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Abstract: Long-term impacts of sea-level changes and trends in storm magnitude and
frequency along the Mediterranean coasts are key aspects of effective coastal adaptation
strategies. In enclosed basins such as a gulf, this requires a step beyond global and regional
analysis toward high-resolution modeling of hazards and vulnerabilities at different time
scales. We present the compound future projection of static (relative sea level) and dynamic
(wind-wave) impacts on the geomorphological evolution of a vulnerable sandy coastal plan
located in south Sardinia (west Mediterranean Sea). Based on local temporal trends in Hg
(8 mm yr—!) and sea level (5.4 mm yr~!), a 2-year return time flood scenario at 2100 shows
the flattening of the submerged morphologies triggering the process of marine embayment.
The research proposes adaptation strategies to be adopted to design the projected new
coastal area under vulnerabilities at local and territorial scales.
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1. Introduction

Coastal adaptation strategies require a full understanding of local relative sea-level
change. Due to increased rates of land-ice melting and ocean thermal expansion [1], the
global mean sea level (GMSL) has been dramatically rising in a highly non-uniform pattern.
Previous studies [2,3] show how past sea-level changes in the Mediterranean Sea have
deviated from GMSL trends and how large-scale circulation changes in the basin have
produced internal spatial variation. The average rate of sea-level rise in the Mediterranean
Sea increased from —0.3 + 0.5 mm yr~! in the period 1960-1989 to 3.6 + 0.3 mm yr !
in 2000-2018 [4]. The main sources of information on long-term sea-level changes in the
Mediterranean Sea are tide gauge records (archive of the Permanent Service for Mean
Sea Level, https:/ /www.psmsl.org/) with low geographic density and relatively long
records along the European coasts and satellite altimetry observation with better spatial
coverage but on shorter intervals (Sea Level Climate Change Initiative (CCI) project of the
European Space Agency (ESA), https:/ /climate.esa.int/en/projects/sea-level/, accessed
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on 10 November 2024). Long-term impacts of sea-level changes along the Mediterranean
coasts have gained the attention of the international scientific community specifically on the
dynamics of coastal erosion, groundwater salinization, and change in natural ecosystems
(e.g., [5]).

Interest in changes in local wind-generated wave climate both historically and for
future projections is quite recent (see, for instance, [6]). Aside from a few studies [7-9],
a reliable analysis of the long-term trends in wind-wave extremes under future climate
change scenarios is lacking, and this results in a lack of consensus on whether the frequency
or magnitude of these extreme events is affected by climate change. Ref. [7] estimated
future projections at the end of the 21st century (2081-2100) in 100-year return period
significant wave heights (Hs 100) under two IPCC representative greenhouse gas emission
scenarios (Representative Concentration Pathways (RCPs): RCP4.5, intermediate emissions
scenario, and RCP8.5, high-emissions scenario) using an intermodel ensemble of seven
global wave model runs (WAVEWATCH III v3.14 wave model) forced with independent
GCM surface winds, part of the international Coupled Model Intercomparison Project 5
(CMIP5). They found that the Northern Hemisphere shows an irregular pattern, and only
the projected decrease in Hg 199 of —5 to —15% in the mid and low latitudes of the North
Atlantic basin is statistically significant.

Ref. [8] compared significant wave height climatologies and trends over the recent
satellite era (1992-2017) from four recent high-quality global datasets (two products based
on satellite altimetry, including products by ESA CCI for Sea State and [10], and two
ERA5-based reanalysis and hindcast surface wave products from the European Centre
for Medium-Range Weather Forecasts (ECMWFs)). The use of data buoys to study long-
term sea state variability from reanalyses and hindcast models is fraught with problems
associated with the consistency of buoy output and validation methodologies. Although
the long-term consistency and accuracy of multimission satellite data depend on careful
calibration and quality control (see, for instance, [10]), these data are attractive in long-term
analysis of ocean wave climate, thanks to their global coverage, fine spatial resolution, and
regular temporal revisits. Trends were estimated by [8] for all the above products for the
period 1992-2017 at each 2° x 2° grid cell over the full globe using linear regression. While
substantial differences in climatologies and trends between the products exist, the trends in
seasonal mean Hj, over most of the globe, lie within =1 cm yr’l for all products. However,
the North Atlantic shows much smaller changes, which are generally not statistically
significant and with no clear sign (i.e., increasing or decreasing). Finally, trends for the
buoy data were estimated using both linear and Theil-Sen models [11,12], with similar
results as also reported by [13]. Comparing the Theil-Sen slopes with four different models
(seasonal AutoRegressive Integrated Moving Average, multiple regression modeling, and
Generalized Additive Model modeling), ref. [14] found that the different approaches result
in reasonable agreement for detecting long-term trends of Hs in the North Atlantic.

