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ABSTRACT

Some of the most disruptive effects of climate change are projected to be felt along the coastlines. The combined
effects of future changes in water levels and wave climate along coastal areas constitute one of the most serious
threats to their sustainable evolution, compromising critical infrastructures, resources, ecosystems, and com-
munities. Understanding long-term changes in coastal areas remains challenging, however, due to their multi-
variate and multi-time-and-space-scale nature. In this study, we propose an innovative methodology for a
complete vulnerability assessment of sandy low-lying coastal areas, based on dynamic, ensemble-based pro-
jections from the Coupled Model Intercomparison Project phase 5 (CMIP5). In the current Part I study, the effects
of sea level rise (SLR) and nearshore wave climate changes on future shoreline evolution are assessed at five key-
locations along the Portuguese coastline. Longshore sediment transport (LST) projections are computed, and
sedimentary imbalances are quantified. Overall, robust shoreline retreat of up to 300 m is projected, especially
along the Portuguese northern and central coastal areas, with continued erosion driven mainly by sediment
imbalance and SLR. The projected decrease in future nearshore wave energy is responsible for a slight alleviation
in erosion trends, up to 6.33%, whereas the increase of northerly incoming waves is expected to lead to
northward beach rotations along western Mainland Portugal. The resulting shoreline evolution, responsible for
the loss of up to 0.786 km? of dry land by 2100 along the 14 km of analysed coastline, is projected to threaten
several Portuguese urban areas, calling for the implementation of adequate coastal management and adaptation
plans, to reduce the impacts of climate change on population, infrastructures, livelihood, and ecosystems.

1. Introduction

Rising sea levels (Storlazzi et al., 2018), together with the effects of
tides, storm surges (Camelo et al., 2020) and extreme waves (Senechal

Coastal areas are amongst the most vulnerable regions to climate
change, comprising important populational centres and economically
relevant hubs (IPCC, 2014; 2022; Hallegatte et al. 2013; Hinkel et al.
2014; Kulp and Strauss, 2020; Feyen et al., 2020). The portion of total
population living in coastal areas has rapidly increased in the last de-
cades (Neumann et al., 2015; Rentschler et al., 2023), being estimated
that at least 10% of the current world’s population lives in coastal areas
less than 10 m above sea-level (McGranahan et al., 2007; Reimann et al.,
2023).
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et al., 2011) are considered key-drivers of coastal hazards, threatening
coastal infrastructures, ecosystems, and communities. The increase in
human pressure along the global coastlines (Jones and O’Neill, 2016)
calls for reliable, long-term coastal vulnerability assessments, needed for
effective coastal management, sustainable development, adaptation,
and impact mitigation strategies. In this context, the National Roadmap
for Adaptation XXI — Portuguese Territorial Climate Change Vulnera-
bility Assessment for XXI Century (RNA2100) project is currently un-
derway, with the goal of supporting public policy exercises of adaptation
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to climate change, at different levels of territorial intervention in
Portugal. RNA2100’s main aims include the characterization of climate
change physical and socioeconomic impacts on the Portuguese most
vulnerable domains, the assessment of financial costs and needs, and the
implementation of a National Spatial Planning Policy Programme
(Soares and Lima, 2022; Soares et al., 2023a, 2023b; Lima et al., 2023a,
2023b).

The Portuguese coastline extends for about 980 km, and most of the
Portuguese populational centres are located at the coast. According to
Rocha et al. (2020), 14% of the national population lives within 2 km of
the sea. In a recent update of the national census (CENSOS 2021), it was
shown that the population living in the Lisboa and Algarve regions
increased by 1.7% and 3.7% relative to 2011, adding further pressure on
the Portuguese coastal areas. Overall, the Portuguese coastline is
composed of sandy beaches, dunes, sandy rocky and soft cliffs, inter-
spersed by river mouths, estuaries, lagoon systems, barrier islands and
urbanized areas with maritime ports, sea walls, breakwaters, marginal
roads and housing lots. Such a complex coastal setting poses enormous
challenges in the definition of accurate and consistent coastal vulnera-
bility and risk assessment methodologies.

Modelling long-term shoreline evolution and extreme coastal flood-
ing is a challenging task, mainly due to the computational cost of dy-
namic modelling efforts and the high number of variables involved
(Ranasinghe, 2016; Toimil et al., 2020). Therefore, many studies focus
solely on the effects of SLR, neglecting or considering the remaining
variables stationary (e.g., Athanasiou et al., 2020; Le Cozannet et al.,
2019). Methodologies often overlook details such as model validation in
local context, performance assessment of forcing (GCM or GCM-driven)
variables, through comparison with local observations, the imple-
mentation of bias correction techniques, if necessary, or even the effects
of wave shoaling, crucial for accurate assessments at the shore.

Pervasive wave action along a sandy shoreline modulates its sedi-
mentary balance with the establishment of longshore currents which, in
the absence of human action, are responsible for both short- and long-
term free shoreline evolution. While the evolution of the shoreline,
depending primarily on waves and coastline orientation, may consist of
a retreat or accretion depending on their mean wave direction (MWD),
the effect of SLR promotes a long-term consistent retreat, forcing the
equilibrium profile landward to preserve its shape relative to the sea
level (Vousdoukas et al., 2020). At a global scale, Luijendijk et al. (2018)
showed that, since 1984, 24% of the world’s sandy beaches are eroding
at rates exceeding 0.5 m/year, while 48% are stable and 28% are
accreting. Mentaschi et al. (2018), considering erosion in estuaries as
well, found a global eroded area of 28.000 km? in 32 years, twice the
accretion during the same period. Although the global distribution of
eroding and accreting sandy beaches is irregular, greatly depending on
the local wave climate characteristics and shoreline orientation,
Portugal has been shown to be in an area of high erosive trends (Pinto
et al., 2020). In fact, erosion in Portugal has been thoroughly studied
over the last decades (e.g., Duarte Santos et al., 2014; Pinto, 2016; Lira
et al., 2016; Ferreira et al., 2020), being determined that from 1958 to
2021, the total area lost to the sea, at national scale, amounted to 13.5
km?, with 45% of the Portuguese low sandy beaches currently under
erosion (Pinto et al., 2020).

The continued rising sea levels along Portuguese coastlines (Antunes,
2014), associated with the present scenario of coastal sedimentary
imbalance, could result in unprecedented coastal flooding, if no addi-
tional coastal protection and risk-reduction or adaptation measures are
implemented (Duarte Santos et al., 2014). In the context of an increasing
need for accurate physical and socioeconomic coastal vulnerability as-
sessments, and incorporated in the RNA2100 project, this study pro-
poses an innovative methodology to deal with the multivariate
challenges of an accurate coastal vulnerability assessment for Portugal,
considering the effects of SLR, tides, storm surge and waves along the
coastal areas, in terms of future shoreline evolution and extreme coastal
flooding, through high-resolution hydro- and morpho-dynamic
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modelling. Ensemble-based projections are used to drive a collection of
dynamic models, providing baseline results for a complete,
national-scale coastal vulnerability assessment, based on a composed
coastal vulnerability index. This study further aims at establishing the
grounds for translating physical impacts into social and economic ones,
as well as adaptation and impact mitigation measures. The complete
assessment is carried out in two parts and published in companion pa-
pers. Here, in Part [, the datasets are presented, the overall methodology
is outlined and detailed, and future high-resolution shoreline evolution
projections are presented along five representative coastal domains
along the Portuguese coastline, based on CMIP5 multi-model ensembles
of SLR and nearshore wave climate projections, under the Radiative
Concentration Pathways (RCPs) 4.5 and 8.5 (Riahi et al., 2011). Our
goal in Part I is to present, for the first time, coherent ensemble-based
shoreline projections along highly vulnerable areas of the Portuguese
coastline, towards the end of the 21st century. The five key-locations,
chosen according to their increased vulnerability and risk to the ef-
fects of climate change (i.e., strong sedimentary imbalance, extreme
storminess, SLR and proximity to urbanized areas), constitute testbeds
for the complete application of the methodology (at a national scale),
generating baseline results. In Part II, the future projected shorelines are
used to modify the present-day digital terrain models (DTMs) using an
innovative parametric coastal retreat method. Nearshore bias-corrected
extreme total water level (TWL) projections are built, using a probabi-
listic approach, for an accurate assessment of future extreme coastal
flooding impacts. Finally, the ensemble-based future projected flooded
areas determined, highlighting the effects on coastal urbanized zones.
The overall assessment carried out in Parts I and II ultimately aims at
providing the necessary data to map coastal vulnerability along the
entire coast of Mainland Portugal, translating the local dynamic
modelling results into a composed coastal vulnerability index, enabling
the identification of the potential risk zones.

This article is organized as follows: in section 2, the study areas are
defined, along with the five key-locations where the high-resolution
dynamic modelling is conducted. The datasets used are also defined,
and the detailed methodology of each sub-task is presented. A thorough
description of the results is offered in section 3. A discussion of the re-
sults and the main conclusions drawn from Part I are provided in section
4.

2. Data and methods
2.1. Study areas

The Portuguese coastline includes extensive sandy beaches backed
by dunes and cliffs, bays, estuaries, lagoons, natural and artificialized
inlets and barrier islands, hosting major and highly strategic political,
economic, industrial and commercial structures, as well as densely ur-
banized areas. After careful consideration of the coastal sectors, five
specific key-locations were selected, in a coordinated manner with the
Portuguese Environmental Agency (APA; Pinto et al., 2022). Enhanced
current erosive trends and imminent overtopping and coastal flooding,
together with the proximity of population centres to the coast focused
the need for local modelling efforts. The five selected key-locations
reflect well the geomorphological heterogeneities of the Portuguese
low-lying sandy coastline, benefiting from large field observational
datasets, as well as from the proximity to buoys, for the characterization
of the sea states. The selected key-locations are: Ofir, Costa Nova, Cova
Gala, Costa da Caparica and Praia de Faro (Fig. 1).

