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A B S T R A C T   

Episodic extreme coastal flooding is considered one of the most serious threats to the global coastlines, 
endangering infrastructure, ecosystems, and communities. The synchronized effects of extreme wave events, 
storm surges and astronomical tides are particularly worrying in the context of sea level rise (SLR), and a 
comprehensive understanding of their future dynamics remains challenging. In this study, an innovative 
approach for a vulnerability assessment of sandy low-lying coastal areas, based on dynamic ensemble projections 
is proposed. In the current Part II study, the combined effects of future projected SLR, tides, storm surges and 
wave action are investigated at five key-locations along the Portuguese coastline, considering projected digital 
terrain models, built upon the shoreline projections obtained in Part I. Future extreme total water levels are 
obtained through a probabilistic approach, and extreme wave events are defined considering high wave energy 
thresholds in a changing climate. Overall, extreme coastal flooding is projected across several urbanized sections 
along the Portuguese coastline, especially in areas without artificial protection infrastructures. Dune erosion is 
expected along the sandy stretches, reducing the natural protection against extreme coastal events up to 13.3%, 
and promoting widespread overtopping, leaving populations more exposed. Future projections reveal the 
episodic flooding of up to 1.47 km2 of land along the 14 km of analyzed coastline, threatening households and 
commercial hubs, besides services and communication routes. As physical and human losses may increase 
substantially in the future, our results call for the implementation of adequate coastal management and adap-
tation plans, strategically defined to withstand changes until 2100 and beyond.   

1. Introduction 

Climate change represents an existential threat to coastal areas 
worldwide (Ranasinghe, 2016), with potentially dire consequences for 
natural ecosystems, coastal communities, cities, and relevant in-
frastructures. The global coastlines have long been serving as vital hubs 
of economic activity, transportation, recreation, and cultural heritage 
(IPCC et al., 2022; Hallegatte et al., 2013; Hinkel et al., 2014; Kulp and 
Strauss, 2020; Feyen et al., 2020; Vousdoukas et al., 2020), often 
developing faster than inland regions due to their unique and desirable 
attributes and location, making them increasingly vulnerable to climate 

change impacts (Jones and O’Neill, 2016). Although the focus of the 
public and decision-makers tends to be mainly on the changes in mean 
sea levels, future episodic extreme coastal flooding resulting from severe 
weather synchronized with wave action and high tides in the context of 
rising sea levels, is expected to further endanger coastal communities 
(Storlazzi et al., 2018; Camelo et al., 2020; Senechal et al., 2011). Such a 
threat calls for comprehensive adaptation and impact mitigation stra-
tegies to safeguard coastal areas, based on reliable, long-term coastal 
vulnerability assessments. 

Coastal management is becoming increasingly relevant in the 
context of climate change (IPCC et al., 2022; Toimil et al., 2020; 
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Vousdoukas et al., 2017, 2018), as recent studies indicate significant 
projected changes not only in the mean sea levels (e.g., Horton et al; 
Hsiao et al., 2022), but also in storm surges (e.g., Marcos et al., 2011; 
Little et al., 2015), waves (e.g., Hemer et al., 2013; Semedo et al., 2013; 
Morim et al., 2018, 2019; Lemos et al., 2019, 2020b, 2021b), as well as 
in tropical (Peduzzi et al., 2012; Woodruff et al., 2013; Chen et al., 2019; 
Hsiao et al., 2020; Knutson and Coauthors, 2020; Garner et al., 2017) 
and extratropical (e.g., Bengtsson et al., 2009; Catto et al., 2011; 
Priestley and Catto, 2022) cyclonic activity. These changes are expected 
to enhance coastal flood risk worldwide (Vitousek et al., 2017; Wahl 
et al., 2017; Rasmussen et al., 2018), enhancing the role of adaptation 
and impact management strategies. In Portugal, the National Roadmap 
for Adaptation XXI – Portuguese Territorial Climate Change Vulnera-
bility Assessment for XXI Century (RNA2100) project is currently un-
derway, attempting to coherently characterize, for the first time, the 
climate change physical and socioeconomic impacts on the Portuguese 
most vulnerable domains (Lima et al., 2023a, 2023b; Soares et al., 
2022a; Soares et al., 2023a,b; Soares and Lima, 2022; Bento et al., 2023; 
Cardoso et al., 2023). 

Coastal flooding is a relatively-well understood and widely modelled 
consequence of increasing total water levels (TWLs), which combine sea 
level rise (SLR), astronomical tides, storm surges and waves (wave set- 
up and run-up). Some of the most pressing challenges to coastal flood 
modelling include coherent approaches to obtain and assess total water 
level (TWL) components in order to produce adequate (and accurate) 
results. While the probabilistic combination of the TWL components 
should be considered the methodology of choice, the deterministic 
approach of combining all TWL components is still common. Further-
more, when dealing with wave climate simulations and projections, the 
additional efforts required to account for the waves’ interaction with 
bathymetry near the coast are usually neglected. In fact, coherent and 
comprehensive methodologies combining SLR with tides, storm surges 
and waves are scarce (Toimil et al., 2020; Vousdoukas et al., 2017). 
Despite some exceptions (Lin et al., 2016; Vousdoukas et al., 2016; Arns 
et al., 2020; Garner et al., 2017; Sayol and Marcos, 2018; Tebaldi et al., 
2023), most studies focus uniquely on SLR, neglecting or considering the 
remaining variables stationary. Nevertheless, the combined impact of 
storm surges and extreme wave conditions, especially when synchro-
nized with high tides, may produce variations in the TWLs greater than 
SLR, of up to a couple meters (Vousdoukas et al., 2017; Kirezci et al., 
2020). 

Despite the multivariate nature of coastal flooding and its drivers, 
the behavior of their individual components is not linear, and often not 
synchronized (Idier et al., 2019; Arns et al., 2020; Camus et al., 2021). 
Uncertainties also increase rapidly with each additional variable (Toimil 
et al., 2021). Therefore, even in dynamic modelling efforts, probabilistic 
approaches must be considered, rather than a simple addition of vari-
ables (e.g., Arns et al., 2020; Leijala et al., 2018; Jevrejeva et al., 2019; 
Liu et al., 2020; Gori and Lin, 2022). Such approach incorporates un-
certainties and variability associated with climate change, oceano-
graphic processes, digital terrain models (DTMs) and vertical datums 
(Marcy et al., 2011; Antunes et al., 2019). This allows the consideration 
of non-synchronized events, for a more comprehensive range estimate of 
possible outcomes (Baldassarre et al., 2010; Thompson and Frazier, 
2014), in the potential future vulnerability and risk assessments. Addi-
tionally, probabilistic methods to determine the projected TWLs can 
incorporate local effects of combined extreme events, namely related to 
storm surges and waves, which can have disproportionate impacts on 
coastal flooding. 

Within the context of the RNA2100, Lemos et al., 2024a (Part I) 
presented, for the first time, consistent future shoreline evolution pro-
jections for five key-locations along the Portuguese coastline. These 
were selected due to their socio-economic relevance and widespread 
available field data, as well as their increased vulnerability to coastal 
flooding from historical extreme events. From Part I, extensive sedi-
mentary deficits were identified, and shoreline retreat was shown to be 

expected, driven mainly by SLR. To complete a comprehensive assess-
ment, from future shoreline evolution to extreme coastal flooding is, two 
parts as companion papers were needed. Here, in Part II, the main goal 
lies in assessing the physical impacts of future projected extreme coastal 
flooding on the five highly vulnerable key-locations, using the XBeach 
numerical model (Roelvink et al., 2009). This endeavour, conducted for 
the first time in a consistent manner for the Portuguese coastline, is 
based on three Coupled Model Intercomparison Project phase 5 (CMIP5) 
multi-model ensembles of SLR, storm surge levels (SSLs) and nearshore 
bias corrected wave climate projections towards the end of the 21st 
century, under the Radiative Concentration Pathways (RCPs) 4.5 and 
8.5 (Riahi et al., 2011). The projected shorelines, obtained in Part I, are 
used to drive an innovative methodology to modify the reference DTMs 
into “new” future expected 3-dimensional coastal configurations for 
each key-location, to assess the extension of future extreme coastal 
flooding. Probabilistic TWL projections are built, based on the work of 
Antunes and Lemos (2024; under review), through the components’ 
probabilistic combination based on their cumulative density functions 
(CDFs), and ensemble-based nearshore extreme wave events are char-
acterized, based on their energy content. Finally, the ensemble-based 
projections of flooded areas are determined using the XBeach model, 
highlighting the effects of changing extreme water levels on coastal 
urbanized zones. The overall assessment, carried out in Part I and Part II, 
ultimately aims at providing the baseline results to allow the translation 
of the local dynamic modelling efforts into a national-scale assessment, 
through a composed coastal vulnerability index, enabling the identifi-
cation of the potential risk zones well beyond the five key-locations 
analyzed here. 

This article is organized as follows: in section 2, the study areas are 
identified, the datasets are presented, and the methodology of each sub- 
task is explained. The results are described in section 3. In the context of 
the results, in section 4, a discussion is offered, along with a review of 
the current adaptation policies in Portugal, and recommendations for 
the future. The main conclusions drawn from Part II are also presented in 
section 4. 

2. Data and methods 

2.1. Study areas 

Five specific key-locations were selected along the Portuguese 
coastline, considering their increased vulnerability to climate change 
and overall proneness to coastal hazards, as well as the existence of 
widespread field and reference datasets. Enhanced erosive trends and 
imminent overtopping and coastal flooding, together with the proximity 
of population centres to the coast were criteria to the selection of the 
key-locations: Ofir, Costa Nova, Cova Gala, Costa da Caparica and Praia 
de Faro (Fig. SM1 in the Supplementary Material - SM). 

Ofir is located in the northwestern coast of Portugal, in a particularly 
vulnerable area due to intensive human occupation along the coastal 
fringe. Historical erosion trends of up to − 4 m/year have been observed 
(Ponte Lira et al., 2016). Future shoreline projections in Lemos et al. 
(2024a) – henceforth “LP1” – depicted a consistent retreat, peaking at 
120 m by 2100 under the RCP8.5 scenario. The 3-km coastal stretch is 
projected to lose up to 0.188 km2 of dry land. 

