks, sediment characteristics, cross-shore
profile, coastal structures and boundary conditions. According to the model, at each time
step, the shoreline moves parallel to itself, representing the movement of the entire beach
profile (from the upper berm down to the closure depth), from the mass balance of the
alongshore sediment fluxes and sediment sources/sinks. The model is presently prepared
to deal with the effect of groins on the alongshore sediment fluxes, detached breakwaters,
soft and hard coastal cliffs, and coastal revetments [41].

The wave-breaking characteristics are determinant to estimate the alongshore sediment
fluxes. As the shoreline moves and rotates, the breaking wave properties (wave height and
wave direction with the coast) alter iteratively, taking into account the breaking depth. The
Kamphuis [44] formula was chosen to calculate the coastal alongshore sediment transport,
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with the calibration dimensional transport coefficient k equal to 70% of the original value
(Korig. =2.3 X 1073 m12% s725) in order to better fit the data. All simulations were carried
out ignoring the tidal water level fluctuations, using a constant water level equal to the
mean sea level.

According to the available data [29], the present model application considered a
variable median grain size along the study area, increasing from north to south, from
0.27 mm to 0.75 mm. The Dean [45] equilibrium cross-shore profile form was adjusted to
some profiles extracted from the 1980 hydrographic survey (identified in Table 1). Hence, at
each alongshore position, depending on the sediment size, the cross-shore profile is given
by h = Ay*/3, with A = 0.21 DY, where h represents the water depth and y is the seaward
distance from the water line. For D5y = 0.32 mm, the beach slope at the breaking zone is
approximately equal to 1:30. Thus, in order to properly account for wave transmission
around the groins, a locally adjusted beach profile was used. From the available topographic
data, the beach crest height is at +4 m (MSL), and the depth of closure is 12 m (MSL), for the
alongshore-averaged cross-shore profile. Thus, the active beach volume (per unit length)
that moves back and forth parallel to the shoreline is 16 m in height. In the model setup, this
height is further adjusted from north to south, stretch by stretch, allowing for a variation of
that value by 94% to 115%, respectively. Hence, according to the data, the active profile
height at the northern sectors is lower than that at the southern sectors.

For the numerical model, a 24 km reference or baseline was established, oriented
N-20°-W, with origin at Praia da Pipa (Figure 1). All shoreline positions are measured
relative to this reference, and a 50 m cell length was adopted, yielding a total of 456 points
along the coast. Note that the cell length equals the data extraction spatial step, allowing for
a direct comparison, without further data interpolations. Twenty-nine local wave climate
points, approximately uniformly distributed along the coast, were considered for the
model simulations. The model time step is 1.2 h. Northern and southern model boundary
conditions were set such that the shoreline orientation is constant at each extremity.

Finally, the application of the proposed model to specific situations, such as the present
one, requires the numerical model calibration and validation. The model calibration data
and setup is further discussed in Section 5.1.

3.2.4. Local Coastal Protection Strategies

Table 2 contains 16 possible intervention strategies, planned with the Portuguese
coastal management Authority (Portuguese Environmental Agency), for a period of 25 years.
The management goals are halting beach erosion at Costa da Caparica beaches and protect-
ing the city (people, property and economy) from wave overtopping and coastal flooding.
Two distinct groups were conceived: the first (letter A) includes intervention strategies
without any further hard engineering interventions (except for maintenance works of the
present structures); the second group (letter B) contains alternatives with rearrangements of
the present coastal structures, alone or complemented with beach nourishment operations.
It is assumed that the present coastal revetment remains in place for all interventions. The
groins mentioned in Table 2 are identified in Figure 3.

