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4 Abstract

5

6 The evolution of coastal and transitional environments depends upon the interplay of human

; activities and natural drivers, two factors that are strongly connected and many times conflicting. The

9 urge for efficient tools for characterising and predicting the behaviour of such systems is nowadays
10 particularly pressing, especially under the effects of a changing climate, and requires a deeper
11 understanding of the connections among different drivers and different scales. To this aim, the present
g paper reviews the results of a set of interdisciplinary and coordinated experiences carried out in the
12 Adriatic Sea (north-eastern Mediterranean region), discussing state-of-the art methods for coastal
15 dynamics assessment and monitoring, and suggests strategies towards a more efficient coastal
16 management.
17 Coupled with detailed geomorphological information, the methodologies currently available for
ig evaluating the different components of relative sea level rise facilitate a first identification of the
20 flooding hazard in coastal areas, providing a fundamental element for the prioritization and
21 identification of the sustainability of possible interventions and policies. In addition, hydro- and
22 morpho-dynamic models are achieving significant advances in terms of spatial resolution and
;Z physical insight, also in a climatological context, improving the description of the interactions
5 between meteo-oceanographic processes at the regional scale to coastal dynamics at the local scale.
26 We point out that a coordinated use of the described tools should be promptly promoted in the
27 design of survey and monitoring activities as well as in the exploitation of already collected data.
28 Moreover, expected benefits from this strategy include the production of services and infrastructures
ig for coastal protection with a focus on short-term forecast and rapid response, enabling the
31 implementation of an event-oriented sampling strategy.
32
33
gé Keywords: Monitoring; Multi-Scale Modelling; Climate Change; Coastal Vulnerability
36
37
38
39
22 1. Introduction
42
43 Due to the growing awareness of the potential threats acting on coastal regions (climate change,
44 geological processes, sea level rise, alteration of sediment supply regime) combined with the strong
45 anthropic pressure (e.g. urbanization, tourism) on the littoral regions, the themes related to coastal
22 morphological vulnerability and adaptability have progressively obtained increasing emphasis in the
48 planning and management policies. In the wake of the relevance achieved by planning processes such
49 as Integrated Coastal Zone Management (ICZM) and Maritime Spatial Planning (MSP), the last
50 decade has envisaged in Europe a progressive enhancement of EU funding made available for
gé interdisciplinary approaches to coastal topics. Examples are represented by single projects (e.g.
53 EUROSION, CONSCIENCE, OURCOAST), guiding acts and declarations of intent (e.g. the
54 Bologna Charter signed in Bruxelles in 2012), and tender projects. All these efforts have paved the
55 way for innovative approaches and results that can directly respond to societal needs in the sector of
o6 coastal vulnerability to erosion and sea level rise, favouring the collaboration among National and
g; International research and administration institutions.
59 One of the most striking difficulties when dealing with coastal morphological vulnerability,
60 especially in a climate change perspective, is to harmonize information pertaining to different
2; disciplines and coming from different sources into the description of physical processes occurring at
63
64
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different time and spatial scales (Church et al., 2013). In fact, even a careful assessment of coastal
vulnerability only rarely takes into account the information retrieved from detailed process-based
hydrodynamic analysis (Palmer et al., 2011). This is also the case of reference tools such as DIVA
(Dynamic Interactive Vulnerability Assessment, see Hinkel and Klein, 2009; Hinkel et al., 2014), in
which natural and socio-economic factors such as sea level rise, coastal topography and population
are accounted for without an explicit description of coastal hydro-morphodynamics. Although recent
activities endeavour to bridge this gap by channeling the information provided by hydro-
morphodynamic models towards management practices (e.g. the iCOASST Project recently carried
out in the UK, see Nicholls et al., 2015), this approach is not firmly established yet.

The Mediterranean basin has been identified as a climate change “hot spot”, namely a region where
the impacts of this process are expected to be stronger compared to other places in the world (Santoro
et al., 2013; Giorgi and Lionello, 2008). The exposure of human activities to this condition is
increased by the microtidal regime (mean tide around 35 cm) of the basin, which allowed to settle a
large portion of the coastal region. Furthermore, large and often intensively anthropised subsiding
coastal plains are exposed to an increasing flooding risk, requiring dedicated planning and protection
policies in the upcoming decades.

Within this area, the relevance of the Adriatic-Ionian Region has been significantly growing from
the scientific and economic point of view in the last decades, and is now the subject of several EU
initiatives, such as the IPA Adriatic (2007-2013) and the Italy-Croatia (2014-2020) Cross-Border-
Cooperation Programmes, as well as the ADRION Programme (2014-2020). Among the many EU
funded projects dealing with coastal management and innovative methodologies for coastal
protection, several involved the analysis of specific cases on the Adriatic coast. As an example, Lido
di Dante, a vulnerable stretch of the Emilia-Romagna coastline was elected as study site during
several EU projects, among which DELOS (Lamberti et al., 2005) and CoastView (Kroon et al., 2007,
Jimenez et al., 2007), eventually leading to the implementation of innovative defence solutions (see
Archetti and Zanuttigh, 2010). As in a number of similar cases, these experiences highlight that
success of innovation in coastal management can receive a fundamental contribution from the
involvement of local Institutions and stakeholders. Alongside these projects, the north-eastern
Adriatic was the first study site of the GEOSWIM programme, that aims at surveying and collecting
data by snorkeling methods along rocky coasts in the Mediterranean area, for studies on rock coast
geomorphology, coastal vulnerability and sea level changes (e.g. Furlani et al., 2014a).

The Adriatic-lonian Region is also the key test area for a specifically funded research line on
“Coastal Vulnerability to Erosion and Sea Level Rise” in the framework of the RITMARE Project, a
multidisciplinary effort supported by the Italian Ministry of University and Research (MIUR), aiming
at integrating the Italian marine community in shared research fields in the period 2012-2017. This
experience provided a sound opportunity for identifying the main achievements and open issues in
different aspects of coastal vulnerability assessment and adaptation, with special attention to open
opportunities and challenges related to the integration of different approaches and perspectives. The
goal of this paper is thus to consolidate the background for a deeper connection among the scientific
community and the actors of coastal management, bridging the existing cultural and methodological
gaps, with a twofold outcome. On the one hand, this should favour a more effective assessment of the
physical processes governing coastal systems and allow for more reliable predictions, especially with
reference to climate change scenarios. On the other hand, we expect that a progressive shift towards
a shared and holistic approach to coastal science will facilitate the interactions between scientists,
policy-makers and stakeholders into organic management actions.

