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Abstract

Sea level rise will be a major threat to coastal communities within the next century due to the intensity and severity of the
floods it can cause. A new methodology considering water infiltration, slope, and hydraulic connectivity was developed to
assess the potential inundation extension associated with different total water level and sea level rise scenarios on sandy
coasts. This methodology was applied for the current conditions as well as 2050 and 2100 scenarios of storm surge and high
tide levels with return periods of 1 year and 100 years. The study area is Culatra village, located on the lagoon side of a bar-
rier island in southern Portugal. The effects of shoreline evolution after the construction of a harbor and associated beach
nourishment were also evaluated within the inundation scenarios. The results show that, within the study area, total water
level variations caused by sea level rise have a greater influence on the inundation extension than shoreline retreat. The vil-
lage appears to be safe for the current and 2050 total water level scenarios with a 1-year return period but would be highly
affected by 100-year return periods, especially from 2050 onwards. This novel approach represents an improvement on more
common flood mapping methods such as the bathtub approach and can be easily applied to other backbarrier environments
under sea level rise or facing coastal erosion.
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Introduction

One of the main consequences of climate change is sea
level rise (SLR) which is mostly caused by increasing
ocean temperatures (inducing thermal expansion) and the
melting of ice caps. From 2006 to 2018, the global mean
sea level has increased at rates between 3.2 and 4.7 mm/
yr, which represents a faster rate than any observed in the
past three millennia (IPCC 2021). Concurrently, coastal
zones around the globe have been increasingly occupied
and have undergone many morphological, socio-economic,
and environmental changes (Neumann et al. 2015). It is
estimated that one billion people currently live in coastal
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areas below 10 m above the high tide level, of which 230
million live below 1 m above the high tide level (Kulp and
Strauss 2019). Those coastal communities and environments
are therefore extremely vulnerable to coastal hazards like
storms and flooding, especially in a fast-changing climate
(Neumann et al. 2015). This is especially true in low-lying
coastal landforms such as barrier islands (Nave and Rebélo
2021; Nienhuis and Lorenzo-Trueba 2019). Different studies
have shown that low-lying coastal areas like coastal wet-
lands, lagoons, and estuaries are particularly vulnerable to
sea level rise due to their low elevation and their ecological
and socio-economic importance (e.g., Blankespoor et al.
2014; Davies-Vollum and West 2015; Silveira et al. 2021;
Al-Nasrawi et al. 2021).

The most common way to measure the potential flood-
ing impacts induced by SLR on the world’s coasts is by
computing a still water level above a digital elevation
model (DEM) (e.g., 1 m higher than the current shoreline)
(Ferreira et al. 2021). This method is called a “bathtub
approach” (Poulter and Halpin 2008). Yet, this approach
maximizes inundation (Poulter and Halpin 2008; Williams
and Liick-Vogel 2020; Lopes et al. 2022) mainly because it
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does not include the future land elevation variation, which
can be induced by marsh growth or coastal erosion (Poulter
and Halpin 2008), does not consider the infiltration of the
water in the sand or the surface roughness (Poulter and
Halpin 2008; Li et al. 2014; Williams and Liick-Vogel
2020; Lopes et al. 2022), and assumes a long-lasting water
level (Li et al. 2014). As a result, several authors have
attempted to develop methodologies to improve the simple
bathtub approach (e.g., Li et al. 2014; Williams and Liick-
Vogel 2020; Terres de Lima et al. 2021). One of the main
challenges in modelling coastal inundations is that different
systems will have different environmental responses toward
coastal flooding (e.g., open ocean coast vs. backbarrier
estuary). Due to the high variability of the world’s coastal
geomorphology, SLR impacts can only be evaluated pre-
cisely at local scales (Cazenave and Cozannet 2014) and
different types of coastal floods (e.g., storm surge related
flood, SLR related inundation, and wave related flood) can-
not be modeled equally.

In addition to the flooding hazard, coasts of the world
are greatly affected by human influences, such as coastal
urbanization (Halpern et al. 2007; Elliott et al. 2019), pol-
lution (Halpern et al. 2007; Defeo et al. 2009), disrup-
tion of natural sediment regimes (Hsu et al. 2007; Defeo
et al. 2009; Carrasco et al. 2012; Kombiadou et al. 2019),
destruction of coastal environments (e.g., mangroves
and marshes) (Halpern et al. 2007; Elliott et al. 2019),
and infrastructure construction (Halpern et al. 2007; Hsu
et al. 2007; El-Asmar et al. 2016; Kombiadou et al. 2019;
Sakhaee and Khalili 2021). These disruptions of the natu-
ral coastal environment have numerous impacts, especially
on sandy coasts (Yincan 2017). More specifically, the con-
struction of ports and harbors is known to significantly
influence the hydrodynamics, sediment regimes, and eco-
systems of coastal environments (El-Asmar et al. 2016;
Shenghui et al. 2018; Barbaro et al. 2019). The most com-
mon morphological impacts induced by the construction
of harbors are erosion, scour, and sedimentation (Sakhaee
and Khalili 2021). Various case studies on the topic have
been published recently about open ocean and sea environ-
ments (e.g., Song et al. 2017; Barbaro et al. 2019; Duarte
et al. 2018; Shenghui et al. 2018; Ghaderi and Rahbani
2020; Sakhaee and Khalili 2021), estuaries (e.g. El-Asmar
et al. 2016; Prumm and Iglesias 2016), and lakes (e.g.
Mattheus and Diggins 2019), but very few have discussed
the morphological impacts of harbor construction in back-
barrier environments.