Ofir is located in the northwestern coast of Portugal, in a particularly
vulnerable area due to intensive human occupation along the coastal
fringe. This coastal stretch shows some of the highest historical erosion
trends at a national scale (Lira et al., 2016). Consistently decreasing
beach widths motivated the construction of coastal defence structures
between the 1970s and the 1990s (Veloso-Gomes et al., 2004). During
the winter season, waves are dominant from the W-NW (270-315°),
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Fig. 1. Key-locations along Mainland Portugal’s coastline: 1) Ofir, 2) Costa
Nova, 3) Cova Gala, 4) Costa da Caparica and 5) Praia de Faro. In-situ obser-
vational instruments (the reader is referred to section 2.5.) are marked as
green stars.

often exceeding significant wave heights (Hs) of 6 m (Semedo et al.,
2011; Lemos et al., 2019, 2020, 2020b, 2021a).

Costa Nova is a sector of the central Portuguese western coast,
located south of Ria de Aveiro mouth. This sandy barrier protects the
southern arm of the Ria, with extensive agricultural and urbanized
occupation. The dune system of Costa Nova is becoming more exposed
to wave action, with increasing erosion due to widespread sedimentary
deficit (Fernandez-Fernandez et al., 2019). According to Vicente and
Climaco (2015), from 1958 to 2015 the shoreline between Costa Nova
and Vagueira has retreated approximately 400 m, significantly affecting
the coastal communities. While recent assessments suggest that the
areas North of the Ria de Aveiro mouth may be experiencing sedimen-
tary accretion, due to the new configuration of the jetty (Coelho et al.,
2021a, b), in the southern sectors (including Costa Nova), a dominant
erosive trend is still detectable (Fernandez-Fernandez et al., 2019; Ber-
nardes et al., 2020; Pinto et al., 2022). Climatologically, similarly to the
Ofir key-location, waves are dominant from the W-NW (270-315°) sec-
tors, with annual Hg maxima above 6 m.

Cova Gala is located in the central Portuguese western coast, South of
Figueira da Foz. Erosion trends in this sector have been shown to be
increasing (Oliveira and Brito, 2015; Nunes and Cordeiro, 2013), with
82% of the coastal stretch that includes Cova Gala experiencing coastal
retreat from 2018 to 2021, 66% of it classified as under severe or
extreme erosion (corresponding to average annual rates of —4 m/year;
Pinto et al., 2022). Similarly to the previous locations, waves are
dominant from the W-NW (270-315°) and often exceed Hs values of 6 m.

Costa da Caparica is located South of the Tagus River mouth and is a
well-known and densely occupied urban area and touristic resort,
benefiting from its proximity to Lisbon. Major coastal planning efforts
have been put in place over time to mitigate and adapt to the local strong
coastal erosion trends. Between 1959 and 1963, three groynes and a
longshore seawall were placed to attenuate erosion on the northernmost
part of the Costa da Caparica sector. Between 1968 and 1971, these
structures were expanded, and seven more groynes were built (([HRH,
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2003). Between 2007 and 2019, several beach nourishment in-
terventions were performed at Costa da Caparica, totalizing 4.5 x 10°
m? (Pinto et al., 2007, 2015; Veloso-Gomes et al., 2009). Nevertheless,
overtopping is still common during winter, especially under stormy
weather or extreme swell events. Waves are dominant from the W
(270°), with Hg values frequently exceeding 4 m during winter, and 6 m
about once every two years.

Praia de Faro is inserted in the Ria Formosa natural park (a shallow
meso-tidal coastal lagoon protected by 2 peninsulas and 5 barrier
islands), in the Algarve region, close to the city of Faro. The location is
home to a small community of fishermen, and it is used as a recreational
area for tourists and locals. It is composed of a narrow dune strip be-
tween the Atlantic Ocean and Ria Formosa, which is mainly affected by
long-term erosion driven by changes in the sea level, storms and human
interventions that modify the natural configuration of the area, such as
the use of summer houses and trampling paths, crossing the dune
(Domingues et al., 2021). Waves are dominant from the SW-W
(225-270°) and although generally detaining low to moderate energy,
relatively intense storms (with Hg values higher than 3 m) occur during
winter, mostly from SE (135°).

2.2. GCM-driven wave climate simulations

A 6-member ensemble of wave climate simulations and projections is
used in this study, produced within the context of the Large Scale In-
tegrated Sea-Level and Coastal Assessment Tool (LISCoAsT) project, and
presented in Vousdoukas et al. (2017) and Mentaschi et al. (2017). The
third-generation spectral wave model WaveWatchIIl (WW3; Tolman,
2002) was forced with near-surface winds from 6 GCMs, producing a
6-member multi-model ensemble, spanning from 1971 to 2100, under
the RCP4.5 and RCP8.5 scenarios. WW3 was set-up using the ST4
parameterization (Ardhuin et al., 2010), shown to improve the evolution
of waves for long distances, with a positive impact on the model per-
formance at a global scale (Rascle and Ardhuin, 2013). This character-
istic is particularly important for a more accurate description of the
wave climate along the Portuguese coastlines, given that extreme wave
storms are mostly composed of relatively long swells (generated in the
North Atlantic). The horizontal resolution of the 6-member ensemble for
the southwestern Europe domain is 0.5°. The wave parameters consid-
ered here include the Hg, the peak wave period (T,) and the mean wave
direction (MWD). Further details can be found in Table 1.

2.3. Sea level rise

Since pre-industrial times, it is estimated that the global sea level has
already risen approximately 20 cm (Nerem et al., 2010; Church and
White, 2011; Hay et al., 2015; Sweet et al., 2017, 2022; IPCC et al.,
2022). Although there is a very low rate of regional uplifting along the
Portuguese coastline (Cabral, 1995; Figueiredo et al., 2014), local SLR
measurements from the Cascais tide gauge (near Lisbon) reveal values in
line with the global mean (Antunes et al., 2019), showing a progressive
response to global warming.

The SLR projections used here were obtained from CMIP5 GCMs
outputs, following Church, 2013. The complete SLR dataset includes
projections from 21 GCMs for the RCP4.5 and RCP8.5 future scenarios.
The mean SLR projections are extracted from each ensemble, at the
closest grid-point to each key-location.

2.4. The ERAS reanalysis

The ERAS reanalysis (Hersbach et al., 2020) provides a detailed re-
cord of the global atmosphere, land surface and ocean waves from 1940
onwards. The ERA5 includes improvements in model physics, core dy-
namics and data assimilation, when compared with its predecessor, the
ERA-Interim (Dee et al., 2011), besides a considerable increase in hor-
izontal, vertical and time resolutions. The ERA5 global grid has a
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Table 1

Summary of the GCMs used for the historical and future experiments under
RCP4.5 and RCP8.5. For the different climate scenarios, the symbol v indicates
the availability of SLR and wave parameters, while the SLR and W indicate the
availability of solely SLR and wave parameters, respectively. The symbol —
indicates data unavailability.

GCM Institute (country) Hist. RCP4.5 RCP8.5

ACCESS1.0 Commonwealth Scientific and w v v
Industrial Research Organisation —

Bureau of Meteorology (Australia)

ACCESS1.3 Commonwealth Scientific and w W W
Industrial Research Organisation —
Bureau of Meteorology (Australia)
BCC-CSM1.1 Beijing Climate Centre (China) - SLR SLR
CanESM2 Canadian Centre for Climate - SLR SLR
Modelling and Analysis (Canada)
CNRM-CM5 Centre National de Recherches - SLR SLR
Meétéorologiques (France)
CSIRO- Commonwealth Scientific and w v v
Mk3.6.0 Industrial Research Organisation -
Queensland Climate Change Centre
of Excellence (Australia)
EC-EARTH EC-EARTH consortium w w w
GFDL- NOAA Geophysical Fluid Dynamics w v v
ESM2G Laboratory (USA)
GFDL- NOAA Geophysical Fluid Dynamics v v v
ESM2M Laboratory (USA)
GISS-E2-R NOAA Geophysical Fluid Dynamics - SLR SLR
Laboratory (USA)
HadGEM2- Met Office Hadley Centre (UK) - SLR SLR
CcC
HadGEM2- Met Office Hadley Centre (UK) SLR SLR SLR
ES
IPSL-CM5A- Institut Pierre-Simon Laplace SLR SLR SLR
LR (France)
IPSL-CM5A- Institut Pierre-Simon Laplace - SLR SLR
MR (France)
INMCM4 Institute for Numerical Mathematics ~ — SLR SLR
(Russia)
MIROC-ESM Agency for Marine-Earth Science - SLR SLR
and Technology (Japan)
MIROC-ESM-  Agency for Marine-Earth Science - SLR SLR
CHEM and Technology (Japan)
MIROC5 Agency for Marine-Earth Science SLR SLR SLR
and Technology (Japan)
MPI-ESM-LR Max Planck Institute (Germany) - SLR SLR
MPI-ESM- Max Planck Institute (Germany) - SLR SLR
MR
MRI-CGCM3 Meteorological Research Institute - SLR SLR
(Japan)
NorESM1-M University Corporation for - SLR SLR
Atmospheric Research (USA)
NorESM1- University Corporation for - SLR SLR
ME Atmospheric Research (USA)

horizontal resolution of 0.25° (31 km) for the atmosphere and 0.36° (40
km) for the waves, with 1-hourly output time resolution. The ERAS is
produced using the ECMWF Integrated Forecast System (IFS) Cy41r2
(ECMWF, 2016) and updated in almost real-time.