2. Materials and Methods: Tools for estimating coastal vulnerability to erosion and flooding
2.1 Geographical framework

The Adriatic Sea (Fig. 1) is a semi-enclosed epicontinental basin of the northeastern
Mediterranean, elongated along the NW-SE direction and encompassed by the Apennines to the West,
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by the Alps to the North and by the Dinarides to the East. The particular basin topography and the
dominance of northeasterly and southeasterly winds give rise to a wave climate characterized by the
combination of generative and swell sea states, occasionally coexisting and both potentially capable
of strong impacts on coastal morphology (Cavaleri et al., 1989; Archetti et al., 2016).

The geological setting of the northern and central Adriatic coast is the result of the progressive
submersion of a wide portion of the palaeoalluvial plain during the Pleistocene and Holocene
(Lambeck et al., 2011, and references therein). Each step of the relative sea level rise is associated
with the genesis and submersion of a barrier lagoon system, whose fine sand deposits act as potential
sand reservoirs for coastal nourishment (Correggiari et al., 2013).

The relatively energetic wave climate, the predominant presence of low-lying alluvial coasts and
the long-lasting sediment deficit, combined with the strong anthropic pressure along the coast
especially along the western side of the basin (Nelson, 1970; Torresan et al., 2012), concur in
increasing the importance of a sound framework for long-term coastal planning in this region.

2.2 Estimating relative sea level rise

When tackling the field of coastal vulnerability to erosion and sea level rise, it is relevant to
estimate the sea level rise projections expected over a decadal to centennial time frame.

With reference to the northern Adriatic Sea, an early assessment of the role of relative sea level
rise in conditioning coastal flooding was provided by Bondesan et al. (1995). Subsequent studies by
Antonioli et al. (2002) and Antonioli and Leoni (2007) extended the assessment of coastal flooding
hazard, as a combination of relative sea level rise and vertical tectonic movements, throughout several
sites spanning the whole Italian coasts. A further effort by Lambeck et al. (2011), based on existing
datasets and newly acquired data, allowed to provide sea level rise projections for the year 2100 in
33 Italian coastal plains by adding the isostatic and tectonic contributions to the IPCC (Church et al.,
2013) and Rahmstorf (2007) estimates.

In the wake of that work, during the first phase of the RITMARE Project, flooding maps were
obtained using the eustatic (and steric) component as in the 8.5 IPCC 2013 scenario projections
(Church et al., 2013, 700 ppm CO2 atmospheric content), and estimates by Ramshtorf (2007).
Flooding scenarios for 2100, explicitly accounting for the different contributions from the expected
isostatic, tectonic and eustatic-steric rates of sea level rise in coastal arcas of the Adriatic Sea from
Trieste to Ravenna, and in Taranto (Ionian Sea), Oristano and Cagliari gulfs (Tyrrhenian Sea), were
presented in studies by Antonioli et al. (2017) and Marsico et al., 2017. Isostatic rates were derived
from Lambeck et al. (2011), long-term tectonic rates were retrieved from bibliographic data referred
to the Last Interglacial Period, namely the Marine Isotope Stage 5.5 elevation (approximately 125 ka
BP, Ferranti et al., 2006; Antonioli et al., 2009). In particular, for the northern Adriatic region, long-
term vertical tectonic movements data were mutuated from Ferranti et al. (2006) and Antonioli et al.
(2009, 2015), referring to last Interglacial deposits from dozens of cores drilled along the coast
between Ravenna and Trieste (Fig. 1, adapted from Lambeck et al., 2011). The estimates provided
by those works have been superimposed to DTMs (Digital Terrain Models), with a definition
depending on the data available from local or regional administrations, with a resolution up to 1x1
m? where Lidar surveys were available.

2.3 Technologies for estimating cliff erosion and retreat rates: the Apulian test case
In order to calculate the erosion and retreat rates on 2100 on the Apulian carbonate cliffs, lowering

rates on limestone coasts were evaluated by using a micro erosion meter (MEM) and a traversing
micro erosion meter (TMEM) built by one of the authors (Stefano Furlani) following High and Hanna
(1970) and Trudgill et al. (1981). The instruments were equipped with three iron shaped supports
adhering to three titanium nails (two semi-spherical and one flat-shaped) that have been previously
fixed into the rock and constitute a micro erosion meter station. The exact relocation of the fixed studs
was derived from the configuration called the Kelvin clamp principle (High and Hanna, 1970;
Trudgill et al., 1981). The MEM used in this project was equipped with a dial gauge with a resolution
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of 0.01 mm and was capable of collecting one measurement for each station. The TMEM was
equipped with a Mitutoyo dial gauge with 0.001 mm resolution (maximum error £0.003 mm) and

capable to collect up to hundreds of measurements for each station, as suggested by Furlani et al.,
(2009, 2014b).

At the end of November 2016, 11 stations were set up in four sites (Peschici, Polignano A Mare,
Porto Badisco, Castro) on the eastern coast of Apulia, from Gargano to Castro (Fig. 1). The first cycle
of measurements was carried out in May 2017. MEM data will be collected at least until November
2019, in order to discuss a three year-long dataset, as suggested by Stephenson et al. (2012) and
Furlani and Cucchi (2013).

The occurrence of erosional forms due to abrasion and mechanical actions related to high wave
energy processes at the cliff toe has been assessed in the same sites used to evaluate the micro erosion
rates. For an evaluation of the mechanical erosion values due to high-energy waves, several
kilometres of coasts (Peschici, Polignano A Mare, Porto Badisco, Fig. 1) were surveyed with an UAV
(Unmanned Aerial Vehicle) Phantom 4 Pro equipped with a HD 20 Mpx camera. Flights have been
performed following the shorelines at different altitudes ranging between 20 m and 60 m. The
collected pictures underwent a photogrammetric processing based on Agisoft Photoscan, to retrieve
clouds of points with a resolution up to 10 cm, used to reconstruct the DEM (Digital Elevation Model)
of the surveyed area. Applying a filter for vegetal coverage on the DEM it was possible to obtain the
DTM (Digital Terrain Model), that represents the base for the extraction of orthophotos with
resolution ranging between 2 cm/pixel and 5 cm/pixel. Results will be evaluated studying the
movement of the blocks in the sea near the cliff and by comparing the two precise DTMs repeated
over a 12-month interval.