In enclosed basins such as a gulf, the waves have properties that are rather different
from those in a large environment. This is mainly due to their local generation, and they
depend more on the quality of winds (coastal orography) and transformation (bathymetry).
The signals on the effects of climate change in the Mediterranean are not univocal; in
some cases, a reduction in wave energy has been recorded [15] and the local climate
intensification of the waves more frequent [16,17] for meteorological events linked to winds
from the south. Extratropical cyclones are the dominant feature of mid-latitudes [18] as
in the Mediterranean basin. They mainly form and grow via baroclinic instability, with
the available potential energy being proportional to the variance in temperature in the
troposphere [19]. Events with a typical radius of 500 km and an average duration of
28 h [20] and many subregional and mesoscale effects take place producing a large spatial
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and seasonal variability. Once the suitability of the Theil-Sen slope for detecting long-term
trends is shown, in a pioneer high-resolution analysis of wave climate trends, ref. [21]
evaluated the spatial distribution of long-term trends of the extremes and the mean H; in
the Mediterranean Sea based on the hourly 40-year hindcast time series (1979-2018) [22].
While some analogy with the results presented by [10], ref. [21] showed significant regional
variations, the most significant trends in annual maximum H; being between 5 cm yr~!
and 3 cm yr~! with positive trends in east Sardinia. The mean and the 98th percentile
of Hs produced trend intensities of mm yr~! and positive trends in west Sardinia. Ref. [23]
showed that projected future wave power in the Mediterranean coast of Morocco is very
similar to that of the present considering the whole area, although at some specific points,
there are slight changes that are more evident for the RCP8.5 scenario. Results show
a significant increase in the temporal variability of wave power in future scenarios, in
particular for RCP8.5. Projected future regional wave climate scenarios at a high temporal-
spatial scale (25 km and 3 h) were performed by [24] with the SWAN wave model [25] for
the NW Mediterranean Sea, using five combinations of regional-global circulation models
(RCMs) forced by the increasingly used midline A1B scenario [26]. For the mean climate,
relative changes in significant wave heights (Hs) up to 10% were obtained, whereas they
were around +20% for the extreme climate; also, higher intensity and number of storms
coming from E-SE directly affect the wind—sea/swell distribution of coastal stretches that
face east, like the Catalan coast.

In micro- and meso-tidal environments, such as those found in the Mediterranean
Sea, extreme wave analysis (e.g., [27]), long-term trend detection [10], and under future
climate change scenarios [28], all based on high-quality Hs dataset over many spatial and
temporal scales, may have strong implications for urban and spatial coastal planning. All
those tools have proved to be effective in defining scenarios for a decision-making process
that planners can guide according to future perspectives on urban behaviors [29]. The
scenarios in urban plans at the local level should be multidimensional mainly composed of
the dimension of climate change to which this article gives large emphasis, the ecological
and historical dimension linked to the need for the protection of the natural heritage
and historical-archaeological sites, and the settlement and infrastructural dimension that
responds to the need to increase a metropolitan system strengthening.

Based on a widely used methodology, the main novelty of this work is the compound
future projection of static (sea level) and dynamic (wind-wave) impacts on the geomor-
phological evolution of a vulnerable sandy coastal plain. Specifically, we analyzed the
submersion dynamics of the lagoon barrier systems [30-32] located in the south Sardinia
(west Mediterranean Sea) forced by the Sea-Level Rise (SLR) process as a sum of tectonic
mobility, glacio-hydro-isostatic component and induced geomorphological and sedimen-
tological processes of the area, and trends in wave parameters. All these forcings make
dramatically complex the projection on the impacts of climate change in this marine-littoral
(beach system) and transition (lagoons and river mouth) environments. The research group
is questioning the possible effects that a construction process of design scenarios can have
on the planning of urban transformations of the territory of La Playa. It is being investigated
the significant effects of local and territorial vulnerabilities under the climate projections.

2. Materials and Methods
2.1. Geomorphological Context

The continental margin of Southern Sardinia (Figure 1) is characterized by a submarine
depositional system, controlled by Pliocene distensive tectonics. It is divided into several

marginal basins with the sedimentary contributions of the various segments of the conti-
nental shelf [33]. The structure of the southern Sardinian continental margin, as reported
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in numerous seismic profiles acquired from the 1970s, is characterized by the succession
of two deformational regimes. The oldest corresponds to a compressive phase of crustal
thickening that occurred during the Oligocene-Miocene, contemporary to Sardinia—Corsica
microplate rotation and opening of Alghero-Provencal. The most recent is associated with
the phase of rifting of the Tyrrhenian Sea, when tectonics led to a slight thinning of the
Earth’s crust. Cagliari basin is the innermost part of the sedimentary system of the entire
margin, delimited and controlled by tectonic blocks of the southern Sardinian continental
margin, in particular by the movements of Mount Ichnusa and Su Banghittu submarines
blocks [33,34]. The morphostructural characters control the southern Campidano and affect
the appearance of the continental shelf and slope in the Gulf of Cagliari; in fact, it is possible
to recognize the continuation of the Campidano Graben in the submerged area.