Regarding ocean waves, hourly assimilation of altimeter wave data is
carried out in ERA5 from 1991 onwards (using data from most mis-
sions), through the 4-dimensional variational (4D-Var) analysis system
and the Optimum Interpolation scheme to ensure hourly updates of the
wave fields. Therefore, ERA5 data are fully synchronous in time with
real-world observations. Here, wave data from the ERA5, comprising H,
mean wave period (Tn), T, and MWD, are used as a long-term contin-
uous reference dataset. The original time-series, at the closest offshore
grid-point are propagated towards the in-situ buoy locations using the
SWAN wave model (the reader is referred to section 2.6.1.). These are
locally corrected using bias correction methods, being then propagated
again towards the shore.
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2.5. In-situ buoy data

In-situ buoy observations are used at the five key-locations to assess
the performance of the ERAS reanalysis in depicting the Hg, Ty, T, and
MWD climate, considering the available observational periods. Despite
being a reanalysis, built using advanced assimilation methods based on
in-situ observations and satellite altimetry measurements, the ERA5 is
not able to capture local phenomena as accurately as the buoys (Bidlot
et al., 2019; Wang and Wang, 2022). Therefore, to promote a more
correct representation of local features, such as changes in MWD driven
by nearshore bathymetry, in-situ wave observations are used to correct
the ERA5, using a quantile mapping bias correction methodology (the
reader is referred to section 2.6.1).

Five buoys are used in the present assessment. These correspond to
the Leixoes buoy (IH), Costa Nova buoy (RAIA project; Allen-Perkins
et al., 2007), Figueira da Foz buoy (IH), Lisbon buoy (“Administacao do
Porto de Lisboa”; APL), and Praia de Faro buoy (IH). The geographical
location and period covered by each buoy can be found in Table 2.

2.6. Methodology

2.6.1. Wave propagation and bias correction

Modelling often exhibits systematic errors (biases) when compared
to reference datasets, arising from simplified physics or numerical pa-
rameterizations within the models (Rocheta et al., 2017; Maraun et al.,
2017, 2019; Gutiérrez et al., 2019; Soares et al., 2019). Attempting to
correct these errors, bias correction methodologies have become a
standard procedure in climate change studies. These post-processing
tools aim to improve the model agreement with reference data (e.g,
observations, reanalyses, hindcasts), assuming that the bias behaviour
does not change in time (i.e., the bias remains stationary between his-
torical simulations and future projections; Haerter et al., 2011). The
main purpose of bias correction is to promote greater consistency be-
tween the reference and simulated climates.

Here, two bias correction methods are applied to the wave climate
simulations and projections, namely the Empirical Gumbel Quantile
Mapping (EGQM) and the Empirical Quantile Mapping (EQM),
following Lemos et al. (2020a, 2020b), to better characterize the local
wave climate features at each of the five key-locations. On a first stage,
the entire ERA5S reanalysed period (1971-2020), propagated from
offshore to the buoy locations, is corrected, for Hg, T, T, (EGQM) and
MWD (EQM), using observed information from each of the five buoys.
The MWD is corrected using a simplified version of the EGQM, the EQM,
given its circular behaviour. MWD data were transformed into zonal (u)
and meridional (v) components, being each one corrected individually,
and finally used to reconstruct the bias corrected MWD parameter.

The propagation of the original GCM-driven wave fields (section 2.2.
And Table 1) from the offshore grid-points to the in-situ and coastal lo-
cations is conducted using the SWAN wave model (Booij et al., 1999),
designed specifically for coastal waters, lakes and estuaries. The model
is based on the wave action balance equation with sources and sinks.

Table 2
Details regarding the in-situ observational instruments (buoys).
Buoy Institution ~ Lat (°) Lon (°) Depth Period
(m)
Leixoes IH 41.32°N 8.98°W 83 28-07-1993 - 05-
04-2018
Costa Nova RAIA 41.15°N 9.58°W 1684 23-10-2010-19-
03-2020
Figueira da IH 40.13°N 8.90°W 13 06-07-1984 — 05-
Foz 02-1996
Lisboa APL 38.62°N 9.38°W 22 31-07-2005 - 27-
06-2011
Faro IH 36.90°N 7.88°W 93 19-03-2009 - 05-

04-2018
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SWAN version 41.31 is used here to propagate the offshore GCM-driven
waves to nearshore, between 10 m and 20 m depth, allowing to consider
the effects of local bathymetry changes while approaching the coast
using a high-resolution bathymetry dataset (EMODnet). The model is set
up in the stationary mode, using a structured grid with a horizontal
resolution of 250 m, extending offshore by 3 km. Such configuration is
considered reasonable to depict the transformation of the most energetic
wave events, responsible for the greatest changes in shoreline configu-
ration. Finally, the ShorelineS (Roelvink et al., 2020) is forced with the
propagated and bias corrected nearshore waves.

The propagation and correction schemes are schematized in Fig. 2. In
summary, first, the ERA5 data is propagated from the offshore grid-point
to the closest in-situ location. The ERAS5 is then bias corrected and finally
propagated nearshore, to depths between 10 m and 20 m. Simulta-
neously, the GCM-driven wave climate simulations and projections are
propagated from their original offshore grid-points towards the same
final location, being then bias corrected using the corrected ERA5 data.

2.6.2. The ShorelineS model

Currently available shoreline evolution models vary greatly in their
complexity, computational demands, and stable simulation horizon
(Roelvink, 2011; Ranasinghe, 2020; Toimil et al., 2020; Hunt et al.,
2023). Two main model classifications are commonly considered:
physics-based models and process-based models. While physics-based
models can numerically resolve the majority the complex morpho- and
hydro-dynamic processes through equations of mass and momentum
conservation, process-based (or reduced-complexity) ones rely on the

ERAS reanalysis

Original offshore data
6-member wave

climate ensemble

o 1971-2020
Original offshore data

1971-2100

Buoy Bias
correction

Observations

Final nearshore location
10-20 m depth

\ 4

-
Nearshore corrected

ERADS reanalysis
Bias
correction
v v
Nearshore 6-member _ ShorelineS
wave climate ensemble g model
J

Shoreline

Fig. 2. Scheme for offshore wave propagation and bias correction. The large
yellow box corresponds to a generic ERA5 offshore grid-point, propagated and
corrected at buoy location, and the blue box to a generic offshore grid-point of
the wave climate simulations and projections ensembles. Both the corrected
ERAS and ensembles are propagated to a final nearshore location, where the
latter are corrected and finally used to force the ShorelineS model.
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parameterization of a limited number of dominant coastal processes,
without explicitly resolving the underlying hydro-dynamic processes
responsible for sediment transport (Vitousek et al., 2023). Recent studies
have shown that physics-based models recommended to simulate the
coastal morphological evolution from seasonal to decadal time scales,
especially due to the inefficiency (low overall
computational-cost-benefit ratio) of process-based models in multi-year
coastal area applications (French et al., 2016; Sherwood et al., 2022).
The (physics-based) Shoreline Simulation (ShorelineS) model (Roelvink
et al., 2020) is a free-form coastline model capable of describing drastic
coastal transformations based on relatively simple principles borrowed
from general coastline theory (Pelnard-Considere, 1956). This
open-source MATLAB-based model describes the coastline like a freely
moving string of points for an arbitrary number of coastal sections
(open/closed) that can interact with rocky parts and/or structures.

The ShorelineS model is employed here to simulate the shoreline
evolution under the different scenarios, according to the associated
future projected wave climates and SLR values. From the available
sediment transport formulas in the model, CERC3 (U. S. Army Corps of
Engineers, 1984) is considered, accounting for wave height at the
breaking zone, and being computationally more efficient than, for
instance, the Kamphuis (KAMP; Kamphuis, 1991) formula (which also
required inputs such as beach slope and grain size, not available for all
key-locations considered). Neumann boundary conditions are selected.
The model is first calibrated and validated against shoreline observa-
tions, and its performance in simulating the evolution of the shoreline is
evaluated using the bias corrected ERA5 wave data at the five
key-locations, from 2008 to 2018 (timeframe with available
high-resolution observations). The observed shorelines correspond to
the berm heights obtained from the aerial photogrammetric survey
provided by the Portuguese National Directorate-General for Territory
(DGT), as well as from the COSMO programme developed by APA (at 1
m resolution). Then, each of the 6 individual members from the near-
shore bias corrected ensemble of wave climate projections is used to
force the ShorelineS model towards the end of the 21st century. Since
shoreline evolution is a continuous process, the moment in time
considered for the future projected 2041-2070 (2071-2100) time-slice
is the year 2070 (2100), corresponding to the end of the time-slice.
The final projected shoreline is the average of the 6 independent
ensemble member projections, from the range of natural inter-member
uncertainty. It should be noted that the ShorelineS version used in this
work does not account for changes in the sea level during the simulation
periods, as forcing is restricted to waves, and therefore, not allowing the
direct inclusion of SLR and tide oscillations. Hence, the additional effects
of SLR are included a posteriori, using Bruun’s rule (Bruun, 1962, 1988),
accounting for the available accommodation space at each location.
Bruun’s rule is a two-dimensional mass conservation principle
describing the landward retreat of the shoreline (and the overall equi-
librium profile) along sandy beaches in response to SLR. Despite wide-
spread criticism (Cooper and Pilkey, 2004; Ranasinghe et al., 2012),
Bruun’s rule is currently the only computationally viable approach to
determine long-term shoreline retreat due to SLR, being commonly used
in scientific literature from local to global scales (Zhang et al., 2004;
Hinkel et al., 2014; Udo and Takeda, 2017; Ritphring et al., 2018;
Vousdoukas et al., 2020).