2.4 Modelling tools for basin-scale hydrodynamics and metocean analysis

Together with the estimates of relative sea level rise, some key quantities characterising meteo-
oceanographic processes are crucial for the evaluation of coastal vulnerability to erosion and its
evolution over time. The importance of setting up appropriate numerical modelling chains has been
progressively more recognised in the last decade under the impulse of increasing computational
power availability, improved routines for model coupling (Warner et al., 2010, Villaret et al., 2013)
and advanced parameterisations for the description of physical processes. Severe weather episodes
impact the coastal environment through flooding and erosion with potential damage to the
ecosystems, the private property, and the historical heritage. Global Climate Models (GCM) are used
to assess possible changes in future extreme events but suffer from their coarse horizontal resolution
(50-200 km), limiting their ability to properly describe small-scale signals especially in the presence
of complex orography, coastlines and land surface heterogeneity. Therefore, in order to study regional
processes and provide climate information at the scale of interest for impact studies, the information
conveyed by GCM is dynamically downscaled by Regional Climate Models (RCM) taking initial and
boundary conditions from the GCMs in which they are nested. The use of RCMs has become a quite
common practice since they represent a valuable tool to study regional processes and interface with
end-users community. Furthermore, efficient downscaling protocols have been developed (e.g. Giorgi
and Gutowski, 2015) to minimize known errors, although many uncertainties still underlie the
production of regional climate change projections. Within this framework, two main research lines
have been emerging, namely the development of coupled regional Earth system models and the
transition to very high-resolution, up to convection-permitting, models (Giorgi and Gutowski, 2015).
The latter can be best attained by a multiple-nesting procedure, with progressively increasing
resolution, which avoids the “resolution jump” identified as a source of errors in the downscaling
procedure (Antic et al., 2004). The term “high-resolution modelling” can have different
interpretations in the different disciplines involved in a study: for instance, 1 km horizontal resolution
may be considered coarse for hydrological studies, especially in coastal and transitional systems,
while it pushes the boundary of feasibility for the meteorological operational activities. For
meteorological research applications, model resolution represents a critical parameter, especially
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when dealing with severe weather events (e.g. strong winds and heavy precipitations) and in areas
characterized by complex orography (Davolio et al., 2015a; Davolio et al., 2015b).

Resolution is a primary issue also when atmospheric fields are used as a forcing for oceanographic
applications, allowing or preventing an appropriate description of some primary meteo-
oceanographic processes (Signell et al., 2005; Bellafiore et al., 2012). While improved nesting
techniques and suitable parameterizations allow to increase the resolution and physical insight of
atmospheric and oceanographic models, model coupling permits a full exploitation of these advances,
providing a full description of the feedbacks between atmosphere, waves, ocean currents and
sediment dynamics (Warner et al., 2010; Renault et al., 2012, Carniel et al., 2016). To this purpose,
due to its peculiar morphology and its role as a cold engine for Mediterranean thermohaline
circulation, the Adriatic Sea has recently been used as a test site for some innovative applications of
coupled models for the description of severe events. With reference to an exceptional cold spell that
took place in winter 2012 (Mihanovic et al., 2013) and the subsequent dense water production, Licer
et al. (2016) coupled ALADIN and POM models for exploring air-sea interactions during the event.
For the same case study, Ricchi et al. (2016) and Carniel et al. (2016) relied on the COAWST
modelling system (Warner et al., 2010) for investigating the impact of coupling in the description of
the process and their implications for dense water dynamics and off-shelf fluxes.

2.5 Sub-mesoscale hydrodynamics and morphodynamics for coastal applications: monitoring and
modelling

Notwithstanding the importance of obtaining a reliable estimate of shoreline change for evaluating
the variability of coastal morphology, such observations are usually not carried out following any
specific standards or shared good practices. Generally speaking, surveys can exhibit strong variability
in terms of methods and frequency (Archetti, 2009). As an example, Emilia Romagna Regional
Administration (Northern Italy) prescribes one general bathymetric survey of the regional coast every
five years and a low-altitude flight to monitor the shoreline position at most once a year. Although
acceptable for capturing major long-term morphodynamic processes, this frequency does not allow
the retrieval of important information at shorter time scales, such as the seasonal morphological
variability or the response to single storm events, thus adding some uncertainty also in the
interpretation of the long-term evolution trends (Baart et al., 2009; Baart et al., 2016). In recent years,
a support towards a high-frequency monitoring of shoreline changes was provided by the analysis of
video images, with early examples from Turner and Anderson (2007) and Kroon et al. (2007). The
most common application in image processing for coastline management is the detection and
comparison of subsequent shoreline positions based on time-average (timex) images. Compared to
the less frequent, traditional ground-based surveys (that are nevertheless necessary for the system
calibration), a daily monitoring allowed by video observations permits a low-cost identification of
the different time scales components of coastal evolution (Kroon et al., 2007, Uunk et al., 2010).

Besides the detection and monitoring of morphological metrics, efficient coastal planning and risk
mitigation requires accurate predictions of nearshore hydrodynamic processes governing flooding,
sediment transport, coastal morphology evolution and interactions with structures (Samaras et al.,
2016; Gaeta et al., 2016). At present, the choice of the specific tool to be adopted strongly depends
on the time and space scales of the study, but efforts aiming at a general strategy unifying the possible
approaches have recently been pursued with encouraging results (van Maanen et al., 2016).

Accordingly with the features and scales of the selected modelling instrument, the wave climate
should be characterised at a sufficiently high resolution, which can be achieved in the very nearshore
by means of multi-model (Bonaldo et al., 2015) or multi-nesting (Gaeta et al., 2016) approaches. The
majority of the modelling requirements at this scale of interest are covered by third-generation
spectral wave models (see for instance SWAN, Booij et al., 1999; and WaveWatch III, Tolman and
Group, 2014), simulating phase-averaged sea state spectral density dynamics within the domain by
describing energy injection and dissipation, non-linear energy transfer, and wave propagation and
transformation. In the need for a higher level of detail for the representation of the propagation of
highly nonlinear waves within the breaker zone and/or in the presence of structures one may also
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resort to phase-resolving models (e.g. Beltrami et al., 2001). At the cost of significantly heavier
computational requirements, these formulations are able to fully reproduce specific aspects of wave
propagation and transformation, capturing processes outside the inherent limitations of phase-
averaging wave models such as diffraction and harbour agitation. Karambas and Samaras (2014)
show how phase-resolving models can be used for the evaluation of coastal protection works, testing
an advanced nonlinear wave, sediment transport and bed morphology evolution model based on the
higher-order Boussinesq equations against observational data from a beach nourishment intervention.