Figure 1. Geographic location of the study area: (A) Sud Sardinia Island, Italy; (B) Cagliari Gulf on
the South Sardinia; and (C) the coastal strip of La Playa beach between the Santa Gilla Lagoon and
the Mediterranean Sea.

The transition to Holocene marine deposits is marked by deep incisions found in
both the coastal plain and continental shelf; these paleo-valleys began their evolution
after the Last Interglacial highstand, while the highest incision was carved during the
MIS 2 lowstand. The Holocene sea-level rise has been detected through studying and
dating (14C analyses): Seven orders shelf of beach-rock outcropping on the continental
shelf the deepest of lay at —45 m shows ages between 9.5 and 9.9 thousands of years (ky)
BP [35,36], while not cemented relict beaches bordered the paleo-lagoon (—39 m) and in the
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inner band (—35 m) have recently been identified and sampled the submerged back-shore
sand dunes [37].

A buried Punic (2.5 ky BP) paleo-sea level at —2 m is preserved in the bottom-area
Santa Gilla lagoon [38-40].

Santa Gilla Lagoon is located on the W-side of Cagliari (39°12'59” N; 09°02/39" E). It
is a NW-SE orientated depression and roughly deltoid in shape. It connects in the S to the
Mediterranean Sea through a narrow channel. On the N shore, the lagoon has two major
freshwater inflows from the Flumini Mannu and Cixerri rivers. The average water depth is
1 m, with a maximum of 2 m in the artificial channel connecting the lagoon with the sea.

The lagoon was formed by the fluvial erosion of Quaternary sediment and was suc-
cessively filled by the sea during the Holocene as a consequence of combined climate
fluctuations and subsidence actions. After the sea’s Wiirm regression (stage 2, 15/18 ky),
which produced strong erosion of the Tyrrhenian marine sediment (“Panchina Tirreniana”
Auct.), the erosional valley was separated from the seawater by a coastal sandy bar that
already existed in the Pre-Roman Age. This was filled with, mainly sandy-silt, sediment to
a thickness of about 50 m from the upper Pleistocene to the present. The silty sand with
subordinate gravel, which is attributed to the alluvial contribution of the Flumini Mannu
and Cixerri rivers, creates sedimentary bodies on the NW shore of the lagoon.

The sedimentary succession of the lagoon (Figure 2) starts with fluvial and deltaic
sediments (sand, gravel, mud, clay), which is attributed to the end of the MIS6 stage and
contains grey-greenish lenses with oysters and peat layers. This sediment is followed
by the alternation of littoral fine sand and lagoonal silty sand. Based on the ecology
of the coralliferous bioconstructions, it is possible to assume that this reef was located at
approximately —5 m during the maximum high-stand phase (7 = 2 m). During the building
of the modern harbor, a yellowish sandy layer (0.5 m thick) with a Strombus bubonius
(=Persististrombus latus) assemblage attributed to the Last Interglacial cycle (MIS 5.5,
125 ky; [41,42]) was also discovered at a depth of 8 m. A paleo-thalweg is recognizable at a
depth of 40 m and testifies to the ancient fluvial incision. Heterometric polygenic gravel
from alluvial terraces was sampled between a depth of 30 and 35 m. The infilling of the
ancient fluvial valleys is composed of material related to the last phases of the Holocene
transgression. This consists of muddy fluvial and deltaic sediments containing more gravel
in the lower part and becoming muddy upwards. Beach rocks (—1/—1.5 m depth) have
been found in the submerged beach of La Playa, whereas typical rocks of the sabkha
environment [35,43] are also present on the edge of Santa Gilla Lagoon [44].

Minor subsidence of 3.5 m in 5 ky, which is mainly attributable to the constipation
process of plastic and peat, has been documented both on the continental shelf in the
Santa Gilla Lagoon mouth area [36] and along the round lagoon bands, where the high-
medieval settlement of Santa Igia (8th—13th century BC; [40]) shows an average lowering of
about 1.5 m. GPS measurements evidenced S Sardinia translational movements in a W-SW
prevailing direction at speeds of about 1-3 mm yr—! [45].

Erosional processes have affected the coastal system over the past decades, with a
shoreline retreatment speed of up to 1.5 m yr—!.