3. Results
3.1. Performance of the propagated-corrected wave climate simulations

As described in Fig. 2, the 6-member ensemble of wave climate
simulations, spanning over the 1971-2000 historical period, was sub-
jected to a propagation-correction scheme to consider both the wave
transformation near the coast, as well as a correction of the systematic
biases, using ERAS. Fig. 3 shows the wave field transformation for the
historical 6-member ensemble (all members pulled together) at each of
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Fig. 3. Wave field transformation of the ensemble during present climate (1971-2000) using the propagation-correction methodology, at the (a—c) Ofir, (d-f) Costa
Nova, (g-i) Cova Gala, (j-1) Costa da Caparica and m-o) Praia de Faro key-locations. Original ensemble wave fields (a,d,g,j,m - left), propagated ensemble wave fields
(b,e,h,k,n — centre) and propagated-corrected ensemble wave fields (c,f,i,l,0 — right).
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the key-locations. Tables SM1 to SM5 in the SM detail the differences
between the propagated-corrected historical ensembles frequencies of
occurrence for each Hs and MWD bin, and ERA5. Overall, while the
offshore ensemble (Fig. 3 — left) is able to capture the major directional
characteristics of the coastal wave fields at the Ofir (Fig. 3a), Costa Nova
(Fig. 3d) and Cova Gala (Fig. 3g), its performance is rather low at
Caparica (Fig. 3j) and Praia de Faro (Fig. 3m), given their complex
geographic and morphological contexts, which are not well represented
by a global product. At the first three locations, upon propagation and
correction, the northwesterly component is enhanced, especially at
Costa Nova (Fig. 3f). Possibly due to local conditions, the highest Hg
values at the coast occur there as well, surpassing 4 m during 7.74% of
the historical period (Table SM2). At Praia de Faro, the coastal wave
fields exhibit perhaps the most considerable change from their original
offshore characteristics (Fig. 3m). Near the shore (Fig. 30), while low
waves (Hg below 1.5 m) are often from WSW (230°-270°; approximately
65% dominance), the highest Hg values are originated by waves from
SSE (150°-170°), with a frequency of occurrence of 1.96% for values
greater than 2 m (Table SM5).

Table 3 shows the overall performance of the nearshore propagated-
corrected ensemble wave fields at the key-locations, in comparison with
the coastal propagated-corrected-propagated nearshore ERA5 reference
data, in terms of the joint frequency of occurrence of all waves for each
MWD bin (values corresponding to the ones displayed in Fig. 3). Not
surprisingly, at the coast, the overall ensemble’s performance is better at
the Ofir, Costa Nova and Cova Gala key-locations, with differences
below 0.2% for all directional bins. At Costa da Caparica and Praia de
Faro, the differences tend to be slightly greater, however, not exceeding
3.3% in both cases. While the corrected ensemble tends to underesti-
mate the southwesterly components at Costa da Caparica and Praia de
Faro, it overestimates the westerly ones. This feature was also apparent
before the correction at the coast, being, nevertheless, smoothed after
the procedure.

Table 3
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3.2. Future wave climate and SLR projections

The performance evaluation conducted for the historical propagated-
corrected wave climate simulations at the five key-locations provided
the necessary confidence in the ability of the ensemble to accurately
simulate the local wave climatology and therefore provide a realistic
climate change signal until 2100. Figs. SM1 to SM5 in the Supplemen-
tary Material (SM) describe the projected changes for each key-loca-
tion’s joint Hg and MWD fields (mean and 95% percentile values).
Additionally, Tables SM6 to SM10 show the projected frequencies of
occurrence for each Hs and MWD bins along the entire directional
ranges. Table 4 provides a summary of Tables SM6 to SM10, considering
all Hg values, and Table SM11 describes the projected changes in the
ensemble mean and 95% percentile Hg values at each key-location.

The projected changes at Ofir (Table 4, and Fig. SM1 and Table SM6
in the SM) show an overall increase in the frequency of occurrence of
lower Hg values (below 1 m), ranging between 1.4% and 3.3% consid-
ering both RCPs after 2041. For Hg values above 1 m, frequencies are
projected to decrease by the same order of magnitude as mentioned,
however these are shown to be greater up to the 3 m mark (between
0.6% and 1.4% for 1-2 m, and 0.6%-1.2% for 2-3 m). Events with Hg
above 6 m are projected to decrease only marginally (from 0.47% down
to 0.43% during 2071-2100 under RCP8.5). Regarding the mean and
95% percentile Hg associated with each MWD bin, differences are usu-
ally small, below 0.2 m, referring to projected increases (decreases)
southwards (northwards) of 265° (W). Nevertheless, integrated pro-
jections point to overall projected decreases in Hs, down to —4.02%
(—2.33%) for the mean (95% percentile) values (Table SM11). These are
consistent with previous studies conducted for the eastern North
Atlantic (e.g. Lemos et al., 2021a). Note, however, that extreme Hg
values within the 230-240° range are projected to increase during
2071-2100 under RCP8.5, compatible with more severe storm events
from the SW, possibly associated with higher-latitude tropical and/or
post-tropical cyclones in a warmer climate by the end of the 21st century
(Studholme et al., 2022).

For Costa Nova (Table 4, and Fig. SM2 and Table SM7 in the SM), the

Near the coast Hg frequency of occurrence (FO) at each directional bin (20°) for the historical
ensemble (H) and ERA5 (1971-2000). Absolute differences (biases): green below 1%, yellow be-
tween 1% and 2%, orange between 2% and 3%, dark orange between 3% and 4%, red between 4%

and 5% and dark red above 5%.

FO

FO FO FO FOH FO FOH ERAS FOH FO FO

R ERAS ERAS Costa ERAS H

Directions ERAS H Costa Cova Costa . .

o Costa Cova da Praia de | Praiade
©) Ofir Ofir Nova Gals Gala da Canaric
) (%) Nova (%) ala (%) Caparic aparic Faro Faro
(%) (%) o a (%) (%) (%)
a (%)

[350-10[ 0.04 0.08 0.04 0.06 - 0.01 0.01 0.01 0.17 0.45
[10-30[ 0.07 0.09 0.03 0.10 0.01 0.00 0.01 0.11 0.94
[30-50[ 0.04 0.14 0.03 0.11 - 0.01 0.00 0.01 0.17 0.55
[50-70[ 0.03 0.01 0.01 - - 0.01 0.02 0.02 0.16 0.07

[70-90[ 0.06 - 0.01 - - 0.08 0.24 -

[90-110[ 0.01 - 0.03 - - 0.12 0.58 -
[110-130[ 0.02 - 0.03 0.06 1.23 0.01
[130-150[ 0.01 0.01 0.04 - - 0.06 0.30 3.39 4.21
[150-170[ 0.02 - 0.01 - - 0.16 0.15 14.6 15.7
[170-190[ 0.02 - 0.02 0.14 0.14 6.57 5.04
[190-210[ 0.19 0.09 0.08 - - 0.86 0.62 0.60 0.49
[210-230[ 1.17 1.30 0.40 0.41 0.28 0.26 12.9 9.70 2.47 2.24
[230-250[ 2.17 2.17 1.08 1.21 1.14 1.06 40.7 41.8 33.6 32.1
[250-270[ 6.78 6.80 3.03 3.10 2.24 231 335 359 28.7 32.0
[270-290[ 32.0 32.0 204 20.4 26.4 26.4 10.1 7.99 6.86 5.96
[290-310[ 40.7 40.7 50.6 50.5 48.7 48.8 1.19 3.01 0.21 0.09
[310-330[ 15.9 15.7 22.7 228 20.2 20.2 0.05 0.41 0.10 0.09
[330-350[ 0.75 0.86 1.36 1.38 0.99 0.95 0.02 0.01 0.30 0.16
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Table 4
Near the coast Hg frequency of occurrence (FO) at each directional bin (20°) for the historical (H) and future projected (F) ensembles, considering the 2041-2070
RCP4.5, 2071-2100 RCP4.5, 2041-2070 RCP8.5 and 2071-2100 RCP8.5 time-slices per bin of propagated-corrected coastal Hs and MWD.