Scenario Al corresponds approximately to the present (last decade) coastal man-
agement strategy, where Costa da Caparica beaches are nourished every 5 years with
1 x 10® m3 of sand, distributed along the coastal sector within 20,200 < x < 24,000 m
(see range in Figure 1). Scenario A2, albeit of minor intensity, is inspired by the strategy
outlined by Duarte-Santos et al. [46], where it was recommended to perform a one-time,
large volume, beach nourishment “shot” of 5 x 10° m3. Here, a volume of 3 x 10° m?,
instead of 5 x 10® m3, was suggested by the Portuguese Environmental Agency. Scenario
A3 was defined mainly for comparison purposes, in terms of what would happen if no
action were taken. Scenario A4 is similar to A1, except that the nourishment is confined to
a shorter alongshore area, within groins EC1 to EC7 (20,750 < x < 22,650 m).
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Table 2. Coastal intervention scenarios.
Scenario Description
A Without hard engineering interventions
Al 1 x 10° m3 beach nourishments, every 5 years, distributed
alongshore over 3800 m
A2 One large (3 x 10° m3) beach nourishment “shot”, at project
beginning lifetime
A3 No intervention
Ad 1 x 10° m3 beach nourishments, every 5 years, distributed
alongshore over 1900 m
B With hard engineering interventions
B1 Similar to Al; removal of all groins from EC1 to EC7
B2 Similar to Al; removal of groins EC2, EC3, EC5, EC6 and EC7
B3.1 Similar to B1; EV1 groin length increase of 100 m
B3.2 Similar to B1; EV1 groin length increase of 200 m
B3.3 Similar to B1; EV1 groin length increase of 300 m
B4.1 Similar to Al; EV1 groin length increase of 100 m
B4.2 Similar to Al; EV1 groin length increase of 200 m
B4.3 Similar to Al; EV1 groin length increase of 300 m
B5.1 Similar to A3; EV1 groin length increase of 100 m
B5.2 Similar to A3; EV1 groin length increase of 200 m
B5.3 Similar to A3; EV1 groin length increase of 300 m
B6 Similar to Al; removal of groins EC1, EC2, EC4, EC6 and EC7;

EV1 groin length increase of 300 m

The second group comprises strategy B1, which equals A1 in terms of beach nourish-
ment, but accounts for the removal of all groins in front of Costa da Caparica, retaining
the ones at Cova do Vapor (at the northern limit of the coastal arch), namely, groins EV1
and EV2. Hence, A1 versus Bl shall allow us to understand the capacity of the groins in
retaining the added sand. Scenario B2 is similar to A1l and B1 regarding the nourishments,
but it considers removing groins EC2, EC3, EC5, EC6 and EC?7.

An extension of the groin at the northern end of this coastal sandspit has been debated
for a long time [47] and is thus evaluated here, in comparison with other alternatives.
Hence, simulated interventions B3.1, B3.2 and B3.3 are all similar to B1, but they include
an extension of groin EV1 by 100, 200 and 300 m, respectively. Alternatives B4.1, B4.2 and
B4.3 include, likewise, the same expansions of groin EV1, but they are otherwise similar to
strategy Al (present management option), i.e., all present structures would be maintained,
and beach nourishment would be performed. The combination of no-nourishment (A3)
with the EV1 groin expansions results in scenarios B5.1, B5.2 and B5.3. Finally, scenario B6
considers removing groins EC1, EC2, EC4, EC6 and EC7, beach nourishments equal to Al
and a 300 m increase in groin EV1.

All the above intervention scenarios were independently configured into LITMOD,
and the shoreline evolution was simulated for a period of 25 years, starting from the
position measured in 2018. The forecast-period wave climate in the model was the same
as the wave climate series from 1979 to 2004. The comparison between the different
interventions will focus in Costa da Caparica frontal and adjacent beaches, bounded by
20,000 < x < 24,000 m. This is the region where present interventions take place and where
coastal erosion and wave overtopping are problematic.

4. Results
4.1. Calibration and Verification

Figure 4 shows the simulated shoreline position at 2004 (after 25 years of simulation)
for the entire study area, after model calibration, in comparison with the measured line.
Vertical and horizontal scales are distorted. One generally notes good agreement over the
entire coastal arch, except at the southern, first 1000 m, where the model predicts shoreline
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retreat, which is not observed in the data. The modelled—observed discrepancy is close to
150 m in that sector, but it is as low as 6 m in some of the northern groin-confined Costa da
Caparica beaches.

The average measured shoreline movement for the entire study area, excluding the
profiles where the difference between the two lines was less than 5 m (the method’s
precision), was 0.09 m/year, corresponding to accretion. This value matches satisfactorily
the value of 0.14 m/year obtained by Silva et al. [48], using other shoreline indicators,
for the period 1980-2005. Despite the overall slight accretion for the entire sandy stretch,
erosion was significant at the northern 3 km-long stretch, reaching a localised maximum of
approximately —100 m (—4 m/year).