In the innermost area of Santa Gilla Lagoon, and during particularly intense meteo-
marine events that correspond with extreme rainfall occasions (return time of 5 years), the
lagoon hydraulic level significantly increases (about +1.5 m above sea level), causing the
flooding of agricultural plains and surrounding urban areas [46].

The comparison between the geochronological data deriving from drills [36] and
the projections of the isostatic model [47] allows us to confirm that the E coastal plain of
Cagliari, and consequently Santa Gilla Lagoon, is an area characterized by low tectonic
activity and subsidence processes (about —0.5 mm yr~!). The infilling deposit (peat and
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muddy sands) of the axial zone of the river paleo-valley may reach a thickness of about 40 m.
Compared data retrieved in two other analog sites: “Portus Herculis” at Malfatano [48] and
the submerged building at Sant’ Antioco Lagoon [41] confirm the reliability of glacial-hydro
isostatic adjustment (GIA) modeling prediction models reconstructed for the entire basin
of the Mediterranean Sea [47].
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Figure 2. Geological section at the mouth of the Santa Gilla lagoon; three stratigraphic surveys
provide a breakdown of filled Holocene [36] of the deep valley of the River Mannu paleo-Cixerri
(MIS 2—Upper Pleistocene) during the Holocene eustatic rise. Legend: (1) sandstone and marl
sandstones (Miocene); (2) deltaic complex in silt and sandy silt with clay and sand with Ostrea sp. in
lenses (Middle Pleistocene); (3) polygenic gravels in clay matrix (middle Pleistocene); (4a) weakly
cemented sands and silty sands yellowish to bioturbation and Strombus bubonius (=Persististrom-
bus latus) (MIS 5—Upper Pleistocene); (4b) sandstones and microconglomerate with Cladocora
coespitosa—149 =+ 10 kyr BP [41] (MIS 5e—Upper Pleistocene); (5) polygenic gravel with sandy ma-
trix (MIS 2—Upper Pleistocene); (6a) deltaic silt and sandy silt paralic (Yunger Dryas); (6b) littoral
sandy silt and silty sands with interbedded peat in Posidonia oceanica; (6¢) alternating littoral fine
sands and silty sand lagoon; (6d) succession of erosional surfaces and filled with sandy silt and sand
bioclastic lagoon; (6e) for marine—coastal sands with interbedded thin peaty Posidonia oceanica;
(6f) lagoonal organic sands and silts; (7) silt and organic and anthropogenic deposits.

2.2. SLR Analysis

The global sea-level rise rate SLR in recent decades is around 2 mm yr—! (IPCC
ARG), but locally vertical ground movements, either due to tectonic activity (subsidence or
uplift) [49,50] or sedimentary subsidence, significantly modified the relative submersion
rates of coastal plains. Numerous studies have presented forward-looking hypotheses on
the global sea-level rise for 2050 and 2100 [51,52] including Sardinia coastal areas. Sea-level
change along the Italian coast is the sum of eustatic, Glacial Isostatic Adjustment (GIA),
and tectonic factors. The first is global and time-dependent, while the latter two also vary
with location. The glacio-hydro-isostatic part exhibits a well-defined pattern and is readily
predictable, whereas the tectonic component exhibits a less regular pattern that is generally
of shorter wavelength and also less predictable. Together, these components result in a
complex spatial and temporal pattern of relative sea-level change around the central. For
the eustatic portion, we use IPCC AR6, and for GIA, the Lambek Model, as regards tectonic,
we consider this portion of Sardinia stable, with few subsidence in the coastal area of La
Playa. In any case, the sum of the 3 vertical movements is given by the tide gauges. The data
of sea-level rise projections for Santa Gilla lagoon were recently analyzed, and geological—-
stratigraphic, geomorphological, and geophysical data used in combination were analyzed
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by comparing them with high-dimensional three-dimensional terrain models [31,53]. This
interpretative model was subsequently extended and validated in numerous other cases
both in the Italian peninsula and in other coastal plains of the Mediterranean [31,32].
The methodology was further investigated by comparing the forecast hypotheses of the
drowning of the coastal plains with the data of the Last Interglacial, data that can be
obtained from the field investigations on the tidal notch or on the depositional sequences
of MIS 5.5, producing a sea-level rise of 1.3 mm yr~! in relation to a significant impact
of evaporation processes. Another factor that intervenes at the local level in the Santa
Gilla lagoon is the glacial and hydroisostatic adjustment (GIA) [54]. Paleolevel indicators
(surveys, beachrocks, submerged archaeological structures) in the study area have allowed
us to verify the geophysical models of the GIA [47,55]. The GIA component in the western
Mediterranean is controlled both by the water load and by the readjustment of the mantle
causing a current uplift of the sea in Sardinia of 0.7 mm yr—!.