Understanding how the increase in total water level
(TWL) combined with anthropized shorelines will impact
coastal occupation is necessary to maintain the safety of the
communities and infrastructures. Thus, this study intended
to compare the shoreline evolution of a small village in the
South of Portugal (Culatra) before and after the construction
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of a harbor and associated beach nourishment and includes
both the SLR and post-construction shoreline evolution
trends within a coastal flooding analysis. The specific objec-
tives of this study were to: (1) define the morphological
evolution of Culatra’s backbarrier shoreline before and after
the construction of the harbor and the beach nourishment;
(2) assess the vulnerability of the village to inundation by
extreme TWL based on scenarios of SLR and shoreline
retreat; (3) propose coastal management measures based on
the observed coastline’s evolution and the potential flooding
for 2050 and 2100.

Study area

The study area is the village of Culatra and the surrounding
coastline located on the center of the backbarrier of
Culatra Island, one of the five islands of the Ria Formosa
barrier island system in the South of Portugal (Fig. 1).
The Ria Formosa Natural Park includes the biggest coastal
lagoon environment in Portugal with an area of 84 km?
(Andrade 1990). It extends for approximately 55 km in
the W-E direction and between ~0.5 and 8 km in the
N-S direction. The islands’ topography is dominated
by vegetated dunes with a continuous frontal dune of
c. 5 to 10 m high on the oceanside (Pilkey et al. 1989).
The lagoon side was formed by the accumulation of fine
sands, and its colonization by halophile vegetation created
large sand tidal flats and salt marshes (Pilkey et al. 1989).
Today, these tidal flats and salt marshes represent two
thirds of the whole lagoon area (Carrasco et al. 2021) and
the lagoon has an average depth of less than 2 m below
mean sea level (Andrade 1990).

Culatra Island is approximately 7.45 km long and has
an average width of ~480 m in the eastern part of the
island while it is ~ 390 m on the western side (Garcia et al.
2010). Culatra village is the largest and the only one with
permanent occupation on the island (Fig. 2A) with a pop-
ulation of about 1000 people, although it triples during
the summer (May to September) due to tourism (Pacheco
et al. 2021). The main economic activities are related to
fishing and mollusc farming, and tourism (Pacheco et al.
2021). The vast majority of the buildings on the island
are residential homes with some commercial and munici-
pal infrastructures (Carrasco et al. 2013). Many of those
infrastructures are located less than 100 m from the sea,
putting them potentially at risk to inundation (Carrasco
et al. 2013).

The morphology of Culatra Island, its coastline, and
backbarrier shoreline have been highly altered by the open-
ing and stabilization of the Faro-Olhio Inlet between 1929
and 1955, and the different engineering works that took
place until 1955, and in the 1980s (Pacheco et al. 2011).
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Fig. 1 Location of Culatra Island and village within the Ria Formosa in southern Portugal

R

Fig.2 (A) Culatra Island and its three villages: Farol, Hangares, and
Culatra; (B) Detailed view of the built harbor in Culatra village and
the nourishment that took place in the vicinity of the harbor to avoid

from Google Earth

the periodical inundation of the buildings; (C) Culatra village. Images
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The most notable morphological change is the elongation of
the island to the East by ~3000 m between c. 1950 and 2015
(Garcia et al. 2010; Kombiadou et al. 2018, 2019; Nave
and Rebélo 2021). The opening and stabilization of the
Faro-Olhdo Inlet also impacted the backbarrier of Culatra
Island resulting in the overall eastern extension of Culatra’s
backbarrier by 38% when comparing the area from 1952
with the one from 2014 (Kombiadou et al. 2019). Localized
erosive areas might be related to anthropogenic pressures
such as navigation and shellfish harvesting (Kombiadou
et al. 2018).

Culatra village is rather sheltered from the most ener-
getic ocean related storm impacts. Because the fetch is very
limited in the lagoon (maximum ~ 6 km in Culatra), it does
not allow the formation of high and long waves (Carrasco
et al. 2011). Tides are the major sediment transport mecha-
nism within the Ria Formosa (Salles et al. 2005). The tidal
regime is semidiurnal mesotidal and the typical average
tidal range is 2.8 m for spring tides, with a maximum range
of 3.5 m, and 1.3 m for neap tides (Pacheco et al. 2008,
2011; Carrasco et al. 2009; Ferreira et al. 2016). Storm
surge can be relevant, with average heights of about 0.36 m
at the Huelva Tide Gauge in Spain (Almeida et al. 2012),
located ~ 80 km from the Ria Formosa, and maximum
heights in the order of 0.6 m (Ferreira et al 2019).

In the past, several flooding events caused damages to
residences and other infrastructures (Carrasco et al. 2013).
Preventing the consequences of such events was one of the
motivations for the construction of the harbor and the nour-
ishment of the surrounding beaches between 2007 and 2011
(Fig. 2B, C). This fishers’ harbor was also built to provide
a space for fishers to park their boats in safe conditions and
to protect the cultural and natural heritage of the Ria For-
mosa as the ~ 100 boats previously needed to anchor which
was damaging the lagoon bed and its ecosystem (Hidropro-
jecto 2005). The associated beach nourishments consisted
in elevating the shores on both sides of the harbor to 4.5 m
higher than the mean sea level and regulating the beach with
a slope inclination of 1:4.