Costa Nova is a sector of the central Portuguese western coast, 
located South of Ria de Aveiro mouth. Historical erosive trends are 
larger in this sector, reaching − 7 m/year (Ponte Lira et al., 2016; Pinto 
et al., 2022). Projected shoreline retreat of up to 210 m, together with a 
reduction in dry land area of 0.197 km2 along this 3-km stretch is ex-
pected by 2100 (RCP8.5). 

Cova Gala, located in the central Portuguese western coast, South of 
Figueira da Foz, shows increasing historical erosion trends (Oliveira and 
Brito, 2015; Nunes and Cordeiro, 2013), locally reaching − 4 m/year 
(Pinto et al., 2022). LP1 revealed projected shoreline retreat of up to 
150 m by 2100 (RCP8.5), and an overall decrease in dry land area of 
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0.118 km2, along this nearly 2-km-long coastal stretch. 
Costa da Caparica is a densely occupied urban area and touristic 

resort located South of the Tagus River mouth, benefiting from its 
proximity to Lisbon. Major coastal planning efforts have been put in 
place over time to mitigate and adapt to the local enhanced coastal 
erosion trends (of up to − 4 m/year; Pinto et al., 2007). Shoreline pro-
jections indicate retreat of up to 300 m, and a loss of 0.175 km2 of dry 
land by 2100, under RCP8.5 over the 4-km stretch (LP1). 

Praia de Faro, in the Ria Formosa natural park in the Algarve region, 
close to the city of Faro, is home to a small community of fishermen and 
used as a recreational area for tourists and locals. It is undergoing long- 
term erosion driven by changes in the sea level, storms and human in-
terventions (historically up to − 2 m/year). Projected shoreline retreat is 
not projected to exceed 80 m by 2100 (RCP8.5; LP1), but it is consistent 
along the 2-km-long coastal stretch, leading to a reduction in dry land 
area of up to 0.119 km2. 

2.2. GCM-Driven wave climate projections and SLR 

A few studies in recent scientific literature dealt with the problematic 
of future extreme sea levels along the European coasts. Vousdoukas et al. 
(2017) presented a dataset of extreme storm surge levels (SSLs) and 
wave climate projections forced by 6 CMIP5 GCMs for the RCP4.5 and 
RCP8.5 scenarios, with increased horizontal resolution along the Euro-
pean (and therefore Portuguese) coastlines. These ensembles, forced by 
the same GCMs and produced for the same domains, using the same 
resolution, present a high degree of consistency, which is rare, especially 
considering that such GCMs are also included in the SLR projections 
(described below). 

Regarding wave climate simulations and projections, the 6-member 
ensemble originally described in Vousdoukas et al. (2017) and Menta-
schi et al. (2017), and employed in LP1, is also considered here. The 
spectral wave model WaveWatchIII (WW3; Tolman, 2002) was set-up 
using the ST4 parameterization (Ardhuin et al., 2010), generating sim-
ulations and projections covering the 1971–2100 period, with a hori-
zontal resolution of 0.5◦ for southwestern Europe. The wave parameters 
considered here include the significant wave height (HS), the peak wave 
period (Tp) and the mean wave direction (MWD). Further details can be 
found in Table SM1. 

The SLR projections used here were obtained from CMIP5 GCMs 
outputs, following Church et al. (2013). The complete SLR dataset in-
cludes projections from 21 GCMs for the RCP4.5 and RCP8.5 future 
scenarios. The mean SLR projections are extracted from each ensemble, 
at closest grid-point to each key-location (Table SM2). 

2.3. Tides 

All tidal data are referred to the vertical reference used in hydrog-
raphy, the chart datum, defined in Portugal as the lowest low-tide 
(minimum low water) observed during a period longer than 19 years 
(the Moon’s 18.6-year nodal period; Haigh et al., 2011; Pugh et al., 
2014; Wahl and Chambers, 2015), plus an additional safety margin (one 
foot). For all Portuguese tide ports, the chart datum is 2.00 m below the 
national vertical reference, the 1938 Cascais Vertical Datum (CAS-
CAIS1938), except for the Tagus River estuary, where the chart datum is 
2.08 m below the mean sea level. These values were removed from the 
hydrographic tide heights to obtain the tide elevations, which corre-
spond to the tide orthometric heights relative to CASCAIS1938 datum. 

To generate future tidal projections, numerical modelling was 
employed, based on harmonic analysis, considering long time-series of 
the national tide gauge network data (Antunes, 2007). Through the 
harmonic tide models, a long-term-based CDF (30 years) was generated 
for each key-location. 

2.4. Storm surges 

Storm surge is the abnormal water level above (or below) the pre-
dicted astronomical tides, caused by meteorological forcing, through the 
joint effect of low atmospheric pressure and persistent wind friction on 
the sea surface. In Portugal, according to Vieira et al. (2012), based on 
the analysis of tide gauge data series from 1960 to 2010, maximum 
storm surge values between 0.80 m and 1.10 m were obtained for long 
return periods (RPs), of 100 years or more. Higher-magnitude SSLs can 
nevertheless occur under very strong onshore wind and very low air 
pressure conditions or additional wave set-up effects. For the local scale 
assessment across the five key-locations, the SSLs were used to compute 
the TWLs through the probabilistic combination with SLR projections 
and tides. The SSL projections were generated using the Delft3D-FLOW, 
designed to simulate wave propagation, currents, sediment transport, 
morphological developments and water quality aspects in coastal, river 
and estuarine areas (Roelvink and Van Banning, 1994). Additional de-
tails in Vousdoukas et al. (2017) and LP1. 

For each future 30-year climatological period and scenario, extreme 
SSL events corresponding to the 100-year RP were selected using a 
Generalized Extreme Value (GEV) distribution and integrated the future 
projections of extreme TWL. Note that the original SSL simulations and 
projections (Vousdoukas et al., 2017) were corrected considering the 
biases found in comparison with the measurements from the Cascais tide 
gauge during the historical climate, using a simple “delta” method (Hay 
et al., 2000; Lemos et al., 2020a), consisting of adjusting the SSL 
simulated distributions by the “delta” difference between the 50th 
percentile of the Cascais tide gauge observations and the originally 
simulated SSL values (Figs. SM2 to SM6 and Table SM3). The same 
correction terms were applied to all future SSL projections, assuming 
that the biases remain stationary throughout the entire simulated period 
(Maraun, 2016; Rocheta et al., 2017). 

2.5. Reference datasets 

The ERA5 reanalysis (Hersbach et al., 2020), produced using the 
ECMWF Integrated Forecast System (IFS) Cy41r2 (ECMWF, 2016), 
provides a detailed record of the global atmosphere, land surface and 
ocean waves from 1940 onwards, being updated in almost real-time. The 
ERA5 global grid has a horizontal resolution of 0.25◦ (31 km) for the 
atmosphere and 0.36◦ (40 km) for the waves, and output time resolution 
of 1 hour. Wave data from the ERA5, comprising HS, mean wave period 
(Tm), Tp and MWD, are used as a long-term continuous reference dataset. 

Despite using advanced assimilation methods based on in-situ ob-
servations and satellite altimetry measurements, the ERA5 is not able to 
capture local phenomena as accurately as the buoys. Therefore, to 
promote a more correct representation of local features, such as changes 
in MWD driven by nearshore bathymetry, in-situ wave observations were 
used to correct the ERA5, propagated from the original offshore location 
towards the in-situ location, using a quantile mapping bias correction 
methodology (LP1). Five buoys were considered, the nearest to each 
key-location. The geographical location and period covered by each 
buoy can be found in Table SM4. Then, the corrected ERA5 was prop-
agated again, from the buoy location to nearshore, between 10 m and 20 
m depth, where it was used to correct the (also propagated nearshore) 
wave climate simulations and projections (section 2.2.). 

2.6. Methodology 

The employed methodology focuses on obtention of high-resolution 
results, based on consistent forcing, as previously described in LP1. 
Further details regarding the datasets, the wave propagation, bias 
correction methods and shoreline evolution projections can be found in 
Part I. In essence, the methodology for the entire dynamic modelling 
approach can be summarized in four steps. 
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1) Propagation of the 6-member GCM-driven ensemble of wave climate 
simulations and projections to nearshore, using the SWAN wave 
model (Booij et al., 1999; adjusting the outputs to the reference 
datasets using bias correction methods from Lemos et al., 2020a, 
2020b).  

2) Employment of the ShorelineS model to obtain local high-resolution 
shoreline projections.  

3) The impact of the extreme wave events and TWLs onshore is now 
assessed (in Part II), using the XBeach hydrodynamic model, on the 
future projected three-dimensional coastal configurations of each of 
the five key-locations, represented by the modified DTMs.  

4) Finally, extreme coastal flooding projections are obtained, by the end 
of each future climatological period (2041–2070 and 2071–2100), 
and their impacts are analyzed. 

Fig. 1 depicts the methodological framework of the entire assess-
ment, from the original datasets to the final extreme coastal flooding 
projections, conducted at each key-location. 

2.6.1. Future projected DTMs 
The shoreline evolution projections presented in LP1 provided a 

baseline reference to build the three-dimensional structure of the pro-
jected DTMs, at each key-location. The new coastal configuration is 
crucial for an accurate assessment of the extreme TWL and wave impacts 
on the coastal environment, infrastructures and communities. 

The projected shorelines were merged to an equilibrium coastal 
profile, resulting in a new coastal topo-bathymetric configuration, 
generated by the innovative Parametric Coastal Retreat (PaCR) algo-
rithm, based on the modified Bruun rule (Rosati et al., 2013), and 
applied in a one-dimensional approach to each individual transverse 
topo-bathymetric profile, with a spatial resolution of 50 m alongshore 
and 2 m cross-shore. Figs. SM8 to SM12 in the SM depict the location of 
the profiles used to generate the future projected DTMs. 