The complexity of geochronological data collected on the sea-level rise starting from
about 20 ky cal BP using the various paleo-marine level indicators (e.g., tidal notches, paleo-
cliffs, depositional terraces, beachrocks, and fossiliferous deposits) in Santa Gilla lagoon
has made it possible to reconstruct the SLR curves comparing them with the predicted
curves indicating a general trend towards a Next Interglacial Highstand [54] also in relation
to orbital variations [56,57] with values up to 3.2 mm yr~! in the last 2 decades at a global
level (IPCC RCP 8.5). The last scenario added to the IPCC ARG6 report for the Mediterranean
regional area highlights the data of Cagliari, which is 0.78 £ 0.3 m at 2100.

2.3. Wave Dataset

Long-term changes in sea states are relevant to climate research and coastal applica-
tions in Sardinia. The use of data buoys for long-term detection is affected by long-term
temporal coverage and consistency of data output (e.g., [58]). Also, the high costs of this
direct wave measurement make the spatial coverage and resolution unfit for many engi-
neering applications. The buoy located in the Gulf of Cagliari is part of the Italian Data
Buoy Network (RON). RON in Cagliari started in 2002 (Figure 3) but the change in sensors
in 2009 and prolonged data losses due to malfunction limit significantly its use.

0% .

I,‘VEST ...... :. ...... . ...... :. Sese EAST. WaVC Helght [m]
: P ' : : : El45-5
Wls-45
E35-4
[3-35
L [25-3
..... ( al4 — e

: Em15-2
: M -15
SOUTH . -~ Bos-1

Figure 3. RON buoy location in 2014. ID Cagliari buoy is 61221 (39°06'54" N; 09°24'18" E; 150 m
depth).
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Multimission satellite data in Sardinia are very attractive for their fine spatial resolution
and regular temporal revisits (Ribal and Young, 2019) [10]. Some hindrances still come
from the long-term consistency and accuracy of these data [59]. The ESA-CCl is a program
of the European Space Agency, whose objective is to realize the full potential of global Earth
Observation archives established by ESA and its member states. The Sea State CCI dataset
v1 is freely available on the ESA CCI 10 website (http://cci.esa.int/data, accessed on 10
November 2024) with three available products: a multimission along-track L2P product, a
daily merged multimission along-track L3 product and a multimission monthly gridded L4
product [60,61]. The Sea State CCI dataset in this study is made of altimeter data used from
multiple missions spanning from 1996 to 2020. ESA-CCI has been recently intercompared
using a consistent methodology (Timmermans et al., 2020) [8] to analyze temporal trends in
annual mean significant wave height (H;) over 1992-2018 from a 2° x 2° grid in the west
Mediterranean Sea.

In our analysis at the regional scale of wind-wave trends, we used the assumption
already presented by [13]. From the multimission-gridded (1°) ESA CCI Sea State dataset,
the closest deep-water data point to the Sardinia shoreline was assigned as representative
of shoreline conditions. The assumption is that the pattern along the coast of deep-water
trends will be representative of nearshore trends. Through a numerical model, future pro-
jections in 2050 and 2010 of deep-water extreme significant wave heights at specified return
time (Hg tr) were transferred to nearshore areas. Details of the adopted numerical model
are presented by [29]. Seasonal properties of wave climate in the Western Mediterranean
Sea clearly reflect the wave energy distribution in the Northern Hemisphere.

2.4. Settlement and Territorial Context

S.Gilla lagoon, as closed by the coastal barrier beach of La Playa, is a receptor basin
for an extensive hydrographic system (Rio Flumini Mannu and Rio Cixerri) (Figure 4). The
settlement system still suffers from the hierarchical urban model, with a strong dependence
on the capital Cagliari (in terms of mobility for work, services, and leisure activities). This
makes the road infrastructure SS195 in La Playa area (Figure 4), a strategic space connecting
different settlements. In the coastal area of Capoterra, small residential and tourist villages
are growing, involving a wide range of new accommodation activities producing high
flows of interference with those generated by the industrial areas.

Two opposing urban dynamics can be recognized in the lagoon territorial context: one
concerning the historical-ecological dimension and the related environmental protection,
and the other one related to the complex urban processes and infrastructural modifications.

The lagoon is an ecosystem of exceptional natural-historical value. It covers an area
of 15,000 hectares, and despite artificial transformations, the natural system has adapted,
creating natural habitats for several resident and migratory bird species. This is a Special
Protection Area (ZTS in Figure 4) according to the European Union’s “Birds Directive”,
which preserves and restores biodiversity. In addition, it is a lagoon of international rank
under the Ramsar Convention. It also falls within the Site of Community Interest (SIC in
Figure 4) “Stagno di Cagliari, Saline di Macchiareddu, Laguna di Santa Gilla” (ITB040023),
belonging to the Natura 2000 Network.