Table 3 provides the average shoreline advance or retreat, measured and modelled,
between 1979 and 2004, for six sectors (A to F; see location in Figure 4) along the studied
sandy coast for both the measured and simulated results. The difference between data and
model results are minimal and within the accepted data precision (see Section 3.2.1) for
sectors C and F. It is also slightly above that value for sector D. Disparities in sectors B
and E are around 30 m. Sector A, at the southern extremity, is the one where discrepancies
are the greatest, most likely due to an inadequate southern boundary condition for the
sediment dynamics at this study site. However, errors in the wave direction estimation and
its effect on shoreline modelling cannot be neglected [16], but they also cannot be appraised
since no wave monitoring data exist at the coast.

Table 3. Difference between final (2004) and initial (1979) shoreline positions in the calibration period
(in meters), spatially averaged by coastal stretch (A to F, from south to north).

A B C D E F
1500 < x < 2000 < x < 7000 < x < 14,000 < x < 17,000 < x < 20,700 < x <
2000 7000 14,000 17,000 20,700 24,000
(m) (m) (m) (m) (m) (m)
Simulated —159.6 —29.8 35 11.5 —25.2 —14.7
Measured —33.8 2.0 4.7 17.2 49 —194

The calibrated model was further verified against field data for the period 2004 to
2018. It is noted that in 2005-2006, the coastal structures at the northern sector (Costa
da Caparica beaches) were rearranged relative to the previous configuration [21], so the
new arrangement was set-up in the model. Furthermore, four nourishment operations
(from 2007 to 2014, [19]) were introduced in the model, simulating as closely as possible
the nourished volumes, locations and periods of interventions. The total added sand was
3.5 x 10 m>. Since the wave climate had only been determined until 2012, and it remained
relatively stable during the period 1979-2004 [28], i.e., without any noticeable tendency for
long-term variation, it was decided that the wave time series used in the calibration period
would be used in the verification period.

Figure 5 compares the shoreline position in 2018 using the previously calibrated
model (left) with that obtained after a finer re-calibration setting (right), for the northern
4 km-long stretch (covering mainly sector F), where all past coastal works and beach
nourishment interventions occurred. A better match is observed for the post-verification
model configuration, particularly at the northern beach (“Praia de Sao Jodo”). In that beach,
the root-mean-square difference between modelled and measured coastlines were 50.1 m
and 35.6 m for the post-calibration and post-verification model settings, respectively. The
largest differences between modelled and measured shorelines are visible at the groin-
confined beaches, where the model is unable to properly simulate the diffraction processes
leeward of the groins (e.g., [49]), and generally predict a greater shoreline erosion than that
measured. It is noted that the recalibration process was for the entire coastal arch, but the
aim was to achieve a better match at the Costa da Caparica beaches (sector F of Table 3),
where the different management strategies will be compared.
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Figure 4. Modelled (calibrated; red) and measured (green) shoreline positions in 2004 over the entire
study area. Initial shoreline configuration in 1979 (dark blue) and hard structures (groins and coastal
revetment; black). The limits of the sectors referred to in Table 3 are market in light blue, at the top.

4.2. Coastal Intervention Scenario Simulations
4.2.1. Soft Solutions Plus Present Coastal Structures (Group A)

Figure 6 compares the predicted shoreline positions 20 years past the initial 2018
configuration, for all soft intervention strategies (group A in Table 2). Solution A3 (“no
intervention”) is, clearly, the one that allows for the largest coastal erosion at this sector.
On the contrary, alternatives Al and A4 induce slight coastline advances, particularly at
some of the pocket beaches and Praia de Sio Jodo (between EC7 and EV1). This is confirmed
in Figure 7, which shows the time-evolution of the averaged shoreline advancement or
retreat for these interventions, within the region 19,500 < x < 24,000 m. Strategy A2 also
induces overall shoreline retreat at this sector, which might be explained by the fact that this
strategy adds to the system, in 25 years, less sediment (3 x 10° m?) than strategies A1 and
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A4 (totalizing 5 x 100 m3). A second reason is related to the fact that, for A2, the volume is

placed only once, at the project start, and thus, its long-term effect is less noticeable.
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Figure 5. Modelled (red) and measured (green) shoreline positions in 2018 at Costa da Caparica

beaches. Initial shoreline configuration in 2004 (black thin line) and hard structures (groins and

coastal revetment; black thick line). (a) Results from post-calibration simulation; (b) results from

post-verification simulation.
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Figure 7. Time-evolution of mean shoreline position relative to initial position at Costa da Caparica
beaches for intervention strategies Al, A2, A3 and A4.