A semi-automatic process, run in a Geographic Information System 
environment, was developed to apply the PaCR semi-empirical approach 
for coastal retreat. The PaCR algorithm, developed by Antunes (2017), 
applies an elasticity function (E(X) in Eq. (2)) to a beach profile, scaled 

Fig. 1. Methodological framework of the dynamic modelling assessment in both Part I and Part II of the study, conducted for each future period and climate 
change scenario. 
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to the shoreline retreat (R). Such an elasticity function represents a bi-
nary force (torque), to reproduce both the sediment flux oceanward and 
landward, as in the modified Brunn rule principle. Eq. (1) and Fig. SM7 
in the SM describe the modified Bruun rule, where YL represents the 
landward sediment transport, W* the baseline from the closure profile 
depth to the maximum of the total run-up level (considering each 
30-year climate period), and B = B0 + h*, with B0 as the topographic 
height of the maximum TWL and h* the closure depth of the 
topo-bathymetric profile. In Eq. (2), H corresponds to the orthometric 
height of both the original and the modified DTMs, at each X (cross--
shore) coordinate, with origin at H = 0 m, being positive (negative) for 
positive (negative) H. The n-scaled elasticity function E is applied 
around XMLW, which corresponds to the reference minimum low water 
(MLW) position, for the lowest recorded tide at the location. Finally, 
E(X) corresponds to the modified X coordinate. The scale factor n is a 
parameter calibrated with historical shoreline retreat data. It depends on 
the erosion dynamics and shoreline response to erosion forcing factors. 
Along the Portuguese sandy coastlines, n ranges from 3 to 9, from low to 
high erosion dynamics environments, corresponding, for example, to the 
Faro and Costa da Caparica (specifically at São João da Caparica, in the 
northern top of the domain) key-locations, respectively. In a wider 
approach, if inland waters were to be considered, where SLR is the 

dominant forcing factor of coastal retreat, and lower or non-erosive 
process are present, smaller n scale factors would be more appro-
priate. Fig. SM13 summarizes the approach to obtain the future pro-
jected DTMs. 

R=(W*+YL) • log
(

B
B − SLR

)

(1)  

E(X) = n • R •
X − XMLW

W*
& H(X) = H(X) •

(
1 − SLR2.0), if X > 0

E(X) = X & H(X) = H(X) •
(
1 − SLR2.7), if X < 0

(2) 

Before applying the PaCR algorithm, a coordinate system rotation 
transformation was conducted. The original DTM is defined in the 
cartographic coordinate system PT-TM06/ETRS89 (Portuguese Trans-
verse Mercator of 2008 with the European Terrestrial Reference System, 
1989), with three-dimensional coordinates (X, Y, H). From this DTM, for 
a coastal stretch of generally the same orientation, a set of cross-shore 
profiles spaced by 50 m are obtained. Each individual profile, with 2 
m resolution, is transformed into a local coordinate system (X, H), where 
transformed X-coordinate corresponds to the transverse position relative 
to shoreline defined by the mean sea level (H = 0 m), or the profile 

Fig. 2. Flowchart of the semi-empirical modelling approach to determine the coastal setback lines and build the future projected DTMs based on a semi-automatic 
supervised process run in Geographic Information System environment, for each key-location. 
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length component, and H-coordinate is the original orthometric height. 
After the PaCR algorithm is applied, the local coordinates, modified by 
the algorithm, are inversely transformed to the original cartographic 
coordinates, obtaining the modified DTM. After all topo-bathymetric 
profiles were modified accounting for SLR, two outputs can be 
derived, which are used in a later stage to produce the national-scale 
coastal vulnerability assessment:  

1) The new retreated shoreline, based on the maximum wave run-up for 
a projected SLR, following Antunes (2014) and Antunes et al. (2019), 
considering the sum of the set-up and the incident run-up.  

2) A modified DTM, built from the total profile dataset, consisting of a 
set of points, through spatial interpolation. This process is performed 
in a Geographic Information System software, by first building a TIN 
model, and then interpolating the grid points using the Natural 
Neighbor interpolation method (Figs. 1 and 2). 

The resulting DTMs are used as forcing to the XBeach model, over 
which extreme coastal flooding projections are obtained. 

2.6.2. Representative TWL projections and extreme waves 
The last phase of the dynamic modelling across the five key-locations 

uses the XBeach model to project future coastal flooding conditions with 
high resolution (4 m cross-shore and 20 m alongshore), based on the 
projected DTMs supported by the shoreline projections of LP1. The 
forcing hydrodynamic conditions are composed of extreme TWLs (ac-
counting for SLR, tides and SSs) and sea states (HS, Tp and MWD). To 
reduce excessive computational costs, single events were used to define 
the forcing conditions, represented by one TWL and one value for each 
wave parameter. 

Ensemble approaches are considered for both the TWL and waves, 
focusing on extreme events, which pose greater coastal threats. For the 
TWL, representative projections of the 25-year RP are used, based on 
Vousdoukas et al. (2017). The probabilistic determination of the TWL, 
through a Monte Carlo approach, assumes each component as a random 
variable, with a specific probabilistic density function (PDF). All com-
ponents are considered as independent variables, and therefore, the 
joint probability of the TWL can be given by the probability product of 
the components (Eq. (3)): 

P(TWL)=P(SLR)*P(tide)*P(SS). (3) 

Departing from the harmonic tide projections, random (non-syn-
chronized) SS levels and SLR values are superimposed, extracted from 
the respective CDFs (ranging from 0.1% to 99.9% probability in 0.1% 
intervals), resulting in a large sample of TWL values for each future 
period (~2.6 × 108), from which a representative TWL PDFs can be 
computed. The complete sample allows the extraction of representative 
TWL RPs, avoiding a deterministic approach (i.e., by simply adding the 
independent TWL components). 

For wave action, three levels were selected, representative of the 
ensemble’s uncertainty range. This process can be summarized in four 
steps.  

1) To account for the multivariate wave conditions, an energy indicator 
was first computed, based on the formula for wave energy flux (E =
(
ρg2 /64π

)
Tm HS

2; Holthuijsen, 2007).  
2) For each of the 6 ensemble members, the future projected event 

better corresponding to the 99th percentile of E was selected. In this 
approach, the Tp was used instead of the Tm, being Tp the peak period 
corresponding to the most energetic wave component in the wave 
spectrum.  

3) The ensemble conditions corresponding to the lower and higher 
energy bounds, as well as the average for the 99th percentile of E, 
were selected.  

4) Finally, the associated HS, Tp and MWD were extracted. 

Note that each of the three 99th percentile energy levels are not 
directly related to the extreme coastal flooding extent, considering that 
even lower energy extreme wave characteristics combined with a 
favorable MWD can lead to greater flooding than the most energetic 
ones, if the incoming MWD is unfavorable (i.e., not perpendicular to the 
shoreline). Therefore, the three wave energy levels are henceforth 
named as “WAVES1” to “WAVES3”, depicting the ensemble uncertainty 
range, and associated projected probability of occurrence (being 
“WAVES2” the most likely projection, i.e., the average of the 99th 
percentile of E). 

2.6.3. The XBeach model 
The XBeach (Roelvink et al., 2009) was used to compute future 

projected extreme coastal flooding, based on projected DTMs and hy-
drodynamically forced by TWLs and nearshore extreme wave condi-
tions. The XBeach was run under 2DH mode with absorbing-generating 
boundary conditions at the offshore forcing. The advanced default 
parameter values recommended by the developers were considered to 
run a wave-resolving non-hydrostatic model. Additionally, the formu-
lations considered non-stationary shallow water equations and a 
pre-defined JONSWAP wave spectrum. Note that since the TWL was 
computed “offline” using a joint probability approach (section 2.6.2.) at 
each location and given the particular interest of the study on the 
extreme events, the XBeach was run considering extreme TWLs resulting 
from the probabilistic combination of extreme SSLs and tides (under a 
mean SLR). Extreme wave conditions were selected according to the 
nearshore total wave energy (“WAVES1” to “WAVES3”). All modelling 
domains were represented by regular grids with spatial-varying resolu-
tion (from 20 m offshore up to 3 m onshore). The landward expression of 
coastal flooding is finally given by the interception between the “water 
level” parameter and the DTM (run-up limit). 

3. Results 

3.1. Future shoreline projections and DTMs 

In Part I, future shoreline evolution projections were presented for 
the five key locations along the Portuguese coastline. These considered 
the effects of continuous wave action (up to 2070 and 2100) and SLR 
(LP1). Consistent overall shoreline retreat was shown to be expected for 
all key-locations, mainly driven by SLR, whereas the shape of the 
shoreline was shown to be mostly affected by changes in the climato-
logical wave characteristics, especially MWD, leading to northward 
beach rotation, especially in the northern and central western coastlines 
of Portugal Mainland. These new high-resolution shoreline projections 
were then used to drive the PaCR algorithm along the cross-shore pro-
files, allowing to modify the reference DTMs accounting for the pro-
jected changes in the shorelines. 

Fig. 3 shows, for each key-location (each row), the reference (2018) 
and projected DTMs by 2070 and 2100, under the RCP4.5 and RCP8.5 
scenarios. Figs. SM14 to SM38 in the SM detail each panel of Fig. 3. 
Fig. 4 highlights the projected changes in cross-section profiles at 
vulnerable sandy sections of each key-location. At Ofir (Fig. 3a–d), the 
reference DTMs shows a dune system spanning throughout most of the 
area (Fig. 3a), offering better natural protection at Praia da Bonança and 
Praia de Fao, given the higher topographic heights there, up to 18.23 m. 
The northern stretch shows less natural resilience, with most of the 
beachfront areas located below 10 m height. The combined effect of SLR 
and waves is projected to change the DTMs, mainly by moving the 
profiles landward, while reducing the natural strength of the dune sys-
tem (Fig. 4a). In fact, by 2070 (2100), the topographic heights are 
projected to top at 14.9 m (15.6 m) and 14.9 m (14.6 m), under RCP4.5 
and RCP8.5, respectively. SLR is also projected to change the profiles 
facing the Cávado River estuary, further weakening the northernmost 
portion of the domain. 