From a historical point of view, the lagoon has many historical and archaeological sites
and various land and underwater archaeological heritages (historical harbors, for exam-
ple). Human settlements in the lagoon date back to the Nuragic period (c. 17th-7th B.C.).
Research on settlements from the Phoenician and Punic periods (8th century B.C. and
3rd century B.C.) highlights harbor structures and activities on the eastern coast of the
lagoon itself. Due to the facility with which boats could approach the coast, and the natural
predisposition of that coastal zone to host port infrastructures [62], the lagoon was an
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attraction for human settlements. In addition to the suburb that dates back to the period of
the Punic—-Roman Carales, on the eastern shores of the lagoon and in the north-western
sector of Cagliari, studies and historical-archaeological research point to the villa of Santa
Ygia (or Gilla, or Ilia, or Gilia) of the Middle Ages. In the first half of the 13th century, it
was the main urban center of the Giudicato of Cagliari [62]. A church, dedicated to St Peter,
survives from this villa, between the road and the railway infrastructure in the lagoon
border. The lagoon and river sediments, and sediments of marine ingression, have covered
important ancient port structures. These were discovered by the reclamation, drainage,
and filling works of the 20th century.

mmmmm New route state road $5195

mmmmm Provincial Industrial Consortium of Cagliari -
airport structure

mmmmm Site of Community Interest SIC
Special Protection Area ZTS
N TH 2050, RT 2Y
TH 2100, RT 2Y

Figure 4. The territorial and urban context of the Santa Gilla lagoon in the Cagliari Gulf.

Currently, the study area includes regional-level transport infrastructures, namely,
the commercial and industrial Canal Port, the shipbuilding hub, the regional airport, the
railway line, and the regional-level road network. The state road SS195 is a strategic
connection between these different elements of the lagoon area. The Cagliari Provincial
Industrial Consortium includes the industrial areas of Elmas, Sarroch, and Machiareddu.
The latter, in an area of approximately 8200 hectares, hosts large, small, and medium-
sized industrial and production service activities and an urban service center. In addition,
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the Santa Gilla lagoon region is home to Tiscali’s technological research campus and
production activities characterized by different levels of use (aquaculture activities, salt
pans, agricultural activities, manufacturing activities, tourism activities). Furthermore, the
new infrastructural developments financed by PNRR funds dedicated to Special Economic
Zones support the enhancement of Cagliari’s Canal Port.

2.5. Barrier Breaching Events

Breaching is likely to become more common as a result of sea-level rise and barrier
island flooding [63]. The storm hit the Southern Sardinia coast in October 2018 and resulted
in widespread overwashing and numerous breaches. Figure 5 shows the main breaching at
La Playa on 10 October, which generated the collapse of the National Road SS5195. It is to
be noticed that 55195 is the emergency road to evacuate the population of Western Cagliari
Municipality [29].

Figure 5. Barrier breaching at La Playa beach and collapse of SS 195 during the compound sea and
lagoon flood of 10 October 2018.

Previous models generated from breaches of sand dikes focus on the expansion of
the dune gap and find that breaches originate from head cutting and erosion of the barrier
on the lagoon side of the gap [64,65]. Ref. [66] found that surge-level differences between
ocean and bay, and the resulting water level gradients, regulate flow conditions and are
an important predictor of barrier island breaching. Site-specific process-based models of
overwashing flows include XBeach [67], but the accuracy of the barrier breach prediction is
still questionable [68].

Observations and modeling results of the event of October 2018 suggest that there is a
particular emerging concern about compound water-level extremes, when conditions are
extreme in more than one water body. Ref. [69] proposed a conceptual model postulating
that the “breach susceptibility” [70] of a barrier beach is mainly related to the sea-back-
barrier water level gradient. Water levels may become elevated in the back barrier with
respect to the sea as the result of a wide range of processes [71], being runoff from upland
precipitation is the main force at S.Gilla lagoon. Figure 6 shows the conceptual model
adopted for predicting the morphologic impact of storms under sea-level variation on the
La Playa barrier beach. In the examined extreme compound events, the hydraulic gradient
was proven to drive a flow from the basin to the seaside as reported by [72]. This flow can
potentially lead to sediment deposition on the seaward side of a barrier island.
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Figure 6. Conceptual model of barrier beach breaching.