Directions FOH FOF FO H Costa FOF FO H Cova FOF FO H Costa da FOF FOH FOF
(@) Ofir Ofir Nova (%) Costa Nova Gala (%) Cova Gala Caparica (%) Costa da Praia de Praia de
(%) (%) (%) (%) Caparica (%) Faro (%) Faro (%)
[350-10 [ 0.08 0.09 0.06 0.05 0.01 0.04 0.01 0.01 0.45 0.42
0.09 0.05 0.03 0.01 0.44
0.09 0.04 0.03 0.01 0.44
0.09 0.05 0.03 0.02 0.46
[10-30 [ 0.09 0.10 0.10 0.09 0.01 0.01 0.01 0.01 0.94 1.02
0.10 0.09 0.01 0.01 1.11
0.10 0.09 0.01 0.01 1.15
0.11 0.09 0.01 0.01 1.19
[30-50 [ 0.14 0.18 0.11 0.09 0.01 0.01 0.01 0.01 0.55 0.62
0.19 0.10 0.01 0.01 0.68
0.19 0.10 0.01 0.01 0.70
0.19 0.10 0.01 0.01 0.73
[50-70 [ 0.01 0.01 - 0.01 0.01 0.01 0.02 0.01 0.07 0.09
0.01 - 0.01 0.01 0.10
- - 0.01 0.01 0.10
0.01 - 0.01 0.01 0.11
[70-90 [ - - - - - 0.01 - - - 0.01
- - 0.01 - 0.01
- - 0.01 - -
- - 0.01 - 0.01
[90-110 [ - - - - - - - - - -
- - - - 0.01
- - - - 0.01
[110-130 [ - - - - - - - - 0.01 0.02
- - - - 0.02
- - - - 0.02
- - - - 0.02
[130-150 [ 0.01 0.01 - - - - 0.30 0.32 4.21 4.43
0.01 - 0.02 0.35 4.56
0.01 - 0.02 0.36 4.61
0.01 - 0.02 0.38 4.80
[150-170 [ - 0.01 - - - - 0.15 0.18 15.7 15.0
0.01 - - 0.18 14.5
- - - 0.19 14.2
0.01 - - 0.24 14.0
[170-190 [ - - - - - - 0.14 0.17 5.04 4.66
- - - 0.17 4.55
- - - 0.18 4.49
- - - 0.23 4.39
[190-210 [ 0.09 0.09 - - - 0.01 0.62 0.76 0.49 0.46
0.08 - 0.11 0.75 0.44
0.08 - 0.08 0.80 0.44
0.09 - 0.07 0.92 0.43
[210-230 [ 1.30 1.35 0.41 0.40 0.26 0.43 9.70 9.15 2.24 2.15
1.27 0.38 0.46 8.80 2.13
1.31 0.35 0.45 8.63 2.13
1.39 0.34 0.45 8.28 2.09
[230-250 [ 2.17 2.07 1.21 1.14 1.06 1.16 41.8 40.6 32.1 31.3
2.01 1.02 1.53 40.2 31.1
1.97 1.04 1.38 40.1 31.1
1.85 1.02 1.26 39.5 30.7
[250-270 [ 6.80 6.09 3.10 2.66 2.31 2.79 35.9 36.2 32.0 33.1
5.93 2.57 3.07 36.4 33.4
5.73 2.42 2.80 36.4 335
5.37 2.34 2.62 36.9 33.9
[270-290 [ 32.0 31.6 20.4 19.4 26.4 27.2 7.99 8.77 5.96 6.36
31.5 19.0 27.0 9.19 6.55
31.4 18.8 26.9 9.30 6.62
30.3 18.4 26.5 9.59 6.77
[290-310 [ 40.7 41.0 50.5 51.1 48.8 47.3 3.01 3.35 0.09 0.09
41.0 51.3 46.4 3.46 0.10
41.2 51.6 46.6 3.50 0.10
41.7 51.5 46.8 3.51 0.10
[310-330 [ 15.7 16.4 22.8 23.5 20.2 20.1 0.41 0.44 0.09 0.09
16.8 239 20.1 0.42 0.09
16.9 24.0 20.3 0.44 0.09
17.8 24.5 20.7 0.43 0.10
[330-350 [ 0.86 0.94 1.38 1.53 0.95 0.98 0.01 0.02 0.16 0.19
0.96 1.58 1.21 0.02 0.21
0.96 1.58 1.38 0.02 0.22
0.98 1.65 1.55 0.02 0.23
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general behavior is similar to Ofir, with projections indicating enhanced
frequency of lower Hg values (below 2 m), essentially incoming from
northwards of 270° (W), compatible with the projected poleward
displacement of the storm tracks, between 1.9% (2041-2070 under
RCP4.5) and 3.4% (2071-2100 under RCP8.5). In terms of mean and
95% percentile Hg, values are generally projected to decrease north-
wards of 280° (WNW) and increase southwards. These projections are
below 0.2 m, or ~10% (0.3 m, or ~7%) for the mean (95% percentile)
Hg, except for the SSW-SW range (200°-230°), where differences be-
tween 0.1 and 0.3 m, or up to 50% (0.3-0.8 m, or up to 70%) are pro-
jected to occur. Note, however, that the SSW-SW MWD range
corresponds to less than 1% of the total sample, and therefore integrated
projections point to overall projected decreases, down to —3.79%
(—4.20%) for the mean (95% percentile) Hg (Table SM11).

At Cova Gala (Table 4, and Fig. SM3 and Table SMS8 in the SM), while
the absolute mean and 95% percentile values are shown to be lower than
for Ofir and Costa Nova, projections show similar patterns. Overall, Hg
values below 1 m are projected to become more common, between 1.3%
(2041-2070 under RCP4.5) and 2.5% (2071-2100 under RCP8.5).
While higher wave heights are projected to become scarcer, the fre-
quency of the most extreme Hg values is projected to remain almost
unaltered (from 0.15% to 0.13-0.14% for Hs above 7 m). While a
consistent increase in the frequency of waves incoming from S-W (190°-
270°) is projected to occur for all wave heights, above 270° this
behaviour is generally limited to Hs below 1 m. All scenarios project an
increase of the extreme Hg southwards of 290°, generally within 0.1-0.3
m (5-20%). Furthermore, between WSW-WNW, increases between 0.2
and 0.4 m (7-12%) are also expected. Nevertheless, decreases are to be
expected when considering the integrated mean and 95% percentile
ensemble Hg, down to —4.42% and —3.73%, respectively (Table SM11).

At Costa da Caparica (Table 4, and Fig. SM4 and Table SM9 in the
SM), across the most frequent MWD range (130°-330°), waves below 1
m are projected to become more frequent by 2.0% (4.2%) during
2041-2070 (2071-2100) under RCP4.5 (RCP8.5). For Hs values above
1 m, the opposite behaviour is projected. In contrast with Ofir, Costa
Nova and Cova Gala, at Costa da Caparica the mean and 95% percentile
Hg are projected to decrease throughout the entire directional range for
all periods and scenarios, especially for MWD values below 210° (SSW).
There, mean Hg differences between —0.1 m and —0.2 m (—10% to
—20%) can be expected, and 95% percentile changes down to —0.75 m
or —24% (—1.65 m or —54%) for the 2041-2070 RCP4.5 (2071-2100
RCP8.5) period are projected. It should be noted, however, that MWD s
below 210° account for only 1-2% of the total samples. Hence, the
overall integrated mean (95% percentile) Hs projections at Costa da
Caparica do not exceed —5.65% (—5.13%) between future periods and
scenarios (Table SM11).

For Praia de Faro (Table 4, and Fig. SM5 and Table SM10 in the SM),
in the south-facing coast of Portugal, similarly to the remaining key-
locations, waves below (above) 0.5 m Hg are projected to become
more common (scarce) in between 2.2% and 3.9%, for the 2041-2070
RCP4.5 and 2071-2100 RCP8.5 periods, respectively. Projected changes
in the mean and 95% percentile Hg follow a similar behaviour at Praia de
Faro, showing consistent decreases throughout most of the incoming
directional range (except between 300° and 310°; NW). Thus, the inte-
grated future Hg projections for the ensemble mean and 95% percentile
attain differences as low as —7.04% and —7.10%, respectively
(Table SM11).

Finally, the associated SLR projections were extracted from the 21-
member ensemble for each future time-slice and scenario, at the
closest grid-point to each key-location. The obtained SLR values are
summarized in Table SM12 in the SM.

3.3. ShorelineS performance evaluation (2008-2018)

The ability of the ShorelineS model to represent the complex pro-
cesses driving shoreline evolution is evaluated by forcing it with hy-
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drodynamic conditions from the nearshore bias corrected ERAS5 (Hs, Tp,
and MWD), from 2008 to 2018, and shown in Fig. 4. This time window
corresponds to two moments where aerophotogrammetric data and field
data is available and can be used to produce initial and final shoreline
positions, based on real observations. Note, however, that this free
shoreline evolution does not account for local human intervention
processes, although considering pre-existent structures, like groins, SLR
(estimated at approximately 3.6 cm in the Cascais tide gauge) or tides.
Therefore, differences are expected to arise, especially along artifi-
cialized coastal segments.

At Ofir (Fig. 4a), the evaluation process revealed very reasonable
results in all coastal segments (between each set of groins). The effective
littoral drift at Ofir is significantly lower than the potential drift, and
therefore a manual calibration based on the coastline retreat rates
described by Lira et al. (2016) was performed to promote a better
agreement with observations. Overall, an average longitudinal bias
(mean absolute error; MAE) of —0.90 m (13.1 m) was obtained.

At Costa Nova, the evaluation of the ShorelineS model produced
good results between 2008 and 2018 (Fig. 4b), especially south of the
first groin, where human intervention is less frequent. Northwards of
this structure, performance is slightly reduced, due to the numerous
beach nourishment activities conducted there during the analysed time-
window (Pinto et al., 2020). Nevertheless, the overall model perfor-
mance is considered reasonable for the adopted parameterization, with a
mean bias (MAE) of 3.50 m (22.9 m) for the area.

Along the Cova Gala stretch (Fig. 4c), ShorelineS also represents the
observed shoreline evolution reasonably, in both the northerly (open
sandy beaches) and southerly (enclosed beaches limited by groins and
adherent structures) portions of the coastline. The performance is,
nevertheless, lower in the top North of the domain. This is possibly due
to the beach nourishment interventions conducted in that location
during the analysed time-window (Pinto et al., 2020), or other local
effects, such as wave diffraction from Cape Mondego, potentially driving
sediment northwards in this area. Overall, an overestimation of the
retreat by 11.8 m on average (MAE of 12.4 m) is observed.

For Costa da Caparica (Fig. 4d), the ShorelineS model is able to
reasonably depict the historical evolution of the shoreline, with very
small differences overall, especially South of Sao Joao da Caparica
beach, where the observed 2018 shorelines are generally very close to
the simulated ones, after 10 years (differences below 10 m). In the
northern portion of the area, however, differences attain larger values,
possibly due to local higher nartural variability range of the system
related the effects of the Tejo river’s sedimentary delta, inducing very
localized changes in wave direction, favouring periods of sedimentary
accretion. There, the results show exacerbated shoreline retrats in
comparison with the 2018 observation, of up to 90 m. Nevertheless, it
should be noted that artificial beach nourishments took place in Costa da
Caparica in 2008, 2009 and 2014 (Pinto et al., 2020). Overall, the mean
areawide bias (MAE) is set at 9.90 m (31.9 m).