4.2.2. Structural Interventions, with or without Soft Solutions (Group B)

Figure 8 shows the shoreline positions after a simulation of 20 years for all the group B
intervention scenarios. The top sub-figure compares strategies B1, B2, B6 and Al, evidenc-
ing that the removal of several intermediate groins (e.g., strategies Bl and B2) reduces
the sand accumulation capacity of the groin-confined beaches (comparing to strategy Al).
Strategy B2 shows also that retaining groin EC1 (the southern-most groin) allows for re-
moving EC2 without beach loss between EC1 and EC3. The results for strategy B6 show
that the increase in EV1 provides a significant positive impact in retaining sand from EC6
to EV1 (22,400 < x < 24,000 m). For all these scenarios, the shoreline positions between
EC4 and EC6 nearly coincide with the coastal revetment alignment, indicating thus a very
narrow beach.
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Figure 8. Modelled shoreline positions 20 years past initial configuration (2018) at Costa da Caparica
beaches for intervention strategies: (a) Al, B2, B2 and B6; (b) B1, B3.1, B3.2 and B3.3; (c) A1, B4.1, B4.2
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The results for the scenarios considering the removal of all groins from EC1 to EC7
(B1 and B3) are given in Figure 8b. It is clear to observe the beneficial effect of increasing
the terminal groin EV1 (simulations B3), which is able to trap the northward (down-drift)-
directed sediment flux, proportionally to its length increase. This beach widening is limited,
at best, to x > 22,400 m, that is, northward of the present position of groin EC6. Southward
of this position, predictions show the shorelines attaching to the seawall, thus reducing
the beach width to nearly zero. Figure 8c evidences again the positive effect of EV1 groin
increase (scenarios B4), in addition to maintaining the present strategy (A1).

Figure 8d compares results without any intervention (A3) with a similar set but
considering the length expansion of groin EV1 (B5). As in Figure 8c, differences between
all modelled shorelines are only discernible at Praia de Sdo Jodo. Even without beach
nourishment, the EV1 groin extension is effective in retaining sediments in that beach that
would otherwise by-pass the present groin.

Figure 9 shows the time-evolution of the sector-averaged shoreline advance or retreat,
within the sector 19,500 < x < 24,000 m, for all group B interventions. Overall, strategies
B3.3, B4.3 and B6, all corresponding to a 300 m increase in groin EV1 together with beach
nourishment, are the ones that promote the most noticeable beach accretion. Strategy B5
does not generally allow for beach growth. For the same EV1 groin increase, strategy B4 is
generally slightly more positive that B3; that is, retaining the present Costa da Caparica
groins (EC1 to EC7) promotes more accretion than removing them. This is also observed by
comparing results of Al with Bl (Figure 9a).
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Figure 9. Time-evolution of mean shoreline position relative to initial configuration at Costa da
Caparica beaches for intervention strategies: (a) Al, B1, B2 and Bé; (b) B1, B3.1, B3.2 and B3.3; (c) Al,
B4.1, B4.2 and B4.3; (d) A3, B5.1, B5.2 and B5.3.

5. Discussion
5.1. One-Line Model Calibration Data and Setup

A brief discussion on one-line model limitations is provided by Chataigner et al. [16],
who highlight the role of the active profile depth, the assumption of a constant equilibrium
profile and the use of k as a calibration parameter in the longshore transport rate. The
one-line model approach depends on the quality of both the input data and the choice of
model free parameters. Depending on the inherent complexity of the study site and the
quality of the input data, the one-line longshore model may generate changes in the beach
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planform (e.g., reorientation) that are different from observations [16]. Hence, the issues of
model implementation and limitations are discussed here.