The model of the breach-induced flood at La Playa is composed of two uncoupled
modeling phases. The conceptual model of barrier breaching is used to calculate the
occurrence of a wide breach development that significantly increases the exposure of the
landward side of the S.Gilla lagoon to the combined effect of trends in H and sea level.

3. Results

Here, linear temporal trends are estimated using univariate linear regression models
assuming low temporal correlation and Gaussian-distributed errors. The regression slope
coefficient is assumed as the trend. Different datasets were considered. Specifically to the
wave dataset, analysis of the annual maximum wave heights shows a positive trend over the
last decades along the ordinary least square equation (R? = 0.92) (H(s,max)) = 0.008 t — 12.245
being the rate equal to + 8 mm yr—! (Figure 7). Increases in mean annual heights have been
slightly smaller than the maximum condition, the former with a rate equal to +5 mm yr~!
(Figure 8). As expected, the seasonal trend shows a strong positive trend in the winter
dataset of both mean and maximum, while mean and maximum wave heights have been
decreasing during the summer. Also, we found that all trends have p values between 0.01
and 0.045, less than the predetermined significance level of 0.05.

Global mean sea level will continue to rise during the 21st century. Under all
RCP scenarios, the rate of sea level rise will very likely exceed the observed rate of 2.0
[1.7-2.3] mm yr~! during 1971-2010, with the rate of rise for RCP8.5 during 2081-2100 of
8 to 16 mm yr’1 (medium confidence). Based on the 1999-2021 high-accuracy sea-level
dataset at the Cagliari station of the National Tidegauge Network (Rete Mareografica
Nazionale—RMN), we estimate a rate of rise in the Gulf of Cagliari of 5.4 mm yr’1
(Figure 9).

Extreme wave analysis (EWA) of the ESA—CCI wave dataset was performed with a
Gumbel distribution using the method of moments to estimate the best-fitting distribution.
A 2-year return time event was selected as representative of frequent, low-magnitude
events that could affect the system vulnerability at different spatial scales. The propagation
of the offshore wave data from the mouth of the Gulf of Cagliari to the nearshore area has
been simulated with the MIKE 21 Spectral Wave (SW) model, one of the state-of-the-art
numerical modeling tools for studying spectral wind-wave modeling [73]. The conditions
obtained at the extraction point of that field corresponding to the wave-breaking area were
used in the Stockdon empirical wave run-up model. Figure 10 shows the flooded area in
two selected scenarios, namely, in 2050 and 2010. At the territorial scale, the comparison
of the two flooded areas shows a moderate increase equal to 23% when the time horizon
grows (Figure 10). At the local scale, moving from 2050 to 2100 in the La Playa barrier beach
shows how the entire beach will be flooded including a major part of the 55195 (Figure 11).
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This flood ordinary scenario foresees a flattening of the submerged morphologies leading
to a morphological simplification, dismantling the geomorphological characteristics of the
lagoon-estuary and triggering the process of marine embayment.
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Figure 7. Trend analysis of annual and seasonal maximum wave heights.
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Figure 8. Trend analysis of annual and seasonal mean wave heights.
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Figure 9. Trend analysis of annual mean sea level in Cagliari RMN station.
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Figure 10. Sea coastal flooding in the 2050 and 2100 scenarios for a 2-year return time event: territorial
scale.
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Figure 11. Flooded areas in 2050 and 2100. Local scale on the La Playa barrier beach.

4. Discussion

In conditions of complete naturalness of the regime of tributaries of water, with a
considerable amount of sediments introduced into the system sufficient to compensate
for the morphological response due to SLR, the systems of a natural barrier island could
counteract the submersion through a morphological change of elevation (roll-over) or be
overtaken by rapid submersion, as occurred during the Holocene in the northern Adriatic,
but also in the Gulf of Oristano.

On the contrary, the urban lagoon barrier system of La Playa is stiffened by maritime
works surmounted by roads with artificially channeled river mouths and solid transport
slowed down by works along the riverbeds. There is, therefore, an opposite reaction to
SLR, due to the lack of morphological degree of freedom. Modeling results show the
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morphological response of the barrier beach at La Playa. The possible beach adaptation re-
sponse will create a littoral system in disequilibrium with sediment-starved coastal strands.
Based on local temporal trends in Hg (8 mm yr—!) and sea level (SLR of 5.4 mm yr~!), new
adaptation strategies should be adopted in the design of coastal protection to reduce that
disequilibrium trend.