At Costa Nova (Fig. 3f–j), the reference DTM shows a long and intact 
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Fig. 3. (a,f,k,p,u) Reference and future projected DTMs across (a–e) Ofir, (f–j) Costa Nova, (k–o) Cova Gala, (p–t) Costa da Caparica and (u–y) Praia de Faro, by (b,g,l, 
q,v) 2070 under RCP4.5, (c,h,m,r,w) 2070 under RCP8.5, (d,i,n,s,x) 2100 under RCP4.5 and (e,j,o,t,y) 2100 under RCP8.5. 
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Fig. 4. Cross-section profiles for the reference and future projected DTMs across vulnerable sandy sections of the (a) Ofir, (b) Costa Nova, (c) Cova Gala, (d) Costa da 
Caparica and (e) Praia de Faro domains. The geographic location of the profiles is highlighted in light blue, over the reference DTMs. 
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dune system spanning throughout the entire domain, although wider in 
the northern half. The urban areas of Costa Nova are shown to be pro-
tected by natural terrain elevations of up to 13.9 m. By 2070, both DTMs 
(RCP4.5 and RCP8.5) display the shoreline retreat found in Part I, 
especially south of the groins. Although no shoreline recovery is ex-
pected north of the groins, increases in the dune thickness are projected 
to occur. However, not only is the future (2070) maximum topographic 
height lower than the reference one (13.4 m and 13.1 m for both sce-
narios, respectively), but the overall dune system is projected to become 
sectioned, with the areas south of the groins showing almost no natural 
protection. By 2100, while the overall behavior is projected to be 
similar, the fragility of (also sectioned) dune system is exacerbated 
(Fig. 4b). The maximum topographic heights are expected to be reduced 
to 12.6 m for both scenarios. 

Along the Cova Gala domain, the projected DTMs (Fig. 3l–o) show 
similar behavioral characteristics when compared to the reference one 
(Fig. 3k), as in Ofir and Costa Nova. The combined effects of SLR and 
wave action are projected to reduce the strength of the dune systems in 
the northernmost and southernmost portions of the domain, by dis-
placing them landwards while reducing their maximum topographic 
heights (by about 3 m; Fig. 4c). Especially for the northern dune cord, 
such an expected displacement might not be physically achievable, due 
to the proximity to the Figueira da Foz harbor infrastructure, locally 
increasing the vulnerability to future extreme events across all projected 
periods and scenarios. 

At Costa da Caparica, the reference and projected DTMs are shown in 
Fig. 3p–t. The existence of a seawall (of about 3 km, between Praia de 
São João da Caparica and Praia da Saúde) along the urban front required 
a slightly different approach to obtain the modified DTMs, given the 
rigidness of that portion of the domain, unsusceptible to natural changes 
in the future. Therefore, the future profiles between Praia de São João da 
Caparica and Praia da Saúde were considered the same as the reference 
ones, being the modifications applied only outside this range. In the 
northernmost part of the domain, between Praia da Cova do Vapor and 
Praia de São João da Caparica, the retreat identified in Part I is also 
represented here, by a complete disruption of the dune cord, increasing 
the exposure of inland areas to extreme events (Fig. 4d). There, the 
maximum topographic height is projected to reduce from approximately 
10 m (reference; Fig. 3p) to less than 6 m by 2100 under RCP8.5 
(Fig. 3t). A reduction in the natural resilience of the southernmost dune 
system is also projected to occur, although less intense than in the 
northern areas of the domain. 

Finally, at Praia de Faro, the reference DTM shows a long and wide 
dune system, between the Atlantic Ocean and the Ria Formosa (Fig. 3u). 
In the context of rising sea levels and constant wave action, while slight 
shoreline retreat is expected, in accordance with the results of Part I, no 
major changes in the projected DTMs are identified, besides a slight but 
consistent reduction in its maximum vertical elevation, and a landward 
rollover process (Fig. 4e). 

3.2. Future projected extreme coastal flooding 

At each key-location, the TWL components were determined 
considering: 1) the SLR 21-member ensemble projected CDFs, extracted 
at the closest grid-point to each key-location; 2) tide model projections 
for Viana do Castelo harbor (Ofir), Aveiro harbor (Costa Nova), Figueira 
da Foz harbor (Cova Gala), Cascais harbor (Costa da Caparica) and Faro 
harbor (Praia de Faro); and 3) the SSL CDFs corresponding to the 6- 
member ensemble of SSL projections, at the closest grid-point to each 
key-location. Upon evaluation of the overall detrended tidal projections 
through comparison with historical records, the local projected TWL 25- 
year RP values were extracted from the combined CDFs for each of the 
future periods and scenarios. 

3.2.1. Ofir 
For the Ofir key-location, Fig. SM39 in the SM shows the combined 

TWL components’ CDFs for each future projected period and scenario, 
being the final values summarized in Table 1. Overall, the projections 
indicate an increase in the TWL values towards the end of the 21st 
century for both scenarios, although larger for the RCP8.5 than for the 
RCP4.5. The ensemble 99th percentile range for projected wave energy 
conditions shows, for both scenarios, an increase in the magnitude of the 
associated HS values, ranging from 3.69 m to 5.88 m for 2071–2100 
under the RCP8.5 scenario, compatible with ever-higher extreme HS 
values in the expected future. While the Tp associated to the 99% 
percentile energy is projected to slightly decrease, the associated MWD 
range is expected to become narrower towards the end of the 21st 
century, between 270◦–283◦ (RCP4.5) and 281◦–286◦ (RCP8.5). Such 
behavior is compatible with a projected decrease in the frequency of 
occurrence of north-westerly storm events (Lemos et al., 2021a). 

Fig. 5 shows the future projected extreme coastal flooding extension 
at Ofir, for the 2041–2070 and 2071–2100 future periods, under the 
RCP4.5 and RCP8.5 scenarios. Here, the coastal profile assumes different 
orientations, generally ranging from 250◦ to 280◦. Therefore, the rele-
vance of the incoming MWD on the coastal flooding results for each 
coastal section is enhanced, in comparison with the HS and Tp values. 
For that reason, in Fig. 5a, the extension of flooding from the minimum 
TWL and wave energy conditions (incoming from 256◦) exceeds the 
remaining mean and maximum ones (incoming from 276◦ and 294◦, 
respectively). By 2070, under RCP4.5, the maximum flooding extent 
profiles are able to overtop the dune system at Ofir and produce flooding 
inland, along urbanized area, especially at Praia de Ofir and Praia da 
Bonança. For the RCP8.5 scenario, by 2070 (Fig. 5b), the three 
maximum flooding extents assume similar positioning, with the MWD 
associated to each group promoting a balancing of the resulting flood-
ings. Nevertheless, urbanized areas near Praia de Ofir and Praia da 
Bonança are consistently projected to be directly affected, up to 120 m 
inland from the reference (2018) shorelines (LP1). 

By the end of the 21st century, under the RCP4.5 scenario (Fig. 5c), 
flooding is consistently expected to reach locations further inland, in 
comparison with the results for 2070. The most affected portion of the 
area corresponds to the northern half of Praia de Ofir, south of the first 
groin, where flooding is not only projected to reach habitational area 
facing the sea, but also areas facing the Cávado River estuary, approx-
imately 200 m from the reference shorelines, under the WAVES2 and 

Table 1 
Representative TWLs (relative to the National Vertical Datum CASCAIS1938; m) 
and wave parameters (HS, Tp and MWD) used to force the XBeach at the Ofir key- 
location.  

Ofir 

2041–2070 (RCP4.5) 
TWL (m) 2.95  

WAVES1 WAVES2 WAVES3 
HS (m) 5.10 5.22 5.35 
Tp (s) 13.2 14.9 17.8 
MWD (◦) 257 276 294 

2041–2070 (RCP8.5) 
TWL (m) 2.95  

WAVES1 WAVES2 WAVES3 
HS (m) 4.76 5.16 5.57 
Tp (s) 13.1 14.7 15.2 
MWD (◦) 277 283 291 

2071–2100 (RCP4.5) 
TWL (m) 3.12  

WAVES1 WAVES2 WAVES3 
HS (m) 4.88 5.21 5.73 
Tp (s) 13.2 14.2 14.9 
MWD (◦) 283 270 280 

2071–2100 (RCP8.5) 
TWL (m) 3.25  

WAVES1 WAVES2 WAVES3 
HS (m) 3.69 5.05 5.88 
Tp (s) 15.4 14.9 15.0 
MWD (◦) 286 281 283  
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Fig. 5. Future projected extreme coastal flooding at Ofir, considering a 25-year RP TWL value (ETWL) and three levels of 99th percentile nearshore wave energy 
conditions (WAVES1, WAVES2 and WAVES3 – ensemble uncertainty), over the projected DTMs by (a) 2070 RCP4.5, (b) 2070 RCP8.5, (c) 2100 RCP4.5 and (d) 2100 
RCP8.5. Shading represents the flooded area departing from the reference (2018) shoreline. Green, blue and red shadings refer to areas projected to be flooded under 
the WAVES1, WAVES2 and WAVES3 ensemble projections, respectively. Orange shading refers to areas projected to be consistently flooded under two or three 
extreme wave energy conditions simultaneously. 
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WAVES3 ensemble conditions. Finally, under RCP8.5, widespread 
coastal flooding is projected under extreme conditions in Fig. 5d, 
threatening all urbanized areas close to Praia de Ofir and Praia da 
Bonança. In fact, consistent flooding of urbanized areas facing the ocean 
(containing low and high-density habitational areas and commercial 
areas, such as stores, restaurants, and a beach resort) is projected for all 
TWL and extreme wave characteristics. Particularly at Praia de Ofir, 
WAVES3 run-up lines reach the Cávado River estuary, approximately 
250 m inland from the reference shorelines. Under such a setting, a 
water corridor would be created between the ocean and the estuary (as 
depicted by the red arrow in Fig. 5d), isolating the northern portion of 
the Praia de Ofir into a temporary island, potentially disrupting habit-
ability conditions. 

Table 2 reveals the projected threatened area under future extreme 
coastal flooding conditions at Ofir, from the 2018 reference shorelines. 
Unsurprisingly, lost area is greater by the end of the 21st century under 
the RCP8.5, reaching 0.270 km2 under the high-end WAVES3 energy 
conditions. Nevertheless, for the RCP4.5 WAVES1 setting, with south-
westerly incoming waves, the projected lost area ascends to 0.214 km2, 
contrasting with 0.101 km2 and 0.103 km2 under WAVES2 and 
WAVES3. 