The measured shoreline movement displayed in Figure 4 and characterised in Table 3
relate to the comparison between the positions in April 1979 and November 2004. As these
dates refer to different maritime wave regimes (post-winter energetic versus post-summer
low-energy seasons), the seasonal cross-shore profile-shaping processes can induce shore-
line movements at this coastal sector of up to circa 20 m (this number results from the analy-
sis of 2018-2021 cross-shore profile data, at Praia de Sio Jodo and Praia do Tarquinio, available
from the monitoring programme COSMO [32]). Hence, their absolute inter-comparison
for estimating long-term shoreline movement rates could lead to erroneous interpretation.
However, the seasonal behaviour of the coastline does not affect the model calibration, as
the input-modelling conditions reproduce the wave time series and shoreline position from
a given start date to a given end date, regardless of their seasons. This is also acknowledged
by Chataigner et al. [16], who state that over long time-scales (e.g., interannual to decadal)
longshore processes become increasingly important.

A shoreline determination precision of +5 m was estimated in Section 3, based on
the analysis carried out by Silva et al. [35]. The shoreline determination procedure in-
cluded a correction for the tidal level, at the time of data acquisition, which adds more
uncertainty to the above precision. The beach profile, particularly at the northern sector
of the study site, changes its slope from the upper to the lower foreshore. Using data
from the COSMO monitoring programme [32], at Praia de Sao Jodo and Praia do Tarquinio,
the average upper-foreshore (medium-to-high tide water line) slopes are circa 0.12 and
0.09, respectively. These numbers are in accordance with the average beachface slope
of 0.1, used before. However, the average lower foreshore (medium-to-low tidal levels)
slopes are 0.04 and 0.033, respectively, at the same profiles. Thus, the horizontal correc-
tion of the shoreline position needed to be larger if below mean tidal level at the time of
data acquisition. This did not occur for the aerial photos and orthophotos of 1979, 2004
and 2018 (see Table 1), as all times corresponded to instants where the waterline was in
contact with the upper foreshore. Hence, using the average high-tide level of the 2004
orthophoto (3.5 m C.D.), the error associated with the tidal correction is of the order of
((3.5— MSL)/slope) — (3.5 — MSL)/0.1), where slope is the true upper beachface slope.
Using slope = 0.12 yields an error of 2.5 m. A lower value is obtained for the 1979 dataset,
as the tidal level was lower (but above mean sea level). This highlights the validity of
the tidal-level shoreline correction procedure. We note that more care in the correction
procedure would be needed in case of the 1989 and 1995 datasets, obtained at low-tide
phases, but not used for the present model calibration.

The 1980 topo-hydrographic survey was chosen for model calibration, since this survey
lies within the calibration period (1979-2004), and should, therefore, represent adequately
the beach profile characteristics for that period. The data used herewith was extracted from
1 m-apart bathymetric contours, which are rather crude and thus of questionable quality.
These data were thus compared with recent, 2018-2021, multi-beam, topo-hydrographic
profiles collected at Praia de Sio Jodo, from the COSMO programme [32]. The comparison
indicates that the 1980 lower-resolution profiles can also represent the present beach profiles,
the major difference being a slightly larger foreshore volume, which is explained by the
beach being more robust, prior to the long-term erosion that occurred until the first beach
nourishment operations.

The study site description in Section 2 indicates that the sandy stretch is somewhat
non-homogeneous (e.g., the spatial grain size variation [29]) and long, possibly reducing the
validity of the LITMOD (one-line) model application. However, the model parametrization
and setup used here, namely, the alongshore variable grain size, variable beach profile and
variable active beach volume (both varying sectorially, in a total of five sectors), allowed us
to account for that non-homogeneity.

Further, in relation to the study site length and curvature, one-line models are valid to
limited (small) shoreline curvatures, usually due to the decoupling of the wave refraction
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and shoreline movement computations [50]. In the present case, the one-line model baseline
is closer to the shore-parallel configuration at the northern extremity than at the southern
(Figure 1), and the shoreline presents a small curvature. This configuration ensures a
potential low error due to those effects at the northern sector, where the coastal protection
strategies are inter-compared. The greater model-data discrepancy found at the southern
extremity in the model calibration phase (Figure 4) may also be due to this effect.

The data at the northern sector indicates that there is a clear long-term trend in
shoreline behaviour. The assumption of a clear trend implies that the wave action producing
longshore sand transport and boundary conditions are the major factors controlling long-
term beach change [51]. A model-data comparison in the calibration stage (Figure 4)
allowed us to conclude that the northern boundary condition was appropriate, unlike the
southern one. Other southern boundary conditions were tested, providing poorer results.
This is further discussed in the next section.