Ocean currents dynamics and the modulation of sea surface over time and space are often modelled
by means of formulations based on the 3D Reynolds-Averaged Navier-Stokes (RANS) equations or
the 2D shallow water equations, generally accounting for a number of sources and sinks of
momentum, fluid mass and tracers within the basin. Within these modelling efforts, it is rather
common to find a mixed use of open source and commercial models. For example, the open source
TELEMAC suite (Hervouet, 2007) and the commercial software MIKE21 (developed by ©DHI
Group) have been extensively validated and used over the last years in research, operational and
engineering design applications in maritime/coastal hydraulics. TELEMAC includes TOMAWAC
for the modelling of waves, TELEMAC-2D for 2D-hydrodynamics and SISYPHE for sediment
transport, which can be run fully coupled (namely, with bidirectional feedback and exchange of
information between models) and have been applied in a series of studies over the years (Brown and
Davies, 2009; Luo et al., 2013; Villaret et al., 2013 among others). MIKE21 includes the respective
modules MIKE21-SW (waves), MIKE21-HD (hydrodynamics) and MIKE21-ST (sediment
transport), with examples of their use that can be found (among others) in the works by Siegle et al.
(2007) and Ranashinghe et al. (2010).

Worth mentioning, an alternative strategy for the description of coastal systems hydrodynamics at
the small scale has been suggested by recent efforts of implementing a Large Eddy Simulation (LES)
approach in harbours, closed and semi-enclosed basins (Petronio et al., 2013, Galea et al., 2014). This
methodology is based on the application of a low-pass filter on the Navier-Stokes Equations and on
the subsequent exact computation (within the limits of the numerical discretization) of all the flow
features below the time and space scale of the filter, while the smaller and shorter features are
parameterised (Burchard, 2002).

2.6 Tools for coastal vulnerability assessment

Expected changes in meteo-marine climate, combined with the effect of relative sea level rise,
represent a major source of hazard for shoreline stability and coastal development. One of the main
goals of the coastal vulnerability assessment is to achieve decision support tools for coastal problems,
in order to face episodic inundation or long-term erosion and flooding hazard. According to Kaminsky
and Genfelbaum (2000), whichever tool or procedure is adopted needs to satisfy two requirements: 1)
predict coastal behaviour at scales relevant for coastal zone management; 1i) provide technical
assistance that directly links scientific research with management and policy-making needs. A broad
variety of approaches has been progressively developed in this direction, following strategies based
on synthetic indices and indicators, or on dynamic representations of the ongoing processes at
different possible degrees of conceptualization, possibly based on GIS tools (Ramieri et al., 2011).

The forefather of the index-based approaches is the Coastal Vulnerability Index (CVI, Gornitz et
al., 1991) method, based on the combination of a set of quantitative or semi-quantitative physical and
morphological variables and resulting into a single parameter characterising the system. This
procedure is largely adaptable with respect to specific hazard factors, such as sea level rise (Ozyurt,
2007), flooding (Balica et al., 2012) or wave storms (Mendoza and Jiménez, 2008), including socio-
economic factors (Szlafsztein and Sterr, 2007) and allowing for multiple spatial (McLaughlin and
Cooper, 2010) and temporal (Greco and Martino, 2016) scales. This schematisation provides
immediate information and a prompt criterion for the identification of the intervention priorities,
usually at the cost of little transparency on the choice of the variables and on the propagation of
uncertainty from the basic assumptions to the final results. This issue is partially addressed by
indicator-based methods, considering sets of independent parameters each addressing a specific
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aspect of coastal vulnerability, allowing for a possible second-step integration of these quantities into
synthetic indices (e.g. Eurosion, 2004).

Deeper insight in the complexity of the coastal zone dynamics for the comparison of possible
management strategies can be achieved by means of software-based Decision Support Systems
(DSSs), whose main purpose is to convey the scientific information into a suitable framework for
stakeholders and decision makers at different levels (Santoro et al., 2013). With specific reference to
the impacts of sea level rise and coastal erosion, and to the implications of possible adaptation
strategies, a paramount example of DSS in the EU context is given by the Dynamic Interactive
Vulnerability Assessment model (DIVA, Hinkel 2005; Richards and Nicholls, 2009). This approach,
developed within the DINAS-Coast project (Hinkel and Klein, 2009), considers a number of
biophysical and socio-economical parameters over typical coastal segment length spanning several
tens of kilometres, and has been mostly applied over national to global level.

Over a smaller spatial scale, the northern Adriatic Sea has been the test site for several applications
of the DESYCO system (Torresan et al., 2010, Torresan et al., 2012; Santoro et al., 2013), combining
downscaled climate change projections of key meteo-oceanic and morphological quantities with
biogeophysical and socio-economic factors into a multidisciplinary coastal vulnerability assessment
at the regional scale.

Although all the methods summarised above aim at fulfilling the two requirements stated by
Kaminsky & Genfelbaum (2000), a degree of uncertainty remains intrinsic in some part of the
process. Regardless of the methodology implemented, strengthening the characterization of the
physical processes and feedbacks acting on the coastal system (Payo et al., 2016) reduces the need
for more or less arbitrary assumptions.

3. Results and discussion: recent achievements and upcoming challenges

In this Section we provide an overview of recent achievements obtained in the different scientific
fields involved in the RITMARE activities on coastal vulnerability to erosion and sea level rise.
Besides collecting information that can be useful for a quantification of processes ongoing in the
Adriatic-lonian region (especially in the western side) or as a methodological guideline, the goal is
to gather some elements for the identification of strategies and possible limitations for an integrated
approach in a decision support perspective.

3.1 Sea level rise and flooding hazard along the Adriatic coasts

With reference to the Italian coasts, and in particular to the Adriatic Sea, the most comprehensive
and up-to-date estimates are collected in the above mentioned works by Lambeck et al. (2011) and
Antonioli et al. (2017), explicitly considering the effects of eustasy, isostasy and tectonic movements.