3.2.2. Costa Nova 
For Costa Nova, Fig. SM40 shows the combined TWL components’ 

CDFs for each future projected period and scenario, being the final 
values summarized in Table 3, along with the remaining forcing con-
ditions. Projections indicate an increase in the TWL values towards the 
end of the 21st century for both scenarios and a slight decrease in the 
99th percentile HS for the RCP4.5 scenario. Nevertheless, for this sce-
nario, the extreme Tp values are projected to increase, up to 17.70 s. It is 
worth noticing that the higher-threshold wave energy conditions 
(WAVES3) show, for all instances, a greater southerly component than 
their lower-threshold (WAVES1) counterparts, in accordance with the 
projected decrease in northwesterly extreme wave events (LP1). 

The future projected extreme coastal flooding extensions at Costa 
Nova are shown in Fig. 6. Under RCP4.5 by 2070 (Fig. 6a), the most 
vulnerable locations along the domain are those immediately South of 
the groins, where erosion was shown to be more severe (LP1). In most of 
the locations, the extreme TWL and wave conditions by 2070 under the 
RCP4.5 scenario are not able to overtop the dune system at Praia de 
Costa Nova – Norte and Praia da Barra. However, at Praia de Costa Nova 
– Sul, South of the third groin, overtopping and flooding of urban area is 
projected to occur considering the higher-threshold WAVES3 energy 
conditions, affecting populated areas until Avenida da Bela Vista. Such 
projection is, nevertheless, associated with a low probability of occur-
rence. For the RCP8.5, by 2070 (Fig. 6b), while the extreme run-up lines 
are generally positioned further inland than their RCP4.5 counterparts, 
due to higher SLR values, here no flooding of urban area is projected to 
occur. Such difference is related to lower extreme wave energies pro-
jected for the ensemble members under RCP8.5. In fact, while the 

maximum HS is projected to increase, from 7.34 m to 7.49 m, Tp is 
projected to decrease from 16.07 s to 14.90 s. 

By 2100, under the RCP4.5 scenario (Fig. 6c), flooding is projected 
further inland, overtopping the dune system at several locations, namely 
at Praia de Costa Nova – Norte, south of the first groin, but also south of 
Praia da Barra and at Praia de Costa Nova – Sul. Especially in this last 
location, flooding is expected for both the WAVES2 and WAVES3 
ensemble conditions, corresponding to flooding of up to 0.018 km2 of 
urban area, towards Avenida José Estevão, facing the opposite shore of 
Costa Nova and the inland waters of Ria de Aveiro. Considering the 
RCP8.5 scenario, Fig. 6d shows serious a threat for Costa Nova’s popu-
lation, infrastructures and natural habitats by the end of the 21st cen-
tury. Across the entire domain, several bulbs of extreme flooding inside 
urbanized areas are expected. Near Praia de Costa Nova – Norte, the 
ensemble run-up lines range from 150 m (WAVES1) to 350 m (WAVES3) 
inland, corresponding to flooding from Avenida Fernandes Lavrador up 
to Parque de Campismo da Barra. Further South, flooding is projected to 
reach populated areas West of Avenida José Estêvão, under the three 
extreme energy levels. At Praia de Costa Nova – Sul, urban flooding is 
also projected to occur under both WAVES2 and WAVES3, adding up to 
0.004 km2 and 0.028 m2, respectively. 

Considering the entire Costa Nova domain, Table 4 shows that pro-
jected coastal flooding extent under extreme TWL and wave conditions 
is projected to increase towards 2100, especially under RCP8.5, up to 
0.385 km2. Note that although the shoreline is mostly projected to be 
facing the 280◦-300◦ range (WNW; LP1), erosion is expected to be 
greater south of the groins. The resulting shoreline discontinuities (also 
visible in Fig. 6) may lead to an increase in the exposure of the adjacent 
areas to westerly and southwesterly extreme wave events. Thus, under 
WAVES3 conditions, by 2100 (RCP8.5), results are substantially worse 
than by 2070 for the same event category and scenario, despite the 
relatively small difference in the projected TWLs (3.02 m versus 2.72 m). 
Such difference is mostly related to the associated MWD s, fixed at 
265.16◦ (2100) and 284.08◦ (2070). 

3.2.3. Cova Gala 
At Cova Gala, Fig. SM41 in the SM shows the combined TWL com-

ponents’ CDFs for each future projected period and scenario. The final 
values are summarized in Table 5, along with the remaining forcing 
conditions. Until the end of the 21st century, the TWL is projected to 
increase, mainly due to SLR, yet the extreme wave energy conditions are 

Table 2 
Projected threatened area by extreme coastal flooding at Ofir, from the reference 
(2018; LP1) shorelines, for each future period and scenario. “ETWL” stands for 
“extreme TWL”, corresponding to the 25-year RP levels, and “WAVES1” to 
“WAVES3” refer to the three ensemble E 99th percentile levels (lower-threshold, 
ensemble mean and higher-threshold).  

Flooded area from reference (2018) shoreline – Ofir (km2)  

2041–2070 
(RCP4.5) 

2041–2070 
(RCP8.5) 

2071-2100 
(RCP4.5) 

2071-2100 
(RCP8.5) 

ETWL +
WAVES1 

0.214 0.158 0.190 0.233 

ETWL +
WAVES2 

0.101 0.159 0.193 0.240 

ETWL +
WAVES3 

0.103 0.158 0.194 0.253  

Table 3 
Same as in Table 1, but for Costa Nova.  

Costa Nova 

2041–2070 (RCP4.5) 
TWL (m) 2.72  

WAVES1 WAVES2 WAVES3 
HS (m) 5.75 6.31 7.34 
Tp (s) 13.1 13.5 16.1 
MWD (◦) 291 285 275 

2041–2070 (RCP8.5) 
TWL (m) 2.72  

WAVES1 WAVES2 WAVES3 
HS (m) 6.07 6.06 7.49 
Tp (s) 11.9 14.4 14.9 
MWD (◦) 294 285 284 

2071–2100 (RCP4.5) 
TWL (m) 2.87  

WAVES1 WAVES2 WAVES3 
HS (m) 5.46 6.10 6.89 
Tp (s) 13.5 13.9 17.7 
MWD (◦) 292 286 287 

2071–2100 (RCP8.5) 
TWL (m) 3.02  

WAVES1 WAVES2 WAVES3 
HS (m) 6.09 6.30 7.39 
Tp (s) 11.1 13.1 14.8 
MWD (◦) 277 281 265  
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Fig. 6. Similar to Fig. 5, but for the Costa Nova key-location.  
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projected to become slightly weaker, except for the ensemble higher- 
energy-threshold (WAVES3) under the RCP4.5. 

Fig. 7 depicts the future projected extreme coastal flooding condi-
tions at the Cova Gala key-location. Like in the previous areas, the most 
vulnerable locations along the domain are generally located South of the 
groins. It is worth mentioning that a groin is also located immediately 
North of the domain (although not visible), affecting its northernmost 
part. By 2070, under RCP4.5 (Fig. 7a), results show no major coastal 
flooding occurrences in urbanized area, although the groins and most of 
the beach areas are consistently projected to become temporarily sub-
merged under extreme TWL and wave conditions. Communication 
routes closer to the beach may also suffer from flooding under extreme 
conditions, especially in Praia do Cabedelo and Praia do Hospital. For 
the RCP8.5 (Fig. 7b), differences by 2070 are marginal, although 
showing a consistent inland displacement of the maximum run-up lines. 
Despite the higher TWLs, extreme wave conditions are not able to 
overtop the main artificial and natural defense structures at Cova Gala. 

By 2100, flooding is projected further inland for both scenarios, 
overtopping the dune system at several locations, namely at Praia do 
Cabedelo, Praia do Hospital, and partially at Praia de Cova Gala – Norte 
and Praia de Cova Gala – Sul. Although no urban area is projected to 
become directly affected by extreme flooding events by the end of the 
21st century under RCP4.5 (Fig. 7c), maximum run-up lines are pro-
jected to just a few meters away from habitational areas and roads. 
Finally, for the RCP8.5 scenario, extreme coastal flooding projections 
point to strong physical impacts on structures near Praia do Hospital and 
Praia de Cova Gala – Norte, and partially at Praia de Cova Gala – Sul. 
Especially near Praia de Hospital, the parking lot which provides both 

access to the beach and to the hospital is projected to become tempo-
rarily flooded under extreme TWL and wave energy conditions. 
Maximum run-up lines are projected to lay closer to urban areas than in 
the previous scenarios, partially flooding habitational buildings at the 
northern end of Praia de Cova Gala – Sul. It should be noted that, within 
the current assessment, the 99th percentile energy conditions are, by 
definition, exceeded 14 times each year, which may locally produce 
extreme coastal flooding deeper inside urbanized areas. 

The projected area to be threatened under extreme coastal flooding 
at Cova Gala is described in Table 6. Overall, extents tend to be smaller 
here than at Ofir and Costa Nova, mainly due to the natural configura-
tion of the shoreline and artificial protection measures (seawalls) 
implemented near most urbanized areas. By 2070 (2100), flood extents 
range from 0.086 km2 to 0.108 km2 (0.111 km2–0.158 km2). 

3.2.4. Costa da Caparica 
Along Costa da Caparica, Fig. SM42 shows the combined TWL 

components’ CDFs for both projected periods and scenarios, being the 
final values summarized in Table 7. Overall, similarly to the previous 
key-locations, the projections indicate an increase in the TWL values 
towards the end of the 21st century for both scenarios, mainly related to 
the SLR. The ensemble 99th percentile range for projected wave energy 
conditions shows, for both scenarios, a slight increase in the maximum 
associated HS values, but a decrease in the minimum ones, compatible 
with a greater range of uncertainty towards the end of the 21st century 
regarding the extreme events. The Tp associated to the 99% percentile 
energy is projected to remain relatively unchanged, especially after 
2070. Regarding the MWD, a slight northward (counterclockwise) 
rotation trend is visible towards the end of the 21st century in both 
scenarios. Such behavior was already inferred from the projected long-
shore sediment transport projections along the area (LP1). 