The Kamphuis [44] formula for the alongshore transport rate is a function of the (along-
shore varying) breaking wave height and wave direction. A commonly used alternative
transport formula is the CERC formula [51]. Most often, for both formulae, the transport
coefficient k is used as a calibration parameter (e.g., [51-53]). For example, Hanson and
Kraus [51] refer a common range of 75 to 100% of the original k value, for the CERC formula.
Pilkey and Cooper [54] refer to the use of a much broader range, with k values from 2
to 300%. Considering the above, the value of k used in the present model configuration
is quite acceptable and enabled us to obtain a satisfactory calibration. Since this affects
the transport magnitude uniformly, the beach alongshore variability was accounted for
through the other model configurations, already mentioned.

5.2. Alongshore Sediment Fluxes

The discrepancy of the predicted versus measured coastlines at the southern extreme
of this coastal sector, in the calibration phase (Figure 4), relates to an over-estimation
of the sediment flux at that boundary. In the calibration and verification phases, the
averaged net transports at the model boundary, x = 1500 m, were 160 x 10> m3/year
and 200 x 103 m3/ year, respectively, directed southward. For the intervention scenarios,
the flux resulted equal to 167 x 10° m>/year for all simulations. These estimated fluxes
are not corroborated by data and result from an ineffective model boundary condition.
This may be due to the existing headland circa 650 m north of the sandy beach southern
extreme, which is likely to act to stabilize the southern beach (Praia da Pipa), which was not
included in the model setup. One other reason may be related to the fact that the sediment
characteristic dimension (Dsg) is much larger at that extreme (>0.75 mm), and despite the
model accounting for a variable alongshore grain size, the used simplification could not
exactly reproduce the reality. Nevertheless, the effect of this exaggerated net sediment flux
at the southern extreme propagates only to approximately 5000 m, northward, in the model
domain (Figure 10). Indeed, the net averaged sediment fluxes in the region x > 5000 m is
limited to approximately +50 x 103 m3/ year (Figure 10). This net flux results, generally,
from the balance between a 5-to-20-times-larger bulk transport, northward or southward
directed, except at Costa da Caparica beaches (20,000 < x < 23,000 m), where the groins
limit these fluxes. For x > 5000 m, it is also observed that the net flux varies alongshore from
positive (southward) to negative (northward), and is negative at Costa da Caparica beaches.

The averaged net sediment transport at the northern extremity was —50 x 10° m3/year
and —116 x 103 m>/year in the calibration and verification phases, respectively. These
fluxes are within the known estimates of data-inferred alongshore values at Praia de Sdo Jodo,
which are of the order of —200 x 10° to —275 x 10° m3/ year [55,560], and other model
estimates [57].
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Figure 10. Alongshore annual mean sediment flux spatial distribution, for the post-calibration model
simulations (1979-2004).

Figure 11 shows the annual mean net sediment fluxes for all intervention scenarios
(see Table 2) at groin EV1 cross-section (x = 24,000 m) and immediately south of Costa
da Caparica beaches (x = 19,500 m). For all soft-intervention simulations (group A), the
predicted fluxes at EV1 ranged from —170 x 10 m3/year to —185 x 10°> m3/year, except
for scenario A3—no beach nourishment—where the flux was smaller due to the scarcity
of sediments to transport. Figure 11a further evidences the expected reduction in the net
alongshore sediment transport as the terminal groin EV1 length increases. Scenario B5.3 is
the one with the least amount of mean annual sediment (—5.2 x 103 m?®/year) bypassing
EV1, followed by scenarios B5.2 (—17.6 x 10®> m3/year) and B3.3 (—23.8 x 10°> m?/year).
At x = 19,500 m, the annual-averaged sediment fluxes are much smaller, and, depending on
the intervention strategy, the flux towards the coastal cell comprising Costa da Caparica
beaches can be either positive or negative (Figure 11b). We note that this cross-section
corresponds roughly to the one where the annual mean alongshore net sediment flux
changes its direction, in the calibration simulation (see Figure 10). Figure 11b also shows that
interventions B1, B2, B3 and B6 induce positive (southward) net fluxes, that is, promoting
the removal of sediments from Costa da Caparica beaches. On the contrary, strategies A3
and B5 (both without beach nourishment) mobilise significant sediment fluxes from the
south (northward), in an attempt to feed the starving beaches at the north. Intervention
scenarios Al, A2, A4 and B4 are the ones with the smallest net fluxes, with A4 being
preferable because it promotes sediment into Costa da Caparica cell.