In a wider perspective, the analysis of the above model results is used to produce
“questions of interest” [74] rather than “exact” predictions of the fundamental changes
that will occur in the future. Here, the aim is to produce knowledge experiences/courses,
which could support spatial planning activities for this environmental area. Model results,
both numerical and analytical, highlight the main trends and indications of change in the
environment structure. For this reason, models help to strengthen “exploratory scenarios”,
i.e., scenarios that “describe, on the basis of a current situation and dominant trends, a
series of events that necessarily lead to a possible future” [75]. Exploratory scenarios, being
knowledge tools that envisage future environments, enable informed decision-making and
prompt a capacity for future action. In this “scenario planning method” (SPM, [76]), the
used models and techniques have a dual nature: a descriptive dimension that explores
the environmental context of the lagoon in its internal dynamics and an instrumental
dimension that questions the long-term static and dynamic impacts; the former being
linked to the global level studies of the IPCC and to the specificities of the Mediterranean
area and the latter showing the static impacts of sea-level changes and dynamic impacts at
a local level.

The SPM allows us to explore under which conditions and where the vulnerabilities
of the coastal system become more significant. The 2050 scenario is used as a projected
scenario in line with the current state of the lagoon. The continuity refers to the design
approaches: Additional sea and lagoon defense works will be required to protect the urban
banks of the lagoon and the coastal strip infrastructures. To offset the system’s vulnerability
in this scenario, further reinforcement of the banks is needed: this makes the current
configuration and urban structure stable.

This artificial reinforcement/stiffening generates local vulnerability, because of the in-
terference between the perspectives outlined in the models and the current municipal plans
for special areas (port, airport, industrial areas), for transport and infrastructure plans.

The system is also vulnerable locally as a result of the “coastal squeeze”. It describes
the process in which sea-level rise and other factors and sea storms push coastal habitats
toward land. Coastal defenses create a static, artificial margin that squeezes the habitats of
the system into a restricted area due to the erosion process [77]. The adaptation process to
SLR, or extreme weather and climate events, is thus obstructed: The movement of habitats
towards land to maintain their relative position to wave and tidal forces is effectively
denied. In this system, the La Playa beach is a coastal space “squeezed” between the
coastline and the coastal infrastructure [29]; then, the processes of natural adaptation of the
Santa Gilla ecosystem to extreme events are limited by the pressure of urban infrastructure.
This scenario enforces a constant approach to mitigation and emergency. Rigid structures
within the area of direct wave influence, such as the existing coastal road 195, accentuate
local vulnerability to coastal erosion phenomena and produce vulnerabilities at a territorial
scale. 55195 is a strategic infrastructural connection between the capital city, Cagliari, and
the south-western coast of the island. Moreover, it attracts daily a multiplicity of people
and goods movements. The absence of connectivity puts residents of a vast urban area
at risk of losing access to critical services that are vital for city living (hospitals, transport
infrastructures, extra-local urban services, and schools). It also exposes them to the loss of
safe travel conditions in relation to the greater fragility of the coastal strip where the SS 195
is located.
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In the 2100 scenario, the flattening of the submerged morphologies triggers the process
of marine embayment. In fact, the spatial layout and system ecological balance will
change. The scenario draws attention to an alternative image and new environmental
representations of this urban region. Indeed, a new internal gulf will be created and
the present settlements (built-up areas, industrial areas, service centers, etc.) close to the
new shoreline will face new forcing and dynamics. This spatial representation imposes
new visions for the future and different land use. It prompts a review of the planning
hypotheses of the municipalities located on the banks of the lagoon and, at the same
time, offers unprecedented possibilities for city regeneration processes. It also requires
infrastructures to change in perspective for the new development. In the 2100 scenario, the
spatial organization of the new inner gulf of the metropolitan system confines the Canal
Port area into an island. It will be anchored to the mainland by road infrastructure. To
reduce its local vulnerability and thus maintain the planned and currently planned facilities
(service and research centers, new ro-ro terminal, nautical and shipbuilding hub), new
coastal defense infrastructures will be necessary. The same problem will arise for the airport
area or the industrial areas on the banks of the lagoon.

5. Conclusions

In this paper, the construction of compound future projections of static (relative sea
level) and dynamic (wind-wave) impacts on the vulnerable sandy coastal plan at S.Gilla
lagoon supports the construction of planning scenarios at two different time horizons (2050
and 2100). These scenarios can support decision-making processes that have very different
visions of the future: Alternative strategies identify future urban planning actions in relation
to the resulting spatial organization. Based on local temporal trends in Hs (8 mm yr~!) and
sea level (5.4 mm yr’l), a 2-year return time flood scenario at 2100 was selected to identify
the high level of vulnerability at the territorial scale. The simplified conceptual breaching
model coupled with a numerical flood model shows that the flattening of the submerged
morphologies triggers the process of marine embayment. This defines a new waterfront in
the landward part of S.Gilla lagoon, where new effective coastal adaptation strategies are
needed. The results of these formal models can support new paradigms of design able to
deal with relevant complexity and uncertainty.
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