The IPCC scenario adopted by Antonioli et al. (2017) in their projections for 2100 provides
minimum and maximum values of eustatic sea level rise at 53 and 97 cm, respectively, while for the
Rahmstorf scenario 1.4 metre sea level rise is expected. Lambeck et al. (2011) provided variable
isostatic rates along the Italian coasts, ranging between -0.12 and -0.64 mm/year with minima in the
northern Adriatic and maxima in Sardinia. Long-term tectonic rates are ranging from -1.05 to + 1.9
mm/year and were derived from bibliographic data referred to the Last Interglacial Period, namely
the Marine Isotope Stage (MIS) 5.5 (approximately 125 ka BP) elevation (Ferranti et al., 2006;
Antonioli et al., 2009). For the northern Adriatic region, long-term vertical tectonic movements data
were mutuated from Ferranti et al. (2006) and Antonioli et al. (2009, 2015), referring to last
Interglacial deposits identified from dozens of cores collected along the coast between Ravenna and
Trieste. The elevation of lagoonal fossils of the late Holocene sampled on core data, when compared
with predicted sea level curve, showed high subsidence rates due to soil compaction and/or
anthropogenic subsidence. Conversely, data older than 6 ka cal BP show rates similar to MIS 5.5.
Different tectonic rates can thus be computed in the northern Adriatic Sea, ranging from -0.3+0.5
mm/yr between Trieste and Caorle to -0.5+0.7 mm/yr between Caorle and Chioggia and -0.7+1.0



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

mm/yr between Chioggia and Cesenatico. The sum of the different contributions led to an estimate
of the relative sea level rise in 2100 ranging between 1.38 and 1.43 m according to the Rahmstorf
model, associated with the potential flooding of a 5451.7-km? region, as well as a retreat of the
coastline up to 61.3 km (Fig. 2). In the southern areas of the Adriatic Sea, Lambeck et al. (2011)
estimated combined isostatic and tectonic vertical displacement expected for 2100 as -0.038 m and -
0.040 m in Lesina and Manfredonia respectively, yielding a relative sea level rise up to 1.44 m in the
worst case scenario envisaged by Rahmstorf (2007) or Horton et al. (2014). Concerning the eastern
coast of the Adriatic Sea (Slovenia, Croatia, Montenegro, Albania), information on relative sea level
rise suffer from large uncertainties in the estimate of the tectonic component, due the lack of the MIS
5.5 marker.

Present methodologies thus allow an accurate evaluation of the different components of the
vertical land movement leading to relative sea level rise in coastal areas. Besides providing an
indication on the vulnerability to flooding, this can be a crucial element in the definition of a coastal
sediment budget, concurring to the identification of the priority and feasibility of different protection
strategies (Blum and Roberts, 2009).

3.2 Integrating Models and Measurements for Coastal Vulnerability Assessment

The capabilities and advances in the descriptive and predictive potentials of the numerical models
presented in the previous sections have been recently strongly benefiting from the outcomes of the
RITMARE Project. Indeed, on the one hand the efforts dedicated to the study of some strategic key
areas of the Project allowed to rely on a good wealth of high-quality geomorphological and
hydrodynamic data for several sites along the Italian coasts, and the Adriatic-Ionian region in
particular. On the other hand, the development, improvement and testing of specific numerical models
was accomplished as an explicit requirement of some tasks of the Project.

Samaras et al. (2016) presented a detailed comparison of the TELEMAC and MIKE21 suites in
the representation of nearshore hydrodynamics and proposed a multiparametric scenario-based
approach for the rapid assessment of wave conditions in coastal zones, all applied to study areas
located in Southern Italy (i.e. Brindisi — Torre Guaceto and Bari, Fig. 1). That work was based on the
consideration that some specific activities in coastal planning, vulnerability/risk assessment and
coastal protection design, may not always require a full integration of atmosphere, ocean and coastal
models. This is the case in which either only parts of local hydrodynamics information are required,
or the modelling analysis is focused on the study of frequent/extreme condition scenarios (Reikard,
2009; Stockdon et al., 2012; Burcharth et al. ,2014).

Beyond the achievements obtained in the improvements and evaluation of single, stand-alone
numerical models, the Adriatic Sea has been used as a study area for several coastal applications of
model coupling. The first high-resolution experience carried out at the sub-basin scale (0.5 km
horizontal grid step in the northern Adriatic) led to the assessment of the effect of wave-current
interactions for ocean dynamics descriptions in a shallow, semi-enclosed sea (Benetazzo et al., 2013)
and their impacts on tracer advection and sediment resuspension and transport (Sclavo et al., 2013).
The use of different coupling configurations among atmosphere, waves, and ocean currents models
within the COAWST modelling system allowed to quantify the implications of explicitly describing
the air-sea interface quantities (an example can be found in Fig. 3) and their interactions for the
evaluation of heat and momentum fluxes (Ricchi et al., 2016). This improved information can also
positively impact the description of deep sea dynamics, with strong benefits for the study of the
continental margin dynamics influencing thermohaline circulation (Carniel et al., 2016; Bonaldo et
al., 2018) and, more generally, a consistent energy budget for climate studies. Worth pointing out,
the more consistent physical description provided by model coupling does not necessarily always
imply a clear improvement in model performances. Indeed, present models have mostly been
calibrated with reference to uncoupled configurations, in which atmosphere-wave-currents
interactions were parameterized with a considerable degree of conceptualization: thus, the benefits
provided by these achievements will progressively be disclosed as new dedicated calibrations are
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carried out with reference to coupled configurations.

In the perspective of a more integrated and interdisciplinary approach to the assessment of the
physical drivers of coastal vulnerability to erosion and flooding, significant results have been obtained
by linking models referring to different systems, scales and process insight or degree of abstraction
into more or less complex modelling chains. The cooperation between the Italian oceanographic and
atmospheric research communities provides a number of successful examples. The Kassandra
forecasting system (Ferrarin et al., 2013) is an operational modelling tool for the prediction of storm
surges in the northern Adriatic Sea, for which high-resolution (1.25 km) meteorological fields from
MOLOCH forecasts (Davolio et al., 2015b) are provided to the hydrodynamic (SHYFEM) and wave
(WWMII) models. Other operational forecasts of waves and currents in the Adriatic Sea are provided
by a coupled wave-current implementation of COAWST with a nested domain discretization
modulating the horizontal resolution between 2 km in the south and 0.5 km in the northern sub-basin
(Russo et al., 2013).