5.3. Sediment Volume Budget

The accumulated sediment budget at the littoral cell of Costa da Caparica beach
(between sections x = 19,500 m and x = 24,000 m) was determined from the computed
alongshore sediment fluxes at the boundary sections and the overall projected sand nour-
ishments, for the 25-year projection lifetime. Figure 12 (grey bars) compares these results
for the 16 intervention scenarios (see Table 2). The total nourishment for each strategy
is also presented (dashed-pattern bars) as well as the final alongshore average shoreline
movement (orange line, positive corresponds to accretion). In relation to the overall sedi-
ment budget, strategy A4 is, amongst the non-structural interventions (group A in Table 2),
the most efficient in retaining sediment. All the others (A2 and A3), except for Al, result
in less sediment in the cell than at the initial condition. Strategies B1 and B2, which are
similar to Al but include the removal of some groins, also induce sediment losses. As
shown previously, the lengthening of groin EV1 (see Figure 3) in strategies B3 and B4
contributes significantly to sediment accumulation. Accordingly, strategy B4.3 causes the
largest sediment retention in the system, nearly preserving all the sand added to the system.
Naturally, since the average shoreline displacement is proportional to the accumulated
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volume, those two curves follow the same tendency in Figure 12. The largest average beach
growth is 65.6 m for scenario B4.3, and the continuation of the present strategy (A1) results
in an accretion of only 2.6 m.
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Figure 11. Annual mean net sediment fluxes for all intervention scenarios at: (a) x = 24,000 m;
(b) x =19,500 m.
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Figure 12. Accumulated sediment budget, artificial nourishments and average shoreline ad-
vance/retreat at Costa da Caparica cell (comprised within 19,500 < x < 24,000 m), for the various
intervention strategies.
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6. Conclusions

Costa da Caparica beach, in Portugal, has been subject to coastal erosion over the past
70 years (e.g., [10]). This chronic situation led, in the period 2004-2006, to reconstructing
and reshaping the previously erected groins and to strengthening the seawall [9]. This
action was followed by a succession of five beach nourishment interventions in 2007,
2008, 2009, 2014 and 2019, feeding to the beach a total of 4.5 x 10° m3 of compatible
sand [58,59]. This paper compares the present management strategy with 15 alternative
ones (Table 2), also based on beach nourishment interventions, some combined with coastal
structures interventions. These intervention scenarios were compared in terms of shoreline
advance or recession for a period of 25 years, using a classical one-line shoreline evolution
model [41,42].

The results indicate that the present management strategy (designated by A1) is ef-
fective in holding the shoreline position, although a similar strategy (A4), deploying the
same overall sediment volume but over a shorter area, could lead to slightly better results
(Figures 6 and 12). The best options, which are capable of promoting beach accretion at
Costa da Caparica beaches, implicate the lengthening of groin EV1 (shown in Figure 3),
north of Sdo Jodo da Caparica. The longer the increase in groin EV1, the greater the beach
sediment volume gain, moved by littoral drift, at the Costa da Caparica beaches. How-
ever, such an intervention would need a detailed assessment of the hydro- and sediment
dynamics changes at the Tagus river mouth and adjacent beaches.

All other assessed coastal engineering strategies (A2, A3, B1, B2 and B5) are not
only incapable of increasing the beach width but also lead to even narrower beaches
than the baseline solution (A1). Of all the intervention scenarios, the one associated with
maintaining the present beach nourishment strategy and increasing the terminal groin EV1
by 300 m (B4.3) promotes the largest sediment retention in the upper beach and foreshore,
nearly preserving all the sand nourishment provided to the system. Additionally, it is also
concluded that groins EC1, EC2, EC4, EC6 and EC7 are not strictly necessary to the beach
alongshore equilibrium, as intervention strategy B6 leads to a nearly similar beach accretion
as strategy B4.3.

Lastly, one concludes that shoreline evolutions models can be used with success in
comparing coastal management alternatives, provided they are properly calibrated with
site data. Here, the results at Costa da Caparica beaches are in accordance with the present
knowledge of the beach sediment dynamics.
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