As for the SLR, localized projections have been devel-
oped by Fox-Kemper et al. (2021) and Garner et al. (2021a,
b) based on the different shared socio-economic pathways
(SSP) presented in the report from the international panel
on climate change (IPCC 2021). For the Algarve, the clos-
est projections available are in Lagos, approximately 80 km
to the east of the study area. The median likely confidence
level rates of SLR are predicted to be 6.8 mm/yr (SSP
3-7.0), 7.3 mm/yr (SSP 5-8.5), and 7.8 mm/yr (low con-
fidence SSP 5-8.5) between 2040 and 2060 and 10.1 mm/
yr (SSP 3-7.0), 12.1 mm/yr (SSP 5-8.5), and 16.0 mm/yr
(low confidence SSP 5-8.5) between 2080 and 2100 (Fox-
Kemper et al. 2021; Garner et al. 2021a, b).
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Methodology
Shoreline evolution

The backbarrier shorelines were extracted from a set of eight
images covering the 1996-2021 period (26 years). The set
included two historical aerial photos (1996 and 1999) and
two orthophotographs (2002 and 2014) that were provided
by the Centro de Informacdo Geospacial do Exército (CIC-
eoE) and the Direcdo Geral do Territério (DGT). To increase
the temporal resolution of the analyzed period, Google Earth
images were used to complete the period up to 2021. The
Google Earth images were downloaded in high quality (pixel
density of 4800 % 3047) for the years of 2007, 2011, 2017,
and 2021. The downloading process was done at an eye
altitude of 613 m while ensuring no image tilting. Three
images per year covering the study area were downloaded
to increase the image quality, one for the northern part of
the village (e.g., 2007_1), one for the southern part of the
village (e.g., 2007_2), and one for the coastline adjacent to
the village on the East (e.g., 2007_3) (Table 1). To improve
the quality of the georeferencing of the aerial images and
orthophoto, they were separated into two sections, one
for the West and another one for the East side of the study
area. The georeferenced orthophoto from 2014 projected in

Table1 X, Y, and total root mean square error (RMSE) for each geo-
referenced image. For the Google Earth images, 20XX_1 corresponds
to the northwest image, 20XX_2 corresponds to the southwest image,
and 20XX_3 corresponds to the eastern image. For the aerial photos and
orthophotos, W corresponds to the village area while the E corresponds
to the coastline adjacent to the east of the village

Image X RMSE (m) Y RMSE (m) Total RMSE (m)
Google  2007_1 0.105 0.025 0.108
Earth 2007 2 0303 0.185 0.355
MAgEs — 2007_3  0.106 0.017 0.108
2011_1 0.268 0.105 0.287
20112 0.251 0.086 0.266
2011_3  0.288 0.118 0311
2017_1  0.142 0.033 0.146
20172 0.152 0.038 0.157
20173 0.279 0.172 0.328
2021_1 0.263 0.103 0.283
20212 0.100 0.012 0.101
20213 0.137 0.022 0.139
Aerial  1996_W 0.325 0.150 0.357
photos 1996 E  0.327 0.215 0.392
1999 W 0.275 0.125 0302
photo  1999_E 0173 0.050 0.180
2002.W 0212 0.068 0.223
2002_E  0.128 0.021 0.129
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ETRS 1989 Portugal TM06 was used as the base image for
the georeferencing of the rest of the images due to its high
resolution (pixel size of 0.01 m). All the images were geo-
referenced using four to six reference points with the geo-
referencing tool from ArcMap 10.8 (ESRI 2019). To ensure
the accuracy of the georeferencing process, the root mean
square error (RMSE) was calculated for each image. Ten
control points were drawn sparsely across each image in
different locations than the points used for the georeferenc-
ing. Then, the coordinates from the predicted (georeferenced
image) and correct (referenced 2014 orthophoto) control
points were extracted to calculate the RMSE. The residuals
squared for each point were calculated by subtracting the
predicted coordinates from the correct ones in X and Y and
squaring the results. The RMSE in X and Y was calculated
using Eq. 1:

\/ Y (squared residuals in X or Y)

RMSE inX or Y = . ey
number of control points
The total RMSE was then calculated using Eq. 2:
Total RMSE = \/ (X residuals)* + (Y residuals)® 2

The total RMSE for the Google Earth images and aer-
ial photos (Table 1) were all below 0.4 m and on average

0 1,000 2,000

I m

around 0.25 m which was considered acceptable for the
intended analysis.

For most areas, except in the vicinity of the harbor and the
coast adjacent to the East of the harbor, the edge of the stable
vegetation (the transition line between the beach sand and
the bushy and rugose vegetation) was chosen as the proxy
for the backbarrier shoreline (Fig. 3A), as was done by Kom-
biadou et al. (2019). In the absence of such vegetation (e.g.,
due to coastal occupation), the dune scarp was used as the
shoreline proxy, when present (Fig. 3B). Finally, where none
of the previous features was present, the highest water level
was used, identified by the inward line formed by the accu-
mulation of zoostera or debris (Fig. 3C). The shorelines were
also divided into two different groups, the regular shorelines,
and the artificially stabilized shorelines. The artificially sta-
bilized shorelines were excluded from the calculations of the
shoreline evolution.