Finally, at Praia de Faro (Fig. 4e), the behavior of the shoreline can
be considered relatively homogeneous during the evaluation period, due
to its naturally linear configuration, and the absence of hard human
interventions. For these reasons, Praia de Faro reveals the best overall
ShorelineS performance, with differences consistently below 20 m when
compared with the actual observed shoreline by 2018. The mean
shoreline bias and the MAE are set at —3.90 m and 5.70 m, respectively,
indicating slightly reduced simulated retreat.

All considered, the ShorelineS performance is good for the adopted
parameterizations, providing the necessary confidence in the model to
project the natural evolution of the shoreline along the five key-
locations throughout the 21st century.

3.4. Future projected shorelines towards the end of the 21st century

Table 5 summarizes the ensemble mean potential longshore sedi-
ment transport (LST) projections for both the RCP4.5 and RCP8.5
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Fig. 4. (a) Ofir, (b) Costa Nova, (c) Cova Gala, (d) Costa da Caparica and (e) Praia de Faro observed shoreline (2008 — blue dashed line, and 2018 — black dashed line)
versus modelled shoreline in 2018 from 2008 initial conditions, forced by the propagated-corrected-propagated ERA5 reanalysis (red line). Relevant locations as well

as the areawide MAEs are overlayed.

scenarios across each of the key-locations, during the 21st century
(2011-2100), divided into three time-slices (2011-2040, 2041-2070
and 2071-2100), showing also the mean yearly trend throughout the
entire period. Values are positive for southward transport, and negative
for northward.

3.4.1. Ofir

The projected LST rates throughout the 21st century, at the Ofir key-
location, for the 6-member ensemble (mean and uncertainty range)
under the RCP4.5 and RCP8.5 scenarios, are shown in Fig. 5. Such
analysis provides an indication of the sediment amount that is being
carried off the area yearly, with direct implications for long-term beach
nourishment planning. The projected rates are positive (i.e., southwards
net transport), with an ensemble mean value of 1.251 x 10° m>/year

10

(1.247 x 10% m®/year) for the RCP4.5 (RCP8.5) scenario during
2011-2040 (Table 5). For the medium- and long-term, the ensemble
mean LST rates are projected to consistently decrease (agreement of at
least 5 in 6 members) for both scenarios, towards 1.166 x 10° m>/year
(1.190 x 10° m3/year) during 2041-2070 and 1.127 x 10° m®/year
(1.205 x 10% m®/year) during 2071-2100. Between scenarios, the larger
mean projected LST rates for the RCP8.5 are compatible with an
enhancement of the northward component in the local wave climate,
associated to most sea state conditions (Table 4, Fig. SM1 and Table SM6
in the SM). From 2011 to 2100, a mean trend of —2000 rn3/year2 (=700
m3/year2) is identified, for the RCP4.5 (RCP8.5) scenario (Table 5).
The projected Ofir shorelines forced exclusively by wave climate
projections are depicted in Fig. SM6 of the SM. Different behaviors are
projected due to wave action. In the northern sector (North of the first
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Figs. 5. 21st century projected LST yearly rates (rn3/year) at the Ofir key-location for the (a) RCP4.5 and (b) RCP8.5 scenarios.

Table 5

Ensemble mean LST projections (10° m®/year) at each of the key-locations for
the RCP4.5 and RCP8.5 scenarios throughout the 21st century, and ensemble
mean yearly trend during 2011-2100 (10° m>/year?).

LST ensemble mean (10° m®/year) and trend (10° m®/year?)

RCP4.5

2011-2040 2041-2070 2071-2100 Trend
Ofir 1.251 1.166 1.127 —0.0020
Costa Nova 0.820 0.783 0.805 —0.0003
Cova Gala 0.960 0.880 0.858 —0.0017
Costa da Caparica —-0.527 —0.489 —0.435 0.0014
Praia de Faro —0.083 —0.078 —0.066 0.0030
RCP8.5

2011-2040 2041-2070 2071-2100 Trend
Ofir 1.247 1.190 1.205 —0.0007
Costa Nova 0.861 0.855 0.803 —0.0008
Cova Gala 0.838 0.805 0.748 —0.0015
Costa da Caparica —0.511 —0.438 —0.378 0.0024
Praia de Faro —-0.079 —0.062 —0.053 0.0050

groin), a slight northwards rotation is visible, with areas of consistent
accretion (retreat) between ensemble members, compatible with MWD
projections. In the central sector (Praia de Ofir), rotation is not so
evident, with enhanced projected erosion south of the first groin. In the
southern sector (Praia da Bonanca and Praia de Fao), shoreline retreat is
also projected to be dominant, despite small areas of accretion.

The final projected shorelines, considering both the effects of the
wave climate (ensemble mean shoreline) and SLR under the RCP4.5 and
RCP8.5 scenarios are depicted in Fig. 6. SLR unequivocally suppresses
all “virtual accretion” zones resulting from wave action alone (especially
north of the first groin), leading to robust projected shoreline retreat
along most of the domain extension (the areas showing no retreat
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represent no accommodation space), assuming no human intervention
or beach nourishments during the 21st century.

Under the RCP4.5 (Fig. 6a), by 2070 (2100), retreat from the 2018
reference line of up to 60 m (100 m) at Praia de Ofir, south of the first
groin, 80 m (100 m) at Praia da Bonanca, south of the second groin, and
70 m (70 m) at Praia de Fao, north of the third groin, is projected. For the
RCP8.5 (Fig. 6b), retreat of up to 80 m (120 m) at Praia de Ofir in 2070
(2100) and no less than 30 m (60 m) north of the second groin is pro-
jected to occur. At Praia da Bonanca, 90 m (120 m) retreat can be ex-
pected, whereas at Praia de Fao values are slightly lower, but still
ranging between 50 m and 80 m. Particularly at Praia de Ofir and Praia
da Bonancga, under the RCP8.5, the shoreline is likely to retreat towards
urban areas, even considering the moderate RCP4.5 scenario.

3.4.2. Costa Nova

The projected LST rates at Costa Nova towards 2100 are shown in
Fig. 7. These projections reveal a constant southwards net transport,
with an ensemble mean of 0.820 x 10° m%/year (0.861 x 10° m3/year)
for the RCP4.5 (RCP8.5) during 2011-2040. Ensemble mean LST rates
are projected to consistently decrease (agreement of at least 3 in 6
members) for both scenarios, towards 0.783 x 108 m3/year (0.855 x
10° m3/year) during 2041-2070 and 0.805 x 10® m>/year (0.803 x 10°
m3/year) during 2071-2100 (Table 5). Similarly to Ofir (Fig. 5), higher
mean projected LST rates for the RCP8.5 are compatible with an
enhancement of the northward component in the local wave climate,
associated to most sea state conditions (Table 4, Fig. SM2 and Table SM7
in the SM). From 2011 to 2100, a mean trend of —300 m3/year2 (—800
m3/year2) is identified, for the RCP4.5 (RCP8.5) scenario (Table 5).

The projected shorelines at Costa Nova forced exclusively by wave
climate projections are shown in Fig. SM7 in the SM. Overall, the
shoreline behavior is marked by a slight northwards rotation, compat-
ible with the projected change in MWD. The impact of the groins is
clearly visible, with areas of consistent accretion (retreat) North (South)
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Fig. 6. Projected mean shorelines at Ofir forced by the propagated-corrected ensemble of wave climate projections by (green) 2070 and (red) 2100 (snapshots) under
the (a) RCP4.5 and (b) RCP8.5 scenarios, including the effects of SLR (mean projection). The black dashed line represents the reference shoreline (2018). Relevant

locations are overlayed.
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Fig. 7. Same as in Fig. 5, but for the Costa Nova key-location.

of each structure. This behavior is consistent for all ensemble members.

Fig. 8 shows the same as Fig. 6, but for Costa Nova. Considering SLR,
consistent projected shoreline retreat is visible along the entire exten-
sion of the Costa Nova study area domain. Under the RCP4.5 (Fig. 8a),
by 2070 (2100), values amount to 170 m (200 m) at Praia Velha, 80 m
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(105 m) south of the first groin (Praia da Costa Nova - North), 60 m (90
m) south of the second groin (Praia da Costa Nova - South) and 80 m
(105 m) south of the third groin (Praia Nova), from the 2018 reference
line. Under RCP8.5 (Fig. 8b), by 2100, maximum shoreline retreat of
210 m, 110 m, 70 m and 110 m is expected at Praia Velha and south of
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Fig. 8. Same as in Fig. 6, but for the Costa Nova key-location.

the first, second and third groins (North to South), respectively. Such
results reveal projected shorelines within urban areas at several loca-
tions along Costa Nova.

3.4.3. Cova Gala
At Cova Gala, the projected LST rates follow a similar trend to the
ones of Costa Nova, showing a slight but consistent projected decrease

(agreement of at least 4 in 6 members) towards 2100 (Fig. 9), from a
mean ensemble value of 0.960 x 10% m>/year (0.838 x 108 m>/year)
during 2011-2040, to 0.880 x 10° m3/year (0.805 x 10° m3/year)
during 2041-2070 and 0.858 x 10% m%/year (0.748 x 10° m®/year)
during 2071-2100 under the RCP4.5 (RCP8.5) scenario (Table 5). The
overall trend is slightly more expressive for the RCP4.5 scenario, at
—1700 m3/year?, in comparison with —1500 m>/year? found for the
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Fig. 9. Same as in Fig. 5, but for the Cova Gala key-location.
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RCP8.5. Nevertheless, a continued erosion process at Cova Gala is
expected.