The future projected extreme coastal flooding extensions are shown 
in Fig. 8, similar to Fig. 5, but for Costa da Caparica. Overall, the 
behavior differs considerably between the areas protected by the 
seawall, and the remaining ones. By 2070, while the seawall, within its 
current configuration, is able to withstand the water levels generated by 
the considered extreme conditions, for all ensemble scenarios except for 
WAVES3 under RCP8.5, the sandy beaches outside its range are pro-
jected to become threatened along their entire extension. At Praia de São 
João da Caparica, for example, extreme coastal flooding is projected to 
overtop the dune system, compromising several food service areas 
(restaurants, bars and lounges) and parking lots (under both scenarios; 
Fig. 8a and b). Nevertheless, about 1 km South, at Praia do Inatel, 
projections indicate slightly prograded extreme run-up lines, compatible 
with the projected shoreline accretion in the area (LP1). Along the ur-
banized ocean front of Costa da Caparica, overtopping of the seawall is 
visible under RCP8.5 (Fig. 8b) at Praia do CDS, with flooding affecting 
local services (restaurants, bars), parking lots and the first row of 
communication routes. 

By the end of the 21st century, flooding is consistently expected to 
extend further inland. At Praia de São João da Caparica, extreme coastal 
flooding is projected up to 250 m onshore from the reference (2018) 
shoreline, additionally threatening communication routes well beyond 
the dune system. While under RCP4.5 forcing conditions, no over-
topping of Caparica’s seawall is projected, between Praia do Tarquínio- 
Paraíso and Nova Praia, maximum run-up lines are projected to move 
towards the base of the seawall. 

By 2100, under RCP8.5, widespread extreme coastal flooding is 
projected at Costa da Caparica, especially considering WAVES3 condi-
tions. At Praia de São João da Caparica, flooding is projected the 
threaten all current infrastructure in the area. Further South, at Praia do 
Inatel, maximum run-up lines are expected to reach the base of the 
seawall, except under WAVES1 conditions. Even within these expected 
conditions, Praia do Inatel shows, considering the current coastal 
configuration, enhanced resiliency to the impacts of climate change. 
While the northernmost portion of the seawall is projected to withstand 

Table 4 
Same as in Table 2, but for Costa Nova.  

Flooded area from reference (2018) shoreline – Costa Nova (km2)  

2041–2070 
(RCP4.5) 

2041–2070 
(RCP8.5) 

2071-2100 
(RCP4.5) 

2071-2100 
(RCP8.5) 

ETWL +
WAVES1 

0.138 0.161 0.196 0.291 

ETWL +
WAVES2 

0.137 0.162 0.200 0.344 

ETWL +
WAVES3 

0.147 0.169 0.227 0.401  

Table 5 
Same as in Table 1, but for Cova Gala.  

Cova Gala 

2041–2070 (RCP4.5) 
TWL (m) 2.84  

WAVES1 WAVES2 WAVES3 
HS (m) 4.67 5.10 4.96 
Tp (s) 12.2 12.5 14.3 
MWD (◦) 297 287 282 

2041–2070 (RCP8.5) 
TWL (m) 2.89  

WAVES1 WAVES2 WAVES3 
HS (m) 4.67 4.94 5.24 
Tp (s) 13.5 13.3 12.7 
MWD (◦) 298 289 290 

2071–2100 (RCP4.5) 
TWL (m) 2.99  

WAVES1 WAVES2 WAVES3 
HS (m) 4.07 4.92 5.17 
Tp (s) 15.0 13.0 13.1 
MWD (◦) 282 288 291 

2071–2100 (RCP8.5) 
TWL (m) 3.17  

WAVES1 WAVES2 WAVES3 
HS (m) 4.44 4.86 5.08 
Tp (s) 14.5 13.3 13.6 
MWD (◦) 291 295 297  
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Fig. 7. Similar to Fig. 5, but for the Cova Gala key-location.  
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the considered future extreme conditions, along the urbanized ocean 
front of Costa da Caparica, run-up lines are expected further inland 
(especially for WAVES2 and WAVES3), directly affecting local services 
and urbanized areas containing high-density habitational infrastructure, 
up to 250 m inland. Note that, similarly to Costa Nova (Fig. 6d), flooding 
in densely urbanized areas may exceed the extension given by the 
XBeach model, since infrastructures are not considered in the projected 
DTMs, which may redirect the water flow further inland. 

For the entire Costa da Caparica domain, Table 8 shows that pro-
jected coastal flooding extent under extreme TWL and wave conditions 
is projected to increase towards 2100, especially under RCP8.5, up to 
0.493 km2. Given the reduced MWD range at Costa da Caparica, due to 
its geographical location, protected by the Lisbon peninsula from 
stronger northwesterly swells, future projected extreme coastal flooding 
assumes a more homogeneous extension for all periods and scenarios 
compared to the Ofir, Costa Nova and Cova Gala key-locations. Never-
theless, it is generally observable that extreme conditions marked by a 
pure southwesterly MWD (approximately 225◦) produce greater flood-
ing extensions in the northermost portion of the domain, while more 
southerly events (within 210◦-220◦) affect especially the southernmost 
areas. 

3.2.5. Praia de Faro 
At Praia de Faro, Fig. SM43 in the SM shows the CDFs of the com-

bined TWL components for each future projected period and scenario. 
The final values are summarized in Table 9, along with the remaining 
forcing conditions. There, while TWL values are projected to increase, 
which mainly related to the SLR component, extreme wave energy 

shows a slight projected reduction between 2070 and 2100, for both 
scenarios, although larger for the RCP8.5 (Table 9). This change is 
motivated by the HS behavior, which is also projected to slightly 
decrease towards 2100, except under WAVES3 for RCP4.5. Neverthe-
less, these extreme conditions are projected to be accompanied by a 
relatively low Tp (8.86 s), culminating in lower total energy when 
compared to the 2070 WAVES3. Considering the incoming MWD, the 
results show relatively similar projections among the future periods and 
scenarios, except for the absence of southerly extreme events outside 
2041–2070 under RCP4.5. 

Fig. 9 shows the future projected extreme coastal flooding extension 
at Praia de Faro, by the end of the 2041–2070 and 2071–2100 future 
periods, under the RCP4.5 and RCP8.5 scenarios. At this key location, 
the coastal profile is consistently oriented to the southwest (approxi-
mately 225◦). Nevertheless, all the projected extreme conditions are 
characterized by MWD s ranging from 155◦ to 178◦, and therefore, none 
of the events hit the coast perpendicularly. Therefore, for the extreme 
conditions considered, the impact of HS and Tp (and overall TWL) 
dominates over MWD. By 2070, under RCP4.5, the maximum projected 
flooding extensions surpass the sandy beaches, reaching the beginning 
of the urbanized area. Under RCP8.5, nevertheless, the first row of 
infrastructure is already projected to be threatened. In both instances, 
ensemble uncertainty related to wave energy is generally well 
contained. 

By 2100, both scenarios depict extreme flooding to extend well over 
the urbanized areas. While flooding under RCP4.5 is mainly restricted to 
the lowest areas of Praia de Faro (essentially impacting parking lots 
besides the first row of infrastructure), for the RCP8.5, extreme flooding 
is expected to extend along and over most of the urbanized areas. 
Especially for the WAVES3 ensemble conditions, run-up lines reach the 
opposite shores of Praia de Faro, facing the Ria Formosa, approximately 
140 m inland from the reference shorelines. Similarly to Ofir, under such 
a projection, water corridors would be created between the ocean and 
the Ria Formosa (as shown by the red arrows in Fig. 9d), creating a set of 
small, temporary islands, potentially leading to a complete disruption of 
normal habitability conditions. 

Table 10 shows, across the entire Praia de Faro key-location, the 
projected coastal flooding extents under extreme TWL and wave con-
ditions. These are projected to increase towards the end of the 21st 
century, for both scenarios, as revealed by the results of Fig. 9, up to 
0.167 km2 (by 2100 under RCP8.5). Results show greater extents for the 
RCP8.5, for which the areas projected by 2070 slightly exceed the ones 
for RCP4.5 by 2100. 

4. Discussion and conclusions 

In this work, the first consistent, ensemble-based assessment of 
future extreme coastal flooding along five of the Portuguese most 
vulnerable coastal stretches was conducted, based on a large set of 
CMIP5 data. A 21-member ensemble of SLR projections was used, 
together with a (consistent) 6-member ensemble of nearshore, bias 
corrected wave climate and storm surge projections, as well as local tide 
projections. Shoreline evolution projections from the companion Part I 
paper (Lemos et al., 2024a; LP1) allowed the modification of the refer-
ence DTMs, over which future extreme coastal flooding was projected. 
The range of physical impacts related to such extreme conditions were 
probabilistically quantified at five key-locations along the Portuguese 
coastline, based on an ensemble approach, considering high wave en-
ergy thresholds combined with moderate TWL RP values. This meth-
odology, aligned with other studies conducted in different high-risk 
coastal areas globally (e.g., Toimil et al., 2017; Lopes et al., 2017; Garner 
et al., 2017; Antunes et al., 2019; Alvarez-Cuesta et al., 2021; Ribeiro 
et al., 2021; Barros et al., 2022), allowed for a more precise assessment 
of impacts and vulnerabilities, in areas already considered sensitive to 
extreme events in the present day. 

Table 6 
Same as in Table 2, but for Cova Gala.  

Flooded area from reference (2018) shoreline – Cova Gala (km2)  

2041–2070 
(RCP4.5) 

2041–2070 
(RCP8.5) 

2071-2100 
(RCP4.5) 

2071-2100 
(RCP8.5) 

ETWL +
WAVES1 

0.086 0.108 0.111 0.158 

ETWL +
WAVES2 

0.087 0.096 0.130 0.156 

ETWL +
WAVES3 

0.088 0.098 0.111 0.142  

Table 7 
Same as in Table 1, but for Costa da Caparica.  