The digital shoreline analysis system (DSAS) version 5.1
(Himmelstoss et al. 2018) was used to compute the shoreline
evolution before (1996 to 2007) and after (2011 to 2021)
the harbor’s implementation and the associated beach nour-
ishment. First, a baseline was drawn offshore from the dif-
ferent shorelines before and after the harbor construction.
Then, transects were placed every 15 m perpendicular to
the baseline while covering all the shorelines. The uncer-
tainties used for the DSAS computations are the ones from

Fig.3 Examples of the features used to delineate the shorelines. A) Stable vegetation. B) Dune scarp, when no stable vegetation was present. C)
Maximum high-water level when no stable vegetation or dune scarp were present
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the georeferencing (Table 1). The uncertainty related to the
shoreline mapping was minimized because the shorelines
were mostly extracted at the same zoom level and by the
same operator. The weighted linear regression (WLR) was
used as it is the most statistically robust from the DSAS
analysis because it emphasizes on the data with lower uncer-
tainties (Himmelstoss et al. 2018). The shoreline displace-
ment was considered stable when the observed variation
was smaller than 0.4 m/year (which represents the maxi-
mum RMSE calculated), a small erosion/accretion between
this value and its double, and strong erosion/accretion when
above 0.8 m/yr. Negative values indicate erosion while posi-
tive ones indicate accumulation (Table 2). The pre-harbor
observed trends were grouped into thirteen sectors according
to their similarities to facilitate the analysis (e.g., similar
erosive transects within the same area were grouped in a
sector). The same sectors were also used to analyze the post-
harbor trends.

Flooding cartography

To determine the inundation hazard, a new flood mapping
methodology was elaborated based on the definition of
the total flood extension and presents an alternative to the
widely used simple bathtub approach. A LiDAR DEM was
used as the elevation proxy of the area. It was obtained from
the Dire¢ao-Geral do Territério (DGT) and has a precision
of 2 m horizontally and <30 cm vertically (Sistema Nacional
de Informagdo Geografica 2011). The relevant files repre-
senting the study area were merged and projected in ETRS
1989 Portugal TMO06.

The TWL (tide + surge + SLR) was used to compute and
map the potentially flooded areas according to different SLR
scenarios. The predicted SLR values used were based on the
latest IPCC report for Lagos, Portugal (Fox-Kemper et al.
2021; Garner et al. 2021a, b). The average SSP 5-8.5 was
used because it is the scenario that will be observed at a
global scale if the greenhouse gas emissions are not drasti-
cally reduced in the coming decades (IPCC 2021), and is the
most widely used for future climate change impact simula-
tions. The storm surge and maximum high tide levels were
adapted from Carrasco et al. (2012) (Table 3).

Table 2 Classification of the trends obtained with the weighted linear
regression (WLR) rates and the color code associated with each class

Classification =~ WLR (m/yr) Color Code
Strong Retreat <-0.8
Small Retreat  ]-0.8; -0.4[
Stable  [-0.4; 0.4] [ ]
Small Accretion 10.4; 0.8]
Strong Accretion >0.8
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Table 3 Total water levels used in this study based on the tides and
storm surge levels computed by Carrasco et al. (2012). The return
periods are for the tides + surge levels. The total water levels are pre-
sented for the current scenario and the median likely SSP 5-8.5 sce-
nario (Fox-Kemper et al. 2021; Garner et al. 2021a, b) in Lagos, Por-
tugal for two years of reference: 2050, and 2100

Total Water Level (m)

Return Period (years) Current 2050 2100
1 2.02 2.28 2.82
100 2.48 2.74 3.28

First, the simple bathtub approach (Poulter and Halpin
2008) of each flooding scenario was applied on the DEM to
determine the potentially flooded areas. The pixels with higher
altitudes than the ones for each level were reclassified as “not
a number” (NaN), i.e., they would not be flooded even when
using the simple bathtub approach. Based on the reclassified
values for each scenario, a cost distance analysis was performed
in ArcMap as the first step to define the flood extension. The
dune crest (highest elevation near the beach/dune contact)
was used as the origin for the distance computation (flooding
source). The water depth (h,) was calculated with the Raster
Calculator by subtracting the elevation of each pixel from the
flood level for each scenario. The Raster Calculator was also
used to compute the flooding velocity (u,.) according to the
expression developed by Donnelly (2008) for overwash in
sandy beaches:

u. = 1.531/gh, 3)

where g is the acceleration of gravity. u, was considered as a
proxy for the flood extension in the absence of an equation
specifically developed for tide + surge + SLR.

Finally, the Raster Calculator was used to apply the
expression from Plomaritis et al. (2018) that defines the
potential flooding extension:

h(x) = hcexp<—aﬁ> (4)
U,
where h(x) represents the water elevation at a distance x from
the flooding source, £, is the water depth, a is a constant
associated with the rate of infiltration of the water in the soil.
In this study, the constant 0.12 was used as the infiltration
value because it is a typical one for barrier islands like Cula-
tra (Donnelly et al. 2006). x represents the distance from the
flooding source, and u,. is the overwash/flooding velocity.
In addition to the six scenarios described in Table 3, two
others were added to the TWL of 2050 for 1-year and 100-
year return periods but this time including a projection of
the shoreline retreat for 2050. The average shoreline evolu-
tion trends of the five sectors surrounding the village were
computed to determine which were retreating. To do so, the
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trends of the transects contained in each sector were aver-
aged to determine a general trend for the sector. The erosive
sectoral trends were included in a second flooding simula-
tion for 2050. A new position of the dune crest was esti-
mated for 2050 by multiplying the average sectoral trend by
29 years ((2050-2021) + 1) e.g., the average shoreline retreat
for sector 5 was -0.72 m/yr, the dune crest was therefore
displaced inland by 20.98 m for the second simulation. This
new dune crest was used as the origin for the cost distance
analysis (x value) and the overwash/flooding extension.