Over longer time scales, climatological atmospheric fields provided at 14 km horizontal resolution
by COSMO-CLM (Bucchignani et al., 2013 — online in 2011) were used as a forcing for a 30-years
long SWAN simulation (Benetazzo et al., 2012), allowing an assessment of the possible wave climate
modifications to be expected in the Adriatic in a climate change scenario. This kind of information
has a broad range of applications. With reference to the same modelling run, Barbariol et al. (2013)
explored the implications of such modifications for wave energy productivity in the Adriatic Sea.
Bonaldo et al. (2015) added a further link to the modelling chain by using DHI LITPACK, which
provides a simplified description of hydro-morphodynamics within the active beach, for estimating
the possible consequences of wave climate modifications in terms of coastal sediment transport on a
small stretch of the northern Adriatic coastline. Benefiting from this experience and from the new
estimates on relative sea level rise fostered by RITMARE (Antonioli et al., 2017), it is now possible
to extend the approach to the Adriatic-Ionian region and other tracts of the Italian coast, providing
the description of present and expected meteo-marine climate in a climate change scenario together
with a robust physically-based support to coastal intervention and adaptation planning. Indeed, a new
version of COSMO-CLM has recently been developed and implemented over Italy, pushing the
horizontal resolution down to 8 km (Bucchignani et al., 2015) and exhibiting an unprecedented
capability of capturing the peculiar patterns and the directional structure of wind events (Fig.4) in the
Adriatic basin (Bellafiore et al., 2012; Bonaldo et al., 2017). This significantly improves the potential
for a satisfactory assessment of wave climate and coastal sediment transport in this region,
particularly due to the semi-enclosed geometry of the basin, by which a small change in the
orientation of winds can lead to strong implications for coastal dynamics (Soomere et al., 2015).

Furthermore, considering the fact that sediment discharge from rivers and natural streams is one
of the strongest drivers (as the main sediment source) for the evolution of coastal morphology,
processes in the upstream watersheds should not be neglected. Monitoring the alterations in sediment
discharge at the estuaries may, of course, allow for a detailed study of the past and present evolution,
but lacks the identification of the drivers behind these alterations within the watersheds and thus the
prediction of their future impact on the connected coasts. Accordingly, research attempts on the
integrated modelling of watershed-coast systems seem to be gaining traction in the last few years. For
instance, Ashton et al. (2013) set up a modelling framework for the long-term evolution of an
imaginary watershed-coast system. Samaras and Koutitas (2014a) described the dynamics of such a
system in northern Greece by coupling a watershed model with a shoreline evolution model, based
on an integrated approach previously proposed by the same authors (Samaras and Koutitas, 2012).
Moreover, such attempts could also include climatic pressures as forcings for the various
terrestrial/coastal processes and investigate their concurrent effect in both fields, offering a significant
advantage to the study of coastal morphology evolution under a changing climate (see Samaras and
Koutitas, 2014b; Duong et al., 2016).

The technique based on the use of videocameras for coastal processes monitoring, proposed by
Holman and Stanley (2007) and widely used at low costs in recent years (Archetti and Zanuttigh,
2010; Archetti et al., 2016), highlighted the potential of a cost-effective method for monitoring wave
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climate and beach morphodynamics in sandy coasts. A modular deployment allows to cover long
coast stretches, permitting to follow the main features of the shoreline evolution of a coastal sediment
cell, defined as “a coastal compartment that contains a complete cycle of sedimentation including
sources, transport paths, and sinks” (Inman, 2005). Also, the integration of wave and current
measurements introduces the possibility of calibrating, besides small-scale hydrodynamic and
morphodynamic models, empirical parameterisations for a running estimate of the morphodynamic
effect of a storm with known characteristics (Bonaldo et al., 2014). An application of shoreline
monitoring aimed at understanding the response of a beach to single storms was presented by Archetti
et al. (2016). On the study area, located in Jesolo beach (northern Adriatic Sea), a video monitoring
station and an acoustic wave and current profiler were installed in spring 2013, respectively recording
images and hydrodynamic data. Variations in the shoreline were quantified in combination with
available nearshore wave conditions, making it possible to define a parametric, site-specific
relationship between the shoreline displacement and the wave features, following the sketch in Fig.
5. The implementation of numerical models solving RANS equations and including filtration law
through low crested coastal structures, as presented in Archetti and Gaeta (2012), represents another
suitable approach in the estimation of effects induced by defence measures on run-up and inundation
dynamics.

It is worth noting that the procedure proposed by Archetti et al. (2016) is based on a few simple
formulae that require only a few wave parameters, easily retrievable from any operational wave
forecasting model (e.g. Samaras et al., 2016). Therefore, this represents a clear example of how simple
tools can be developed for providing synthetic information of key quantities for coastal defence (e.g.
the expected shoreline retreat in response to a predicted storm event) and support decision making
about preemptive protection measures if an intense storm event is forecast.

Further opportunities in the joint use of continuous morphological and hydrodynamic survey tools
can also come from recent procedures relying on acoustic backscatter information for estimating
sediment transport in -or at the edge of- the surf zone (Guerrero et al., 2012; Guerrero et al., 2014).
This approach can be particularly effective if the available instrumentation is sufficient for surveying
a whole transect and capturing the cross-shore variability of hydrodynamics and sediment transport
(Ribas et al., 2012).

3.3 Coastal erosion in the Adriatic Sea: from data management to decision support.

Due to the socio-economic relevance of the Adriatic coasts and to the crucial importance of sandy
deposits as a resource for coastal nourishment in the Adriatic Sea, specific tools have been developed
for an appropriate data management enabling engineers and authorities to have an up-to-date
overview of the system in the aftermath of several nourishment and protection interventions. To this
aim, examples of joint actions between academic and administrative Institutions can be drawn from
recent activities in this area.

Emilia Romagna Region and CNR-ISMAR designed a tool (in_Sand, see Correggiari et al., 2016)
to provide management with a regional control of the various interventions and to predict scenarios
in the preparation of executive plans. Under the aegis of the RITMARE Project, a geodatabase for
the environmental monitoring of the sand resource (env_Sand, see Grande et al., 2015) has been
conceived and created by CNR-ISMAR and ISPRA (the Governmental Institution for Environmental
Protection), fostering the harmonisation and interpretation of environmental data belonging to
different sectors, such as water column, sediment, and biota.