Costa da Caparica 

2041–2070 (RCP4.5) 
TWL (m) 2.77  

WAVES1 WAVES2 WAVES3 
HS (m) 3.65 3.56 3.34 
Tp (s) 11.0 13.5 16.7 
MWD (◦) 214 221 224 

2041–2070 (RCP8.5) 
TWL (m) 2.81  

WAVES1 WAVES2 WAVES3 
HS (m) 3.19 3.50 3.62 
Tp (s) 13.4 13.1 13.4 
MWD (◦) 230 224 224 

2071–2100 (RCP4.5) 
TWL (m) 2.94  

WAVES1 WAVES2 WAVES3 
HS (m) 3.17 3.51 3.85 
Tp (s) 13.8 13.4 12.3 
MWD (◦) 227 224 219 

2071–2100 (RCP8.5) 
TWL (m) 3.08  

WAVES1 WAVES2 WAVES3 
HS (m) 3.06 3.46 3.70 
Tp (s) 12.9 13.1 13.4 
MWD (◦) 229 224 229  
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Fig. 8. Similar to Fig. 5, but for the Costa da Caparica key-location.  
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Currently, there is no single model able to compute all different 
contributions to the TWL directly. Therefore, these must be individually 
considered and combined (Fox-Kemper et al., 2021; Parker et al., 2023). 
There has been growing interest regarding the use of probabilistic ap-
proaches to assess the impacts of SLR and TWLs on coastal areas (e.g., 
Leijala et al., 2018; Antunes et al., 2019; Jevrejeva et al., 2019; Liu et al., 
2020; Gori and Lin, 2022). These yield several advantages over deter-
ministic ones, incorporating and better accounting for uncertainties 
(Toimil et al., 2021) and variability associated to climate change, 
oceanographic processes, model assumptions and input data (Marcy 
et al., 2011; Antunes et al., 2019). Here, a probabilistic method was 
considered to provide a numerical solution in the estimation of repre-
sentative RPs of extreme TWLs, based on the probabilistic combination 
of the cumulative density functions of SLR, tides and storm surges. By 
quantifying physical impacts probabilistically, this approach was able to 
differentiate areas according to their vulnerability, allowing the devel-
opment targeted adaptation strategies. 

Regarding future morphological evolution at the key-locations, the 
PaCR algorithm was shown to be able to reproduce the shoreline retreat 
obtained in LP1 along the cross-shore profiles, while building the pro-
jected 3-dimensional topographic model of all key-locations. Overall, 
the projected DTMs revealed enhanced vulnerabilities arising from SLR 
and wave action. By 2070 (2100), the natural protection of the shoreline 
along all key-locations is projected to be reduced, on average, by 13.3% 
(12.3%) under the RCP4.5 scenario, and by 10.5% (12.5%) under 
RCP8.5, considering the differences between the reference and future 
projected DTMs’ maximum topographic heights (Figs. 3 and 4). 

The future projected extreme coastal flooding, as depicted by XBeach 

forced by 25-year TWL return values associated to three levels of 99th 
percentile wave energy conditions, was shown in Figs. 5–9. Given the 
natural and artificial heterogeneities of each key-location, the XBeach 
was run in 2DH mode, allowing the representation of the directional 
spreading of waves and their shadowing by morphological features or 
structures (Nahon et al., 2023). The enhanced vulnerabilities of the 
projected DTMs in comparison with the reference ones promoted the 
occurrence of coastal flooding events. In fact, it should be noted that no 
major coastal flooding occurrences were identified considering the 
future projected extreme TWL and wave conditions over the reference 
(historical) DTMs. A summary of the results found for each key-location 
in Figs. 5–9 is provided in Table 11. 

At Costa Nova, extreme coastal flooding was shown to be projected 
within urbanized areas for all future periods and scenarios. This highly 
vulnerable stretch of coast has been extensively studied in recent years, 
with compatible conclusions from several authors (Lopes et al., 2017; 
Antunes et al., 2019; Ferreira et al., 2020; Rocha et al., 2020; Ribeiro 
et al., 2021; Barros et al., 2022). Further South, in Costa da Caparica, 
future projections revealed in fact two critical areas: the northern 
portion of the domain, by 2070, at Praia de São João da Caparica 
(impacting uniquely local services infrastructure), and the densely ur-
banized areas of Costa da Caparica’s oceanfront, by 2100, overtopping 
the seawall (especially under RCP8.5; Fig. 9d) and threatening habita-
tional hubs, besides services and communication routes. Our results are 
in agreement with recent studies focusing on this area, especially when 
considering short-to-moderate projected return periods (Antunes et al., 
2019; Ferreira et al., 2021a; Melet et al., 2021). Finally, at Praia de Faro, 
local infrastructures were shown to be progressively threatened by the 
projected changes in water levels towards 2100, especially under the 
high-end RCP8.5 scenario. In case no additional measures are taken to 
mitigate the local impacts of the extreme events considered, permanent 
habitability conditions along most of the urbanized areas within Praia de 
Faro may become extensively disrupted (Fig. 9). These results are in 
accordance with Ferreira et al. (2021b), which shows a consistent pro-
jected increase in the overwash potential at Praia de Faro. 

Throughout the five key-locations (approximately 14 km of coast-
line), the projected threatened area, expected to become flooded under 
extreme TWL and wave conditions, ascends to 0.657 km2 (0.738 km2) by 
2070 under RCP4.5 (RCP8.5), and 0.841 km2 (1.47 km2) by 2100 under 
RCP4.5 (RCP8.5), as shown in Table 12. It should be noted that the 99th 
wave energy percentile could, by definition, be exceeded within the 
considered TWL conditions (which may also be occasionally surpassed). 
In such conditions, coastal flooding could potentially extend further 
inland, especially if associated to a cross-shore incoming direction of 
wave propagation. Moreover, although coastal protection in-
frastructures were considered in the DTMs (e.g., seawalls), buildings 
over land were not represented, which may have influenced the land-
ward expression of the projected flooding extent (Schubert and Sanders, 
2012; LeRoy et al., 2015; Gallien et al., 2018). 

Overall, extreme wave energy synchronized with increased TWLs 
(resulting essentially from SLR, but also from the joint occurrence of 
high spring tides or storm surge conditions) in the context of weaker 
natural protection structures (e.g., fragilized dune systems), may lead to 
unprecedented coastal flooding in the future, if no additional coastal 
protection and adaptation measures are implemented. Episodic extreme 
flooding could be responsible for most of the disrupting effects in living 
conditions along the Portuguese coastline during the 21st century, 
potentially leading to the inevitable implementation of hard defense 
structures, or even the abandonment of the shoreline long before per-
manent inundation takes place (Toimil et al., 2020). On the other hand, 
by probabilistically characterizing the future projected extreme coastal 
flooding patterns, our results promote the adequate development of 
tailored adaptation plans, fostering the sustainable evolution of the 
analyzed coastal sectors, based on informed decision-making. 

Adaptation measures in Portugal have been implemented since the 
1960s, consisting mostly of hard defense structures, such as groins and 

Table 8 
Same as in Table 2, but for Costa da Caparica.  

Flooded area from reference (2018) shoreline – Costa da Caparica (km2)  

2041–2070 
(RCP4.5) 

2041–2070 
(RCP8.5) 

2071-2100 
(RCP4.5) 

2071-2100 
(RCP8.5) 

ETWL +
WAVES1 

0.165 0.192 0.208 0.414 

ETWL +
WAVES2 

0.168 0.193 0.210 0.440 

ETWL +
WAVES3 

0.174 0.201 0.229 0.493  

Table 9 
Same as in Table 1, but for Praia de Faro.  

Praia de Faro 

2041–2070 (RCP4.5) 
TWL (m) 2.72  

WAVES1 WAVES2 WAVES3 
HS (m) 2.32 2.29 2.53 
Tp (s) 8.11 10.7 9.95 
MWD (◦) 179 160 155 

2041–2070 (RCP8.5) 
TWL (m) 2.76  

WAVES1 WAVES2 WAVES3 
HS (m) 1.55 2.11 2.15 
Tp (s) 16.3 11.4 11.8 
MWD (◦) 162 158 158 

2071–2100 (RCP4.5) 
TWL (m) 2.89  

WAVES1 WAVES2 WAVES3 
HS (m) 2.05 2.07 2.68 
Tp (s) 9.67 12.8 8.86 
MWD (◦) 165 159 159 

2071–2100 (RCP8.5) 
TWL (m) 3.06  

WAVES1 WAVES2 WAVES3 
HS (m) 1.90 1.94 1.76 
Tp (s) 11.2 12.8 17.1 
MWD (◦) 164 159 157  

G. Lemos et al.                                                                                                                                                                                                                                  



Ocean Engineering 310 (2024) 118448

18

seawalls, as well as artificial beach nourishment and sediment bypassing 
(essentially since the 1980s). The implementation of nature-based so-
lutions has been gaining increased attention recently (Temmerman 
et al., 2013), especially for dune protection. Despite a slowly increasing 
interest nature-based approaches by the global community (Brière et al., 
2018; Van Loon-Steensma et al., 2019), the rate of increase in the 
extreme sea levels may be too high to simply consider those approaches. 
As of today, artificial beach nourishment continues to be the measure of 
choice to maintain stable shoreline evolution in Portugal (Pinto et al., 
2015, 2016, 2020, 2022). According to Parkinson and Ogurcak, (2018), 
artificial beach nourishments should continue to be a viable option 
during the next decades, but not as a long-term solution. Rather, it 
should be considered as a provisory measure, to gain time to implement 
more robust and long-term strategies, such as re-localization. 

Protection and accommodation are currently the measures of choice 
to increase resilience of the Portuguese coastal areas against climate 
change. Although relocation has already been conducted in Portugal (e. 
g., Esmoriz and Praia de Faro; Santos, 2020), many doubts about its 
effectiveness in the short and medium-term arise, due to extensive 
bureaucratic processes and the difficulties regarding legislation 
enforcement through the territorial management instruments in 

Fig. 9. Similar to Fig. 5, but for the Praia de Faro key-location.  

Table 10 
Same as in Table 2, but for Praia de Faro.  

Flooded area from reference (2018) shoreline – Praia de Faro (km2)  

2041–2070 
(RCP4.5) 

2041–2070 
(RCP8.5) 

2071-2100 
(RCP4.5) 

2071-2100 
(RCP8.5) 

ETWL +
WAVES1 

0.055 0.108 0.111 0.166 

ETWL +
WAVES2 

0.056 0.109 0.110 0.167 

ETWL +
WAVES3 

0.057 0.112 0.112 0.179  

Table 11 
Summary of the main results found for each key-location along the Portuguese 
coastline.  