After computing the overwash/flooding extension, the
values with an inundation value below 1 cm were consid-
ered irrelevant and were removed from the final cartography.
In addition, the non-hydraulically connected polygons were
removed from the cartography i.e., areas that are considered
flooded by the cartography but are not connected to a flood-
ing source (Poulter and Halpin 2008). The “four-side rule”
was used, meaning that only the cells related to a flooded one
through one of the four sides of the pixel were considered
hydraulically connected (Poulter and Halpin 2008).

Finally, the flooded areas for each scenario were com-
pared to the occupied areas of the village. A shapefile was
created with the different occupied areas (buildings, main
walking paths, football field, helipad, etc.) and was inter-
sected with the flooded areas to determine the part of the
occupied zones that would be flooded according to the TWL
scenarios.

Results
Shoreline evolution

The shoreline trends before the harbor construction reveal
numerous stable sectors (1, 4, 7, 8, and 11) with some accre-
tional (sectors 2, 3, 5, 9, and 13) and erosional (sectors 10,
and 12) hotspots (Fig. 4A). It is also possible to observe
more active tidal channels in sector 1 (breaks in the shoreline
continuity) before the harbor construction. The shoreline
trends after the harbor construction and beach nourishment
show more extensive erosional (sectors 2, 3, 5, and 6) and
accretional (sector 4) sectors around the village, but greater
stability on the eastern shoreline, outside the village (sectors
8 to 13) (Fig. 4B). The harbor area and its vicinity (sec-
tors 2, 3, and 5) show a clear shift in behavior: they were
accretional before and shifted to erosional after the harbor
construction. Conversely, sector 4 evolved from stable to
highly accretional (Fig. 4A, B). Of the 172 pre-harbor tran-
sects evaluated, 74 were erosional (43.02%) and 98 were
accretional (56.98%), while after the harbor construction, 87
transects were erosional (49.43%) and 89 were accretional
(50.57%) for a total of 176 transects analyzed.

The global average WLR rates were 0.1 m/yr before and
after the harbor construction. The maximum WLR ero-
sion rates were -1.3 m/yr before the harbor construction
(Figs. 4A and 5A — sector 12), and -1.6 m/yr after (Figs. 4B
and 5B — sector 2). On the other end, the maximum pre-
harbor accretional rate was 2.6 m/yr (Figs. 4A and 5A — sec-
tor 5), while the post-harbor one was 2.3 m/yr (Figs. 4B and
5B — sector 4).

Four sectors around Culatra village (2, 3, 5, and 6;
Fig. 4B) presented erosive trends after the harbour imple-
mentation (respectively -0.44 m/yr, -0.40 m/yr, -0.25 m/yr,
and -0.72 m/yr). Those four average erosive trends were
projected for the year 2050. In 2050, this would represent
an average shoreline retreat of -12.8 m (sector 2), -11.7 m
(sector 3), -7.2 m (sector 5), and -21.0 m (sector 6). The
dune crest (coastline) position was therefore moved back
further inland accordingly (Fig. 6).

Flooding cartography

The flooding impacts are minimal for the current scenario
with a 1-year return period and even considering the 100-
year return period, but extensive for the 2100 scenario
namely when considering a 100-year return period (Fig. 7).
The potential flood shows a high horizontal expansion
between 2050 and 2100. The flooding extension for 2050
with a return period of 100 years is very similar to the one
for 2100 with a 1-year return period, indicating that what is
presented as an extreme event in~ 30 years could be very
common in ~ 80 years.

The projected flooded area has always a higher extension
on the West side of the harbor compared to the East one
(Fig. 7). Flooding through the tidal channel in the South
is minimal in all scenarios except for the 2100 ones. The
shoreline retreat has minimal flooding impact compared to
the increase in TWL due to SLR (Table 4). The 1-year return
period flooding extension in 2050 with and without shore-
line retreat would be identical (Table 4), although the 100-
year return period results reveal a more extensive inundated
area within the harbor (sector 3) and the eastern spit (sectors
5 and 6) (Figs. 4 and 7). The shoreline retreat by 2050 would
cause and additional flooding of 3135 m? (for the 100-year
return period) on the eastern part of sector 3 and in sec-
tor 5 compared to the results without including it (Table 4).
The flooded area with a 1-year (100-year) return period will
increase by 6.3 (2.3) times by 2050 and 55.9 (4.3) times by
2100 when compared to the current scenario (Table 4).

The present scenario with a 1-year return period causes
minimal impact to the occupied area because it would only
flood some walking paths. In 2050 with a 100-year return
period, with or without shoreline retreat, the flood would
reach the main village and not only affect isolated houses
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Fig.4 (A) Shoreline evolution rates (m/yr) before (1996-2007); and (B) after (2011-2021) the harbor construction and the beach nourishment

and the football field, but also restaurants, the helipad, Discussion

the community center, fishing huts, and the main walk-

ing paths (Fig. 7). The potential flooding in 2100 with a Influence of the harbor construction

100-year return period would impact almost 86% of the on the shoreline evolution

occupied area (Table 4), which includes all the main infra-

structures of the village. The evolution of a backbarrier shoreline is usually very
slow (Carrasco et al. 2011) and, overall, the results show a
coastline evolving gradually, but that undeniably changed
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Fig.5 Weighted linear regression rates (m/yr) for each transect analyzed (A) before and (B) after the harbor construction and the beach nourish-
ment. The numbers above each section of the graphs represent the different sectors from Fig. 4. The yellow rectangles represent the harbor area

since the harbor construction and associated beach nourish-
ment, especially in the vicinity of said harbor. The accre-
tion (shoreline trends above 0.4 m/yr) observed before the
harbor construction in sector 2 (Figs. 4A and 5A) was most
likely caused by the accumulation of sediments transported
by the dominant currents within this area of the Ria For-
mosa (Pacheco et al. 2008). These sediments accumulated
as recurved small spits and eventually, around 2007, attached
to the main shoreline. This area in the vicinity of the har-
bor was subject to nourishment during the construction
works which altered its natural evolution. The strong ero-
sion observed after the harbor construction and nourishment
could be related to the readjustment of the slope and the
overall morphology to a more natural one. Human activities

such as boat launching and tractor transportation are also
very important, which could promote erosion and the lower-
ing of the area, allowing an inland displacement of the water
line. In addition, this sector is affected by wakes generated
by ferryboats and the boats’ passages from and toward the
harbor. Wakes can promote the resuspension of sediments
and alter the topo-bathymetry of the backbarrier shoreline
(Herbert et al. 2018).