The practical approach for data cataloguing and elaboration now adopted by some of the Adriatic
regions is based on sediment budget computation as a core information, and is managed by means of
subsequent evolutions and modifications of the “Littoral Cells Management System” (Sistema
Gestionale delle Celle Litoranee, SICELL) developed by the Emilia-Romagna Region, Italy (Regione
Emilia-Romagna, 2011). This system is an information tool developed in 2010 within the
COASTANCE EU Project, providing key morphological quantities gathered from different sources
and grouped following a spatial subdivision into littoral cells. A subsequent adaptation, developed in
collaboration with the Veneto Region in the framework of the RITMARE Project (Fontolan et al.,
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2015), includes a classification based on the lost sediment volume and the necessary amount for a
minimum equilibrium survival at a given time scale. In addition, it includes a vulnerability assessment
based on a specific procedure (see Fontolan et al., 2011 and references therein) that accounts for
several coastal parameters describing the physical characteristics of the coastal area, its evolution,
and the human activities impacting the geomorphological setting. The new version of SICELL also
includes an alternative classification of the potential sedimentary sinks, as the river mouths and tidal
inlets, in the perspective of re-using the sediments within adjacent cells when dredging or
maintenance interventions for navigation are needed.

More recent results concerning the application of SICELL integrated with an operational database
permit to obtain a rational organization of the coastal data and a practical subdivision of the coastal
cells in term of sedimentary budget (Fig. 6), thus focusing on the erosional hot spots and on the
possible conflicts with the urban planning and tourism management.

The results of the application to the Veneto littoral led to quite positive results, since 70% of the
beaches are currently stable or accretionary (Fontolan et al., 2011; 2015). However, data on sediment
budget compared to the large amount of sand used for nourishment (around 10 million cubic metres),
highlighted the persistency of erosional hot spots, not completely contrasted by beach replenishment.
For these cases, different strategies or integrated defence interventions need to be evaluated, in order
to reduce the high costs of ongoing almost unsuccessful maintenance.

As far as the small interventions (less than 50,000 — 100,000 cubic metres) are concerned, the
modified version of SICELL can collect and organize also data on the potential nearshore sedimentary
sinks, as the ebb-tidal delta deposits. For these systems, the modified SICELL evaluates their present
state against their equilibrium conditions based on the tidal prism and potential ebb delta volume
(Fontolan et al., 2007), in the perspective of sediment dredging re-use for nourishment purposes. In
many cases the ebb-shoal mining practice (Cialone & Stauble, 1998) can also be used, particularly in
the need of navigation maintenance interventions. This permits to operate on the shallowest areas of
accumulation requiring a limited amount of dredged sand, in order to limit the effect of the re-
configured topography on wave refraction patterns and avoid the formation of new erosional hot-
spots. Since a large part of coastline undergoes a historical sediment deficit due to the scarce supplies
from the river catchments (Bondesan et al., 1995), other type of sedimentary sinks as the delta front
of the Adriatic rivers may not be sufficient to maintain the local delicate sedimentary equilibrium. In
this situation, the integration of the SICELL system with similar databases considering off-shore
sediment sources as potential borrow sites would provide some valid alternatives to nearshore
sedimentary sink re-adjustment or removal. Also, a significant step towards an operational use of the
modified SICELL system as a DSS would be given by the inclusion of the results of specific small-
scale sediment transport modelling runs for the assessment of the most suitable defence design and
sand replenishment duration.

The above-described approach to the management of coastal erosion and long-term coastal
sediment budget is generally suitable for urban beaches and anthropised coasts. In these systems, the
main aim is to contrast the sediment loss with periodic beach nourishment derived from sand
reservoir, in order to preserve the back beach areas from flooding, and to maintain an appropriate
space for recreational uses. In particular, in the northern Adriatic region the widespread use of beach
nourishment as a strategy for coastal protection and restoration was made relatively straightforward
by a good compatibility between beach sediments and sand reservoir, characterized by a common
geological source. Generally speaking, a great variability of sediment types can nevertheless occur,
especially in semi-natural transgressive beaches along starved shelves such as in western Sardinia,
controlled by complex interactions among geological, geomorphological, oceanographic and
ecological factors (Simeone and De Falco, 2012; De Falco et al., 2014; Simeone et al., 2014). As a
consequence, in this case there could be little compatibility between beach sediments and reservoirs
along the shelf, and a deeper evaluation of beach sediment characteristics related to reservoir is
needed, with a broader evaluation of all the factors controlling coastal resilience (De Falco et al.,
2014) and the complexity of the physical forcings of the coastal system.

11
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4. Conclusions

The common focus of different research tasks on a complex geographical setting within the
framework of a single Project, as has been the case in RITMARE, allowed to take stock of the state
of the art of methods, technologies and procedures for coastal vulnerability assessment under different
science and management points of view. This also permitted to highlight a number of opportunities
for integrating different approaches into a unified multidisciplinary strategy for coastal monitoring
and protection. In this direction, some suggestions can thus be drawn from the results of the recent
experiences and from the evaluation of upcoming challenges and critical issues, also in the broader
perspective of defining good practices for the exploitation of marine resources.

The outcomes of the monitoring activities carried out in the northern Adriatic Sea show how an
integrated observational system, merging geomorphological information with the quantification of
some of the key drivers of morphodynamic processes, enhances the insight into the physical processes
and can provide products and services for coastal protection, such as parameterizations for emergency
response to severe events. Benefiting from the creation of synergies among different observational
activities, the effort of a measurement campaign can be optimised by organising multi-purpose
surveys in which the available technology is fully exploited. For instance, instrumentation and post-
processing algorithms presently available for multibeam bathymetric surveys allow for
unprecedented degree of detail in the morphological description and the extraction of additional
information content from secondary data, such as seabed composition retrieved by backscatter
measurements. Together with a more accurate estimate of the sand volumes available for coastal
nourishment and protection, a survey carried out by fully exploiting this potential would allow to use
evidences from small-scale bedform patterns to formulate hypotheses on local hydrodynamics
(Foglini et al., 2016; Bonaldo et al., 2016), whereas backscatter data can be used for habitat mapping
purposes (Montereale Gavazzi et al., 2016). Although the ecological implications of coastal
vulnerability to erosion and sea level rise are beyond the scope of the present work, it is worth
mentioning the possible relevance of our discussion for these topics. The identification of submarine
habitats, biodiversity hotspots and their connectivity structure, together with the characterisation of
their possible stressing factors, requires a holistic view on the different sectors of the pelagic system,
involving information from geomorphology, hydrodynamics and biogeochemistry as well as
biological indicators.