The impact of future projected wave action at Cova Gala’s shorelines
is shown in Fig. SM8 in the SM. Similarly to Costa Nova, a slight
northwards shoreline rotation is visible, especially in the northern half
of the area, consistent between all ensemble members. The five groins
positioned directly off Cova Gala offer additional protection against
extreme coastal erosion and rotation associated to future projected wave
climate. In terms of shoreline retreat, the most affected area is located at
the top of the domain, at Praia do Cabedelo. Not surprisingly, in the
areas where a fixed barrier already exists (at the beaches adjacent to the
village), shoreline is not projected to change significantly.

Fig. 10 is similar to Fig. 6, but for Cova Gala. Closely to Costa Nova,
the “virtual” sediment accretion is no longer projected North of the first
groin with the inclusion of SLR. Under the RCP4.5 scenario (Fig. 10a),
retreat values become higher, up to 90 m (140 m) at Praia do Cabedelo,
60 m (80 m) at Praia de Cova Gala Norte (directly affecting urbanized
area near “Hospital Distrital da Figueira da Foz”), and 80 m (110 m) in
the northern portion of Praia de Cova Gala Sul (also directly affecting
urbanized area), from the 2018 reference values, by 2070 (2100).
Considering the RCP8.5 (Fig. 10b), shoreline retreat up to 110 m (150
m) at Praia do Cabedelo, 70 m (90 m) at Praia de Cova Gala Norte and
90 m (120 m) at Praia de Cova Gala Sul is expected. Such projected
evolution represents a major risk for Cova Gala, in the case of no human
intervention, with the shoreline expected to lay inside urban areas in
several locations along the domain.

3.4.4. Costa da caparica

Fig. 11 is similar to Fig. 5, but for the Costa da Caparica key-location.
Throughout the 21st century, LST rates are projected to be negative
(representing an overall northwards sediment transport), showing,
nevertheless, a slight but consistent projected decrease (agreement of at
least 4 in 6 members) in magnitude, from a mean ensemble value of
—0.527x 10° m3/year (—0.511 x 10° m3/year) in the 2011-2040
period, to —0.489 x 10° m®/year (—0.438 x 10° m®/year) during
2041-2070 and —0.435 x 10° m®/year (—0.378 x 10° m3/year) during
2071-2100 (Table 5). This tendency is especially noticeable for the
RCP8.5 scenario (Fig. 11b), at 2400 m®/year?, in comparison with 1400
m3/year2 found for the RCP4.5 (Fig. 11a).

~Coastline 2018!
—— 2070 (RCP4.5)
—— 2100 (RCP4.5)
0 100 200 Meters P14 ¢ '
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The projected Costa da Caparica shorelines resulting from projected
wave action are shown in Fig. SM9 in the SM. In the central and southern
portions of the area, shorelines are projected to remain stable due to the
existence of a long seawall extending from Praia de Sao Joao da Caparica
onto Nova Praia, covering approximately 3 km. In the northern portion,
however, from Praia da Cova do Vapor to Praia de Sao Joao da Caparica,
extensive consistent retreat is projected to occur from wave action alone,
ranging between 160 m and 220 m between ensemble members, for all
future periods and scenarios. Such behavior, despite possibly amplified
by the results of Fig. 3, is compatible with the MWD projections for this
area, indicating a slight northwards rotation (Table 4, Fig. SM4 and
Table SM9), allowing extensive erosion on the northernmost stretch of
Praia de Sao Joao da Caparica, which is oriented to the SW. In fact, it was
shown that while the SW (210-230°) component of the wave climate at
this study location is projected to decrease, from 9.70% during the
historical period, towards 9.16%, 8.80%, 8.63% and 8.28%, during
2041-2070 and 2071-2100, under RCP4.5 and RCP8.5, respectively,
the W (250-270°) component is projected to increase, from 35.87%
(historical), towards 36.15%, 36.45%, 36.43% and 36.84%, respectively
(Table 4). These changes, along with the ones for the remaining sectors,
might exacerbate the erosive processes in southward-facing beaches,
such as in the northern portion of Praia de Sao Joao da Caparica.

The compound shoreline projections from wave climate and SLR are
shown in Fig. 12. Overall, shoreline retreat can be observed throughout
Costa da Caparica for all future periods and scenarios. Between them,
differences are generally small, due to the long seawalls protecting the
urban areas facing the ocean, with almost no accommodation space left.
In Fig. 12, retreat of up to 60 m by 2070 (80 m by 2100) between Nova
Praia and Praia da Satide, and 100 m (100 m) in Praia do Dragao Ver-
melho and Praia Nova (central and southern urban area of Costa da
Caparica) is visible, for both scenarios. At Praia de Sao Joao da Caparica,
near Cova do Vapor, retreat of up to 280 m (290 m) is projected under
the RCP4.5, reaching 300 m under the RCP8.5 by 2100. Such projections
contrast with the expected accretion in the southern portion of this
beach, within 40-60 m between scenarios. Note, however, that these
projected accretions lie close to the error margin found for this section in
Fig. 3. Particularly for the RCP8.5 (Fig. 12b), at Praia da Cova do Vapor
(top North of the domain), the shoreline is projected to remain stable
under this scenario, whereas under the RCP4.5 (RCP8.5), retreat of up to

-~ Coastline 2018
— 2070 (RCP8.5)
| — 2100 (RCP8.6) -

Fig. 10. Same as in Fig. 6, but for the Cova Gala key-location.
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Fig. 11. Same as in Fig. 5, but for the Costa da Caparica key-location.
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Fig. 12. Same as in Fig. 6, but for the Costa da Caparica key-location.

170 m (190 m) is expected to occur, demonstrating increased sensitivity 3.4.5. Praia de faro

even to slight changes in the MWD. It should, nevertheless, be recalled The projected LST rates at Praia de Faro towards 2100 are shown in
that the projections for the northern portion of the domain should be Fig. 13. These assume mostly negative values (ie., northwards net
interpreted with caution due to the local model limitations found in the transport, in this case, with a reduced northward component, in a slow
evaluation process. northwesterly transport), with an ensemble mean of —0.083 x 10° m%/
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Fig. 13. Same as in Fig. 5, but for the Praia de Faro key-location.

year (—0.079 x 10° rn3/year) for the RCP4.5 (RCP8.5) during
2011-2040. Overall, ensemble mean LST rates are still projected to
consistently decrease (agreement of at least 3 in 6 members) for both
scenarios, towards —0.078 x 106 m3/year (—0.062 x 10° m3/year)
during 2041-2070 and —0.066 x 10° m®/year (—0.053 x 10 m®/year)
during 2071-2100. Throughout the 21st century, the lower mean pro-
jected LST rates for the RCP8.5 are compatible with the local projected
decrease in wave energy. From 2011 to 2100, a mean trend of 3000 m3/
year2 (5000 m3/year2) is identified, for the RCP4.5 (RCP8.5) scenario
(Table 5).

The shorelines at the Praia de Faro key-location, composed of long
sandy beaches, are projected to change almost uniformly with wave
action towards 2100 (Fig. SM10 in the SM). The expected retreat is
greater where the accommodation space allows, i.e., away from the most
densely populated area. The erosion related to wave action alone is
projected to be kept below 30 m by 2070 under RCP4.5, and range be-
tween 20 m and 60 m by 2100, under RCP8.5. Between ensemble
members, uncertainty is low (generally below 20 m, and the lowest
between the five key-locations), given the geomorphological homoge-
neity of the area (without natural adherent structures of hard-human
interventions) and the dynamics of the regional wave climate, with
less extreme events and less directional variability than in the other
locations.

Fig. 14 is similar to Fig. 6, but for Praia de Faro. The long low sandy
beaches without artificial structures that characterize this key-location
allow a consistent retreat to be expected throughout the entire area,
depending (almost exclusively) on the SLR values. Overall, shoreline
retreat is visible at Praia de Faro, for all future periods and scenarios.
Differences are related to the magnitude of the SLR, with maximum
values ranging between 20 m and 35 m by 2070 under RCP4.5, and 50 m
and 80 m for 2100 under RCP8.5.
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4. Discussion and conclusions

This study provided the first consistent, ensemble-based assessment
of coastal erosion and shoreline evolution projections for Portugal, from
a large set of CMIP5 data. A 6-member ensemble of wave climate pro-
jections, propagated nearshore to account for the effects of local ba-
thymetry and bias corrected using an innovative and streamlined
methodology based on a synergic combination of reanalysis and obser-
vational data, was used. Additionally, a 21-member ensemble of SLR
projections was utilized to drive the ShorelineS model and produce high-
resolution shoreline projections along five Portuguese highly vulnerable
key-locations, towards the end of the 21st century. The coastal envi-
ronments considered are characterized by sandy coastlines, often with
anthropized segments marked by adherent structures and groins.

Regarding wave climate, nearshore Hs and MWD projections, as
represented by the coastal propagated-corrected ensemble at each of the
five key-locations, were summarized in Table 4. Overall, low northerly
(high westerly) waves are projected to become more frequent (scarcer)
in the future. Such behavior is consistent with the enhanced projected
decreases in the mean Hg values along the eastern North Atlantic
described by Lemos et al., 2021b and others (e.g. Dobrynin et al., 2015;
Perez et al., 2015; Gallagher et al., 2016; Aarnes et al., 2017; Camus
et al., 2017; Casas-Prat et al., 2018; Webb et al., 2018; Morim et al.,
2018, 2019; Lemos et al., 2019, 2020a). At Ofir and Costa Nova, the
frequency increases of northerly waves ranged from 1.08% to 4.22% at
Ofir, and 1.45%-2.97% at Costa Nova, considering the 2041-2070
RCP4.5 and 2071-2100 RCP8.5 future projected periods (Table 4). At
Cova Gala, projections also showed an increase in frequency for MWD s
within 190°-290° (SSW-WNW, especially for the RCP4.5 2071-2100
future period, at 2.15%), in addition to the slight increase for the
310°-350° (NW-N) interval. In Costa da Caparica, directional frequency
projected increases also revealed a bimodal behavior across 130°-210°
(SE-SW) and northwards of 250° (WSW). The projected frequency
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Fig. 14. Same as in Fig. 6, but for the Praia de Faro key-location.

decreases between 210° and 250° ranged from —1.75% (2041-2070
RCP4.5) to —3.72% (2071-2100 RCP8.5). Finally, at Praia de Faro, a
decrease in the frequency of occurrence of MWD s southwards of 250°
(WSW) has been found, except for the 130°-150° range (SE-SSE).
Northwards of 250°, projected increases between 1.53% (2041-2070
RCP4.5) and 2.80% (2071-2100 RCP8.5) were shown to occur. It should
be noted, nevertheless, that across Costa da Caparica and Praia de Faro,
the ensemble slightly underestimated the southwesterly components
while overestimating the westerly ones, even after the
propagation-correction procedure (Table 3).