The low erosive trends within the harbor (Figs. 4B and 5B
— sector 3) could again be related to strong human activities
and the readjustment of the slope following the harbor con-
struction and the nourishment. The shoreline trends of sec-
tors 4, 5, and 6 (Figs. 4B and 5B) are intrinsically related due
to the construction of a small groin between sectors 4 and 5.
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Fig.6 Dune crests used as the proxies for the cost distance analysis.
The blue line represents the current dune crest while the red ones rep-
resent the future dune crest based on the average shoreline retreat of
the eroding sectors from the shoreline analysis (see Fig. 4)

Sectors 4 and 5 were previously stable and in accretion, but
the combination of the construction of the harbor and the
small groin disturbed their evolution. A strong accumulation
then arose in sector 4 while sectors 5 and 6 were sediment
deprived, indicating a dominant southwest-northeast long-
shore transport in the coastal sector. The construction of the
groin appears to have had a greater influence on the evolu-
tion of sector 4 than the harbor did. The beach nourishment
in the vicinity of the harbor could have encouraged the accu-
mulation of sediments on the north of the groin. Finally, the
erosion and accumulation seen in sectors 12 and 13 before
the harbor construction decreased afterwards, indicating that
this section of the shoreline is almost stable and does not
show any impact from the harbor construction.

The chosen timeframe as part of this study was limited
to a total of 20 years to attempt to understand the human-
made perturbations caused by the harbor construction in this
specific location. Therefore, the changes observed can not
directly be associated with the natural long-term evolution
of the island related to SLR, hydrodynamic adjustments,
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and salt marshes’ migration. Nonetheless, it is possible to
assume that the harbor construction and associated beach
nourishment could have interfered with the maturing process
that the backbarrier and salt marshes were going through.
Indeed, Carrasco et al. (2008) observed a landward dis-
placement of Culatra Island between 1947 and 2001, and its
backbarrier was classified as immature in 2001. According
to Kombiadou et al. (2019), the western part of Culatra’s
backbarrier (including Culatra village) was relatively sta-
ble between 1952 and 2014 and the salt marshes were clas-
sified as stable to immature during the same time period.
The slow maturing process observed on the backbarrier of
Culatra is mostly associated with the numerous anthropic
interventions that were completed in the area within the last
century, especially the opening and stabilization of the Faro-
Olhao Inlet (Kombiadou et. 2018). This intervention caused
a sediment imbalance between the import and export which
increased the amount of sediments being trapped inside the
Ria Formosa (Pacheco et al. 2008, 2011). A longer interval
can therefore be expected before reaching complete marshes
and backbarrier stability, especially considering the future
uncertainties related to climate change (see Carrasco et al.
2021) and the other on-going human interventions such as
navigation channel maintenance and harbor construction.

Potential flooding in Culatra village

The inundation results showed that the flooded occupied
areas would be minimal for a 1-year return period within the
current and 2050 scenarios. However, the village would be
greatly impacted by an inundation occasioned by a 100-year
return period. This indicates that the village is somewhat
protected for the near future recurrent TWL but will require
some adaptations to prepare against future major TWL since
the flooded occupied areas increase drastically for the 2050
and 2100 scenarios with a 100-year return period (Table 4).

The obtained results agree with the field observations
during the Emma Storm in 2018 (TWL return period of
6-7 years) (Ferreira et al. 2019) when no flooding was
observed within the main village. They seem to disagree
with Lopes et al. (2022) who state that the backbarrier of
Culatra would be almost completely flooded between 2046
and 2065 with a 2-year return period. They also disagree
with the results from Carrasco et al. (2013), Antunes (2019)
and Antunes et al. (2019) (see https://arcg.is/Ou5XnL) which
suggest that Culatra Island would be highly flooded by 2050.
These last studies consider the areas as impermeable and
the TWL as a permanent inundation level that affects the
entire area regardless of their position or hydraulic connec-
tivity. Thus, they maximize the flooded area to a level that
is not consistent with reality. This study provides a more
precise flood mapping of Culatra village compared to the
studies mentioned above because it was performed at a
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Fig. 7 Flooding cartography for return periods of 1 year (orange) and 100 years (yellow). (A) Current scenario; (B) 2050 scenario; (C) 2050 sce-
nario including the average shoreline retreat rates projected in 2050 for sectors 2, 3, 5, and 6 (see Figs. 4B, 5B);)D) 2100 scenario

higher resolution and, more importantly, because the devel-  exaggerated results to the public can have counterproduc-
oped methodology considers water infiltration and dune tive effects by discrediting the relevance of climate change
crest retreat. This is relevant considering that presenting  science (Lopes et al. 2022).
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Table 4 Flooded areas