From the operational point of view, as the complexity of the physical processes is disentangled
and in order to further improve its understanding, the measurement and monitoring planning should
particularly emphasize the identification of environment-shaping events and the rapid response to
their occurrence. Such a shift from a frequency-oriented to an event-oriented sampling strategy may
require some reorganization and flexibility in the monitoring activities, but the increasing availability
of reliable high-resolution numerical models for meteo-oceanic prediction and early warning can
significantly enhance the efficiency of this effort, provided that sound Rapid Environmental
Assessment protocols are defined.

With the progress towards an explicit description of causal connections and feedbacks among
different processes, emerging when the coastal system is described in an integrated framework, also
the geographical context of the analysis should be compatible with the description of links and
interactions at different scales. In this perspective, the subdivision of the coastal region into littoral
cells can partially reduce the possibilities for a description of sediment fluxes and the underlying
physical drivers. Indeed, although this widespread approach has been successfully adopted for
analysis and management in a large number of cases (Cooper and Pontee, 2006; Simon et al., 2016),
the behaviour of transitional and coastal systems is the response to natural and anthropogenic forcings
that cannot be easily encompassed within a rigid spatial framework (Jager et al., 2018). Worth noting,
a change in the scale of the analysis allowing to generally account for large-scale transport patterns
would also provide useful information for ecological assessment and the management of Marine
Protected Areas (Gabri¢ et al., 2012; Boero, 2014).

12
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Numerical modelling provides a variety of valuable instruments for filling the gaps in our
capability of describing the physical forcings of the coastal systems and their interactions with the
open sea at the mesoscale and sub-mesoscale. Indeed, numerical models allow to partially overcome
the lack of adequate data availability, and to extrapolate trends from the recent past observations into
future scenarios. The use of numerical models at an appropriate scale (nonetheless validated on robust
observational data sets) allows to outline a unitary and comprehensive picture of the system under
investigation more efficiently than purely observational approaches, in which possible
dishomegeneities in the sampled quantities or in the sampling strategies can significantly hamper the
comparability and interoperability of the information. Overcoming the spatial limitation of a cell-
based approach, in this kind of description the environmental signals reconstructed in each site of the
domain, possibly at a high resolution, are mutually correlated (or uncorrelated) following a common
physical framework, encoded in the model and largely recognisable and characterisable during the
post-processing phase. In particular, basin-scale hydrodynamic and sediment transport modelling can
play a fundamental role in the identification of preferential sediment pathways (Carniel et al., 2016;
Bonaldo et al., 2018), offshore erosional and depositional hot spots (Bonaldo et al., 2016), and
meteomarine climate indications for risk assessment in present conditions as well as in climate change
scenarios (Benetazzo et al., 2012).

In the broader perspective of management processes like Integrated Coastal Zone Management,
modelling results, field measurements and morphodynamic monitoring techniques should be
conceptually linked to the processes occurring within the upstream watersheds. This comes at the cost
of further issues arising, such as the difficulties in the computation of a basin-scale sediment budget
(Syvitski and Kettner, 1992) and the uncertainties related to poorly surveyed, though potentially of
primary importance, sediment sources such as small mountain rivers (Milliman and Syvitski, 1992;
Milliman et al., 2016). Nevertheless, flanking the coastal analysis with this additional information
(see Samaras and Koutias, 2012; and Peckham et al., 2013 for some examples of suitable approaches)
would provide a quantitative tool for connecting changes in coastal morphology and vulnerability to
erosion and sea level rise also including pressures from the mainland and supporting decision making
at a macro-regional scale.

Figure Captions

Fig. 1: Adriatic Sea geography and its position in the Mediterranean basin. Thin and thick blue
contours represent isobaths spaced by 50 and 250 m respectively. Coloured diamonds and squares
represent the vertical movement rates due to tectonics and isostasy, computed respectively on
Holocene and MISS5 averages. Inner dots represent the isostasy contribution alone. Rates adapted
from Lambeck et al., 2011

Fig. 2: Expected coastlines for 2100 in the Northern Adriatic Sea. Red and green lines depict the
limits of marine ingression expected for 2100 in the Rahmstorf (2007) scenarios and the 5 m contour
line

Fig. 3: Modelled Sea Surface Temperature (SST) at Acqua Alta Oceanographic Tower (top right)
and Paloma Buoy (bottom right), northern Adriatic Sea, during the winter 2012 cold air outbreak
under different coupling configurations (Ricchi et al., 2016). The comparison among in-situ
observations (OBS), radiometer data, and results from a stand-alone ocean model (ROMS), a two-
way coupled ocean-atmosphere (ROMS-WRF) simulation, and a full two-way coupling of ocean-
atmosphere-wave models (ROMS-WRF-SWAN) shows the uncertainties of the radiometer data in
the presence of coastal fronts and the improved estimate deriving from the use of coupled modelling
approaches.

Fig. 4: Wind climate at Venice observatory (12.4265E; 45.4182N), measurements (left) and modelled
climatology provided by COSMO-CLM (right), modelling framework described in Bucchignani et
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al. (2015) and wind dataset presented in Bonaldo et al. (2017). Bars length and colour represent the
frequency and intensity of the wind blowing from different directions.

Fig. 5: Sketch of integrated monitoring and modelling approach to assess physical features of a site:
(1) collection of field data (wave -a-, wind and currents -b-); implementations of 2DH (c¢) and 2DV
(d) numerical models; method validation by means of morphological observations (¢); (2) processing
of data; (3) definition of site-specific parametric relationship between shoreline evolution and wave
features

Fig. 6: Example of the SICELL classification applied to a coastal stretch (Isola Verde, Chioggia,
Northern Adriatic Sea). Data on sediment budget (years 2001-2010) refers to the orthogonal
bathymetric sections, and is reported as cubic metres per year (mc/y). The cells are classified
according to the ASPE (Accretionary, Stable, Precarious, Erosional) code (modified after Fontolan
et al., 2015, to refer for details)
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