Key-location Key-results 

Ofir Projected increase in the extreme TWLs and wave energy levels 
towards 2100. Overtopping of the dune system and coastal 
flooding inland reaching urbanized area and extending up to 250 
m inland (2100 under RCP8.5). Potential establishment of 
temporary water corridors between the ocean and the Cávado 
River estuary. 

Costa Nova Projected increase in the extreme TWLs and wave energy levels 
towards 2100. Locations immediately South of the groins are the 
most vulnerable, where projected erosion was shown to be more 
severe (LP1). Widespread coastal flooding along urban areas is 
expected, extending up to 350 m inland (2100 under RCP8.5). 
Local coastal flooding occurrences projected to occur as soon as by 
2070 under RCP4.5. 

Cova Gala Projected increase in the extreme TWLs towards 2100. Extreme 
waves projected to become slightly weaker under RCP8.5. 
Locations immediately South of the groins are the most vulnerable, 
where projected erosion was shown to be more severe (LP1). While 
no overtopping of the seawall is projected, maximum run-up lines 
from extreme events may extend up to 150–200 m inland. 

Costa da 
Caparica 

Projected increase in the extreme TWLs towards 2100. Extreme 
wave energy trends unclear. Extensive coastal flooding is projected 
under RCP8.5, overtopping the seawall and directly affecting local 
services and urbanized areas containing high-density habitational 
infrastructure, up to 250 m inland. 

Praia de Faro Projected increase in the extreme TWLs towards 2100. Extreme 
waves projected to become slightly weaker for both scenarios. 
Nevertheless, extreme coastal flooding is projected along the 
urbanized areas, especially for RCP8.5. Potential establishment of 
temporary water corridors between the ocean and the Ria Formosa 
coastal lagoon.  
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Portugal (Santos et al., 2014). Recently, in the context of the RNA2100 
project, a large multi-sectoral workshop was held, mobilizing more than 
100 people, in which government decision-makers and key elements of 
public and private institutions were present. Upon consultation of all 
entities involved, it was concluded that the revision of legislation related 
to the territorial management instruments along with its enforcement to 
safeguard infrastructures, communities and ecosystems in coastal areas, 
is a priority measure requiring implementation in Portugal within the 
next decade. A proactive legislative framework, able to adapt to 
continuously changing conditions, is needed. As changes are expected to 
continue well beyond the end of the 21st century (Lyon et al., 2022), any 
measure of coastal protection must consider additional levels of pro-
tection to be implemented in the longer-term (beyond 2100). In this 
context, relocation was deemed ultimately necessary along the most 
vulnerable coastal urban areas, essentially from the last third of the 21st 
century onwards, from where its cost-effectiveness should become ad-
vantageous throughout most of the highly vulnerable areas. 

As the need to design a complete climate change assessment for the 
Portuguese coastal areas increases, our results, based on multi-model, 
multi-process and multi-scenario approaches, allow the translation of 
the local dynamical results into a large-scale probabilistic approach to 
ultimately produce coastal vulnerability and risk cartography, consid-
ering the uncertainties associated to modelling efforts, climate change 
scenarios, DTMs, and particularly to the SLR, tides, SSLs and wave 
climate projections. Nevertheless, several limitations still need to be 
overcome, especially due to the multiple modelling platforms required 
to perform the full analysis (initiated in LP1), and to the unconsidered 
small- and short-scale feedbacks between hydrodynamic forcing and 
morphological response, usually neglected in climate projections due to 
the long simulation periods. Future studies should emphasise on the 
consistency between datasets, the continuity within the modelled pro-
cesses and the use of probabilistic approaches instead of deterministic 
ones in the context of coastal erosion and flooding. 
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Engenharia Hidrográfica, Lisbon, Portugal, 21–22 June 2012, pp. 21–24, 978-989- 
705-035-0.  

Vitousek, S., et al., 2017. Doubling of coastal flooding frequency within decades due to 
sea-level rise. Sci. Rep. 7, 1399. 

Vousdoukas, M.I., Mentaschi, L., Voukouvalas, E., Verlaan, M., Feyen, L., 2017. Extreme 
sea levels on the rise along Europe’s coasts. Earth’s Future 5 (3), 304–323. 

Vousdoukas, M.I., Mentaschi, L., Voukouvalas, E., et al., 2018. Global probabilistic 
projections of extreme sea levels show intensification of coastal flood hazard. Nat. 
Commun. 9, 2360. https://doi.org/10.1038/s41467-018-04692-w. 

Vousdoukas, M.I., Ranasinghe, R., Mentaschi, L., Plomaritis, T.A., Athanasiou, P., 
Luijendijk, A., Feyen, L., 2020. Sandy coastlines under threat of erosion. Nat. Clim. 
Chang. 10, 260–263. https://doi.org/10.1038/s41558-020-0697-0. 

Vousdoukas, M.I., Voukouvalas, E., Annunziato, A., Giardino, A., Feyen, L., 2016. 
Projections of extreme storm surge levels along Europe. Clim. Dynam. 47 (9), 
3171–3190. https://doi.org/10.1007/s00382-016-3019-5. 

Wahl, T., Chambers, D.P., 2015. Evidence for multidecadal variability in US extreme sea 
level records. J. Geophys. Res.: Oceans 120, 1527–1544. https://doi.org/10.1002/ 
2014JC010443. 

Wahl, T., et al., 2017. Understanding extreme sea levels for broad-scale coastal impact 
and adaptation analysis. Nat. Commun. 8, 16075. 

Woodruff, J.D., Irish, J.L., Camargo, S.J., 2013. Coastal flooding by tropical cyclones and 
sea-level rise. Nature 504, 44. 

Van Loon-Steensma, J. M., Vellinga, P. 2019. "How “wide green dikes” were reintroduced 
in The Netherlands: a case study of the uptake of an innovative measure in long-term 
strategic delta planning," Journal of Environmental Planning and Management, 
Taylor & Francis Journals, vol. 62(9), pages 1525-1544, July. 

G. Lemos et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S0029-8018(24)01786-4/sref63
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref63
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref63
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref64
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref64
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref64
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref64
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref64
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref64
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref65
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref65
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref65
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref66
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref66
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref66
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref67
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref67
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref67
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref67
https://doi.org/10.1007/s11069-023-05939-6
https://doi.org/10.1007/s11069-023-05939-6
https://doi.org/10.1016/j.ecss.2018.07.011
https://doi.org/10.1016/j.ecss.2018.07.011
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref68
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref68
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref69
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref69
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref69
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref70
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref70
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref70
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref70
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref71
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref71
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref71
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref72
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref72
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref72
https://doi.org/10.3390/jmse10020146
https://doi.org/10.3390/jmse10020146
https://doi.org/10.5194/essd-8-265-2016
https://doi.org/10.5194/essd-8-265-2016
https://doi.org/10.5194/wcd-3-337-2022
https://doi.org/10.1017/CBO9781139235778
https://doi.org/10.1016/j.earscirev.2016.07.011
https://doi.org/10.1016/j.earscirev.2016.07.011
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref76
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref76
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref76
https://doi.org/10.1007/s10584-011-0149-y
https://doi.org/10.1007/s10584-011-0149-y
https://doi.org/10.3390/jmse9060595
https://doi.org/10.3390/w12020360
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref80
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref80
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref80
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref82
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref82
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref82
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref82
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref83
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref83
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref83
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref85
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref85
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref85
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref85
http://refhub.elsevier.com/S0029-8018(24)01786-4/optjygQcq4IfY
http://refhub.elsevier.com/S0029-8018(24)01786-4/optjygQcq4IfY
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref86
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref86
https://doi.org/10.1002/2017JC013355
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref87
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref87
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref87
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref88
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref88
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref88
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref89
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref89
https://doi.org/10.1007/s00382-022-06593-7
https://doi.org/10.1007/s00382-022-06593-7
https://doi.org/10.1007/s11069-023-05938-7
https://doi.org/10.1007/s11069-023-05938-7
https://doi.org/10.1002/joc.7973
https://doi.org/10.1016/j.jhydrol.2022.128731
https://doi.org/10.1126/sciadv.aap9741
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref94
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref94
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref94
https://doi.org/10.1016/j.coastaleng.2017.08.004
https://doi.org/10.1016/j.coastaleng.2017.08.004
https://doi.org/10.1016/j.earscirev.2020.103110
https://doi.org/10.1038/nature12859
https://doi.org/10.1038/nature12859
http://refhub.elsevier.com/S0029-8018(24)01786-4/optQiGH6XBFIM
http://refhub.elsevier.com/S0029-8018(24)01786-4/optQiGH6XBFIM
http://refhub.elsevier.com/S0029-8018(24)01786-4/optQiGH6XBFIM
https://doi.org/10.3389/fmars.2021.683535
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref98
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref98
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref99
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref99
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref99
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref99
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref100
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref100
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref1010
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref1010
https://doi.org/10.1038/s41467-018-04692-w
https://doi.org/10.1038/s41558-020-0697-0
https://doi.org/10.1007/s00382-016-3019-5
https://doi.org/10.1002/2014JC010443
https://doi.org/10.1002/2014JC010443
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref104
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref104
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref105
http://refhub.elsevier.com/S0029-8018(24)01786-4/sref105

	The future of the Portuguese (SW Europe) most vulnerable coastal areas under climate change – Part II: Future extreme coast ...
	1 Introduction
	2 Data and methods
	2.1 Study areas
	2.2 GCM-Driven wave climate projections and SLR
	2.3 Tides
	2.4 Storm surges
	2.5 Reference datasets
	2.6 Methodology
	2.6.1 Future projected DTMs
	2.6.2 Representative TWL projections and extreme waves
	2.6.3 The XBeach model


	3 Results
	3.1 Future shoreline projections and DTMs
	3.2 Future projected extreme coastal flooding
	3.2.1 Ofir
	3.2.2 Costa Nova
	3.2.3 Cova Gala
	3.2.4 Costa da Caparica
	3.2.5 Praia de Faro


	4 Discussion and conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