) . Scenario Flooded Area (m2) Flooded Occupied Area Flooded Occu-
according to the dlfferept (m?) pied Area (%)
total water level scenarios
consid.ered, the flooded Current 1-yr RP 2 837 153 0.13
gfg;g;gi;ﬂig i‘gsrg;zm Current 100-yr RP 59761 5 488 4.60
compared to the occupied area. 2050 1-yr RP 17841 1454 1.22
Total analyzed and occupied 2050 100-yr RP 136 741 27 545 23.11
areas (bottom line) 2050 1-yr RP (Retreat) 17 841 1454 1.22

2050 100-yr RP (Retreat) 139 876 30 365 25.47
2100 1-yr RP 158 689 39437 33.08
2100 100-yr RP 254 160 102 216 85.75
Total 294 632 119 202

The scenarios used as part of this study and the ones from
the studies presented above did not include morphodynamic
feedback induced by flood events, i.e., the readjustment of
the dune crest or the dune area due to higher water levels.
The increased flooding frequency and intensity would pro-
mote dune lowering and eventually dune loss, which repre-
sents a positive morphodynamic feedback that could lead to
more flooding events. This kind of feedback could be espe-
cially problematic in locations where sedimentation rates
are lower than SLR, which would occasion strong coastal
retreats (Zhou et al. 2022). The assessment of such feedback
would require more complex modelling, hence their exclu-
sion from this study.

One of the most important factors when modelling the
potential inundation hazard is the TWL used. Despite the
fact that the SLR projections developed by IPCC (2021) are
the most accurate and recent ones in the literature at the
moment, they still contain uncertainties — mostly related to
future greenhouse gas emissions — that could considerably
alter the SLR projections. The median value for the high
confidence scenario (SSP 5-8.5) was considered representa-
tive of future conditions but a wide range of scenarios could
be tested with different results. The projections of TWL used
in this study also assume that the past storm surge and tidal
levels will remain the same over the next century. However,
Vousdoukas et al. (2016) showed that storm surge levels
along the southern Portuguese coast could slightly decrease
within this century, which would also slightly decrease the
TWL and therefore the extension of inundations. Pickering
et al. (2017) studied the impacts of SLR on tidal levels and
showed that when increasing the global water level by 2 m,
the mean high-water level could increase by 0.05 m when
considering coastal retreat or on the opposite decrease by
0.02 m when considering a fixed present-day coastline. A
further increase in water level could facilitate the propa-
gation of long waves (e.g., tidal waves) inside the lagoon
by reducing bottom friction which, in turn, would increase
the inundation levels, the opposite is also true (Lopes et al.
2022). This could be an important factor for the west side of
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the village, which is the most impacted among the scenarios,
but is also the area where the vegetation is highest and most
stable. The presence of stable vegetation in this area could
increase bottom friction and decrease the flooding veloc-
ity and extension. On the contrary, the presence of several
impermeable concrete walking paths within the island would
prevent the infiltration of the water and accelerate the tidal
wave propagation further inland. The expansion of the flood
would increase the risk to the occupied area including places
with higher social and economical value (e.g., community
center, restaurants, and helipad).

Another important factor for inundation mapping is the
quality of the elevation model used (Poulter and Halpin
2008). In this case, the DEM used has a good horizontal and
vertical resolution, but it is relatively old (2011) consider-
ing that the shoreline has evolved since and that other beach
nourishments and terrain modifications have taken place in
the last 11 years. The elevation model also contained some
errors regarding the elimination of the elevated features
such as buildings (some areas showed elevations above 4 m
shaped as perfect squares). It was however considered to be
representative of the vast majority of the area in its present
condition because the dune morphology is stable and only a
relatively small portion of the area was anthropically altered.

The main limitation of the methodology developed as part
of this study is that the formula used was developed for over-
wash i.e., temporary floods caused by waves, while it was
used here to determine a higher duration inundation (during
high tide) and thus the obtained velocities are most likely
exaggerated. However, the time over which the flood occurs
(hours instead of seconds) allows continuity of the flow and
probably counterbalances that exaggeration. In addition,
to better assess the natural evolution of the backbarrier’s
response to SLR, a longer period could be analyzed.

Apart from those limitations, this new methodology
includes several advantages that make it a good option to
map inundations in sandy backbarrier coasts. Firstly, the
slope is considered within the computations of the water
propagation inland by computing the elevation relative to the
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water level for each pixel. This factor was also considered in
other methodologies (e.g., Sekovski et al. 2015; Didier et al.
2019; Perini et al. 2016; Williams and Liick-Vogel 2020;
Terres de Lima et al. 2021). Secondly, the use of the cost
distance analysis (also used by Li et al. 2014; Sekovski et al.
2015; Perini et al. 2016; Williams and Liick-Vogel 2020)
allows a more accurate assessment of the possibility of prop-
agation of the water inland compared to the simple bathtub
approach. One of the improvements regarding the cost dis-
tance tool used in this study is that the analysis was repeated
to determine the potential flooding impacts related to coastal
erosion to provide a more complete estimation of the flood-
ing potential in the area, including the potential shoreline
evolution by 2050. The additional analysis provided more
information on the importance of shoreline retreat in the
coastal flooding of Culatra village and proved that the inun-
dation mostly depends on SLR and TWL increases rather
than coastal erosion. The main improvement of this meth-
odology compared to most of the ones presented above is
that it includes the infiltration of the water in the soil which
can be an important decreasing water level factor in sandy
substrates like barrier islands.