The ability of the ShorelineS model to accurately depict shoreline
evolution was assessed by reproducing the observed shoreline by the
year 2018 from 2008 initial conditions (two moments where observa-
tions were available) using the propagated-corrected-propagated ERA5
reanalysis data. Overall, the performance assessment revealed a good
agreement with observations, with mean biases and MAEs ranging be-
tween —3.90 m and 11.8 m, and 5.70 and 31.9 m, respectively, and a
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generally better (poorer) representation at Praia de Faro (Costa da
Caparica).

Future ensemble mean shoreline projections were showed in Figs. 6,
8,10, 12 and 14 for the five selected key-locations, considering the joint
effects of SLR and wave action towards 2100. Future projected shore-
lines considering wave action alone from the 6-member ensemble were
also shown in Figs. SM6 to SM10 in the SM. Such an ensemble approach
provided a useful tool to better quantify the uncertainty associated with
the multi-model dynamic forcing and evaluate the robustness of the final
mean shorelines.

There is an increasing need for physics-based shoreline evolution
models able to quantify the contribution of waves to local changes in
morphology in the context of continuously changing sea levels (Mon-
tano et al., 2020; D’Anna et al., 2021). Here, the Bruun’s rule was
applied a posteriori to the wave-driven shoreline projections from
ShorelineS, in the absence of a different validated formulation for
SLR-induced shoreline retreat. According to D"Anna et al. (2022), when
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the Bruun rule’s assumptions are satisfied, results from wave-driven
models (such as ShorelineS) combined separately with the Bruun rule
(without continuous feedback) are able to implicitly represent the pri-
mary processes driving long-term sea-level-induced shoreline retreat.
Despite its limitations, Bruun’s rule has seen widespread usage in sci-
entific literature over the last decades and has been successfully vali-
dated under laboratory conditions (Atkinson et al., 2018). Furthermore,
the five key-locations considered here represent mainly beach-dune
environments with considerable accommodation space, in line with
most of Bruun’s rule assumptions. Exceptions were shown to occur along
short, urbanized stretches, where seawalls were considered fixed
structures and further shoreline retreat was manually prevented.

Two main conclusions can be drawn from our results: 1) future
nearshore wave action, projected to become more northerly and less
energetic, is projected to lead to northward beach rotations especially
along the northern and central Portuguese coastal stretches (Ofir, Costa
Nova and Cova Gala, in Figs. SM8 to SM10), promoting areas of “virtual
accretion”; 2) the projected SLR effectively suppresses most of these
accretion zones, leading to consistent projected shoreline retreat
throughout all key-locations. These results are in agreement with several
studies indicating that while wave action is projected to dominate
morphological response until the mid-21st century, SLR is expected to
become the main driver of shoreline evolution beyond that time-frame
(Howard et al., 2019; D’Anna et al., 2021, 2022; Hunt et al., 2023 and
Table SM13). Final projected shoreline retreats were shown to locally
reach 100 m (120 m) by 2100 under RCP4.5 (RCP8.5) at Ofir (Figs. 6),
200 m (210 m) at Costa Nova (Figs. 8), 140 m (150 m) at Cova Gala
(Figs. 10), 290 m (300 m) along Costa da Caparica (Figs. 12) and 65 m
(80 m) in Praia de Faro (Fig. 14).

Considering the mean behavior across the entire domain of each key-
location, the average areawide projected shoreline retreat and ensemble
inter-member uncertainties are depicted in Table 6, together with the
overall projected lost area between reference (2018) and future mean
projected shorelines. While all mean retreats can be considered robust
(exceeding the ensemble inter-member uncertainty range), Costa Nova
shows the greatest uncertainty range between ensemble members. For
the 2041-2070 future period, mean areawide retreats range between
26.6 m and 60.7 m (30.1 m and 53.7 m) under RCP4.5 (RCP8.5),
whereas for 2071-2100 these range between 44.4 m and 84.2 m (43.7 m

Table 6

Mean projected shoreline retreat (m) and mean ensemble inter-member uncer-
tainty (m), and lost area from reference (2018) shoreline (km?) along each key-
location, considering the 6-member ensemble of shoreline projections driven by
projected wave action and SLR. Projected values are extracted at the last year of
each time-slice (2070 and 2100). Robust projected shoreline retreat (greater
than the inter-member uncertainty) is underlined.

Mean shoreline retreat (mean ensemble uncertainty; m)

2070 2070 2100 2100
(RCP4.5) (RCP8.5) (RCP4.5) (RCP8.5)
Ofir 39.5 (13.6) 30.7 (15.9) 51.9 (22.0) 56.2 (19.2)
Costa Nova 60.7 (31.8) 50.2 (37.5) 84.2(32.2) 81.6 (44.5)
Cova Gala 48.4 (23.7) 53.7 (21.5) 67.8 (17.5) 77.0 (19.9)
Costa da 42.9 (25.7) 30.1 (27.5) 54.9 (19.6) 43.7 (25.8)
Caparica
Praia de Faro 26.6 (13.3) 35.7 (12.7) 44.4 (13.8) 62.7 (11.1)
Lost area from reference (2018) shoreline (km?)
2070 2070 2100 2100
(RCP4.5) (RCP8.5) (RCP4.5) (RCP8.5)
Ofir 0.092 0.089 0.157 0.188
Costa Nova 0.105 0.104 0.184 0.197
Cova Gala 0.071 0.081 0.103 0.118
Costa da 0.142 0.120 0.175 0.164
Caparica
Praia de Faro 0.052 0.071 0.088 0.119
Total 0.462 0.465 0.597 0.786
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and 81.6 m). These are often greater for the RCP4.5 scenario, mainly due
to increased beach rotation projected under RCP8.5, with the addition of
“virtual accretion” areas, immediately north of groins or other fixed
structures that, although offset by SLR, contribute to reduced mean
shoreline retreat overall. In addition to the projected changes in the
nearshore waves’ MWD, enhanced projected decreases in mean wave
energy under RCP8.5 (Table 4, Figs. SM1 to SM5 and Table SM11) were
shown to result in lower LST rates than under RCP4.5 at Cova Gala,
Costa da Caparica and Praia de Faro (Table 5 and Figs. 7, 9 and 11). Such
results indicate that a future climate trajectory under higher-emission
scenarios could potentially reduce the local need for beach nourish-
ment interventions, especially along the central and southern Portu-
guese coastal areas. Absolute LST rates are, nevertheless, projected
decrease along all key-locations, independently of the scenario, between
—0.04% and —6.33%.

Finally, the projected lost areas between reference (2018) and future
mean shorelines range between 0.088 km? and 0.184 km? (0.118 km?
and 0.197 kmz) by 2100, under RCP4.5 (RCP8.5), the smallest (greatest)
losses expected to take place at Faro and Cova Gala (Costa Nova).
Throughout all key-locations (approximately 14 km of coastline), the
cumulative amount of projected lost area from 2018 to 2100 is 0.786
km?, relevant when compared to the historical nationwide area lost to
the sea between 1958 and 2021, which amounted to 13.5 km? for over
980 km of coastline.

The results from this study should be interpreted as a baseline pro-
jection for the Portuguese sandy coastlines, maintaining the current
coastal defense structures with no additional coastal protection and risk-
reduction measures implemented (inaction scenario). Note that domains
covered by this study comprise only a portion of the Portuguese sandy
coastlines (3.38%), which, according to Pinto et al. (2020), span for
about 414 km. Although similar behavior can be expected from the
remaining Portuguese sandy coastlines, specific analyzes are required
for different coastal environments (e.g., rocky cliffs and pocket beaches,
soft cliffs and low rocky environments, occurring on 58% of the coast-
line; Pinto et al., 2020).

Future Portuguese adaptation and mitigation measures should rely
on “worst-case scenario” information to base their strategies and expect
continuous changes well beyond the end of the 21st century (Lyon et al.,
2022), anticipating additional levels of protection to be implemented in
the future. Naturally, the effects of climate change along the coasts are
not limited to shoreline retreat, and an increased risk of extreme coastal
flooding must also be considered.

The combination of coastal retreat with high-frequency flooding
could result in loss of coastal ecosystems and fertile soil for agriculture,
given the potential landward intrusion of saltwater, besides the immi-
nent risks for human life. From an economic perspective, the erosion of
sandy coastal segments presents a serious problem, as areas relevant for
tourism diminish in size or are lost over time. Furthermore, accommo-
dating adherent structures or urban infrastructure to ensure resiliency
against changes in the water levels requires vast economic resources,
which are generally not available. Our results, based on multi-model,
multi-process and multi-scenario approaches, play a crucial role in the
design of a complete climate change impact assessment for the Portu-
guese coastal areas, vital for adequate coastal managements and adap-
tation planning.
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