Coastal management measures to mitigate
the impacts of coastal flooding and erosion

In the last few decades, the use of soft stabilization (e.g.,
beach nourishment, vegetation, restoration of wetlands,
dune creation, etc.) has become a more popular approach
compared to the use of hard stabilization (e.g., groin, jetty,
breakwater, revetment, etc.) (Ceia et al. 2010; Bilkovic et al.
2016; Sharma et al. 2016; Waltham et al. 2021). These “soft-
engineering” measures typically have lower environmental
impacts, which makes them better candidates for fragile and
environmentally protected systems like the Ria Formosa
(Ceia et al. 2010).

Different measures can be considered to allow the com-
munity to remain in Culatra village without being exposed to
a high level of hazard, which can serve as examples for other
occupied areas located on backbarriers. For the current sce-
nario and the 2050 one with a 1-year return period, no pro-
tection measures are necessary because the occupied areas
that could be flooded are mostly walking paths that would
only require to be cleaned after the storm or extreme water
level. For the current and 2050 scenarios with return periods
of 100 years, several measures should be considered to pro-
tect the community. As an example, on the West of the har-
bor (Figs. 4 and 5, sector 2) where erosion has been the high-
est of the study area since the harbor construction, anthropic
disturbance (i.e. transport with tractors) should be limited.
This reduction of anthropic disturbance should be coupled
with the restoration of native plants. According to Feagin
et al. (2009), coastal vegetation is a great way to modify and

control the sedimentary dynamics of an area in response to
slow events like tidal forces or SLR. Further nourishing the
area without a reduction of human disruptions would lead
to the same results in ten years without solving the problem
in the long term. Similarly, human actions on the shoreline
within the harbor should be avoided to protect it and allow
vegetation to grow and create a buffer between the waterline
and the village. Another example is the tidal channel on the
South of the village. The vegetation there is already well
implemented and not too disturbed, therefore elevating the
dunes could be a good option to further protect this area
from flooding. This method could prevent the inundation of
several features such as the helipad, a playground, a kinder-
garten, and houses.

For the 2100 scenarios, the viability of the village itself is
threatened by floods that would affect all the main infrastruc-
tures and many houses on a yearly basis. In such case, simple
measures like the ones mentioned above (e.g., dune elevation,
nourishment, and plant restoration) would most likely not be
enough to protect the village and its population. Thus, three
main solutions can be considered i.e.: (1) to use hard protec-
tion all around the village, for instance by building concrete
walls or dikes, although this solution would highly decrease
the quality of life of the habitants, would be very expensive
and not acceptable within a natural park. In addition to the hard
protection, some parts of the village might need to be rebuilt on
elevated and stabilized ground, which would further increase
the cost of this option; (2) to relocate the community. However,
studies have shown that many people living in coastal com-
munities will remain in place and accept to live at risk because
they are emotionally attached to the location, the environment,
their community, or for the proximity to their workplace and/or
public facilities (Costas et al. 2015; Buchori et al. 2018); (3) to
adapt. This solution should include a sensibilization program
to present the hydro-meteorological hazards and their potential
risks to the population for different scenarios and timeframes.
For individual house owners, apart from relocation, long-term
solutions could be to elevate the houses above a potential
water level or to use an amphibious architecture (see English
et al. 2016), solutions that are already used in many locations
worldwide (see English et al. 2016; Liao et al. 2016; Proverbs
and Lamond 2017; Buchori et al. 2018). Typically, building a
flood resistant or amphibious house will increase its cost by 5 to
10% compared to a normal house (English et al. 2016). Public
authorities should ensure that all new constructions are water
resistant or resilient to guarantee the safety of the people and
attenuate future economic, social, and health disasters. In addi-
tion, setbacks should be required and enforced by the authori-
ties for any new construction or replacement buildings. Other
less expensive adaptation solutions could be to redesign houses
according to potential floods, for instance by adding high stor-
age space, raising electrical sockets and panels, moving furni-
ture ahead of a storm, etc. (Proverbs and Lamond 2017). For the
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community to remain safe and prepare their houses for storm
related floods, an early warning system and an evacuation plan
should be put in place by the authorities and practiced with
the community. The relocation of community could also be
discussed as a potential solution. However, that would imply
huge cultural, societal, and economic consequences because
some of the Ria Formosa communities have a high level of
place attachment and have refused to be relocated in the past
(Domingues et al. 2021).

Conclusions

This study developed a method to estimate the potential
ocean-driven inundation based on total water levels in a back-
barrier environment and applied it to the village of Culatra
(southern Portugal). The methodology also allowed assess-
ment of the impacts of a harbor implementation on inunda-
tion patterns. The shoreline evolution was measured for a
period of ~ 10 years before and after the harbor construction,
aiming to understand the influence of this artificial structure
on the recent coastal evolution. The sectors showing shore-
line retreat between those two periods were included in the
flood analysis. The flood analysis was performed using a new
GIS based methodology to define the inundation extension
using total water levels (tides + storm surge + sea level rise).

The results showed that the shoreline changes occurred
mostly around the harbor while the rest of the study area
remained relatively stable. The shoreline retreat induced by
the harbor construction appeared to have a lower impact on
the flooding extension in the area than the increase in water
level. Due to sea level rise, the occupied flood-prone areas
with a 1-year (100-year) return period of total water level
could increase by 1.2% (23.1%) by 2050 and 33.1% (85.8%)
by 2100, which would severely increase the risk potential
in Culatra village. For the next 30 years (~2050), relatively
easy measures can be taken to avoid important flood related
damages such as elevating dunes and nourishing flood-prone
areas. However, the 2100 scenarios showed that the village
would require major planning, a reduction of the developed
area, and architectural improvements in order for the com-
munity to remain safe.
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