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ABSTRACT

Coastal erosion is due to natural phenomena and anthropogenic interventions that alter the coastal
dynamics and the sediment balance. Therefore, to manage the coastal areas and to correctly design the
necessary defence interventions, it is necessary to analyze all these factors. Consequently, in recent
years the methodologies for the coastal erosion hazard and vulnerability assessment have increasing
importance. However, there is currently a lack of a general methodology that considers all the factors
that influence the coastal dynamics and, therefore, the hazard and the vulnerability. This paper, through
a case study, describes a new methodology based on indices that considers all the factors that influence
the hazard and the vulnerability, thus resulting in general validity. This methodology defines two
indices of hazard and vulnerability. The hazard index considers all the natural processes that contribute
to the phenomenon of coastal erosion, such as tides, currents, average sea level rise due to climate
change, wave climate and both coastal and river sediment transport. The vulnerability index, on the
other hand, includes all those characteristics of the coast that can make it more or less vulnerable to
coastal erosion, such as its geological and morphological characteristics (both of the emerged and
submerged part), its evolutionary trend, the presence of dune systems, vegetation and coastal and/or
port defence works, the subsidence rates and the degree of waterproofing of the coast. The case study
concerns Porticello, a town near the Strait of Messina characterized by a high coastal erosion risk.
Porticello represents an interesting case study due to the peculiarities of the Strait of Messina and the
presence of numerous coastal structures. The study area extends for about 1.5 km, inside there are
numerous coastal structures, two river mouths and numerous houses built close to the shoreline.
Keywords: coastal erosion, coastal erosion risk assessment, hazard, vulnerability, index-based
methodology, coastal structures.

1 INTRODUCTION

Coastal areas are particularly important from a socio-economic point of view. Indeed, about
20% of the world population lives within 25 km of the coast [1] and the number of coastal
cities has quintupled in the last 70 years [2]. This anthropogenic pressure has often altered
the coastal dynamics and the sedimentary regime, triggering erosive processes [3]. Indeed,
most of the world’s coastal areas are currently subject to coastal erosion [4].

Along with anthropogenic pressure, various natural factors can also alter coastal dynamics
by triggering erosive processes [5], [6]. The main natural factors are the wave climate [7]—
[10] and the sedimentary balance between longshore and river transport [11]-[17]. Regarding
the anthropogenic pressure, it can concern both rivers and coasts. In the river area it is mainly
the construction of dams and weirs, the sediment withdrawal, and the subsidence [18]-[23].
In the coastal areas it is mainly the construction of port and coastal structures [24]-[26].

Furthermore, due to anthropogenic pressure there is an increase in the vulnerability of
coastal areas to the action of floods and sea storms [27]-[29], especially in case of concurrent
events [30]-[32]. The frequency and the intensity of these events can be increased by climate
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change, which also have consequences on sea level rise and, therefore, on erosive processes
[33], [34].

Therefore, to effectively manage coastal areas it is necessary to monitor the above factors
and the shoreline changes caused by the alteration of the sedimentary regime [35]-[38].

In recent years, the methodologies for the coastal erosion hazard and vulnerability
assessment have increasing importance [39]-[43]. These methodologies allow to effectively
manage the risk areas by allocating the funds intended for coastal protection with a certain
order of priority [44], [45].

The Italian and international panorama is characterized not only by different evaluation
methodologies, variables between the different coastal regions, but above all by a great
variety and dispersion of factors taken into consideration by these different methodologies
[46]-[49]. Therefore, there is currently a lack of a general methodology that considers all the
factors that influence the coastal dynamics and, therefore, the hazard and the vulnerability.

Among the existing methods, the index-based methods are the simplest and most widely
used [50]. They are based on a quantitative or semi-quantitative evaluation of different
variables or indicators which are combined with each other, through an appropriate set of
weights, obtaining as a result an overall index, the coastal vulnerability index (CVI) [51],
[52]. In addition, these methods can be supported by GIS applications, therefore it is possible
to produce maps that allow to describe the spatial distribution of the CVI index and to overlap
these results with additional spatial information [53].

This paper, through a case study, describes a new methodology based on indices that
considers all the factors that influence the hazard and the vulnerability, thus resulting in
general validity. The case study concerns Porticello, a town near the Strait of Messina which
represents an interesting case study due to the peculiarities of the Strait of Messina and the
presence of numerous coastal structures. The study area extends for about 1.5 km, inside
there are numerous coastal structures, two river mouths and numerous houses built close to
the shoreline.

2 SITE DESCRIPTION

The town of Porticello is a fraction of the city of Villa San Giovanni, on the Tyrrhenian side
of Calabria. In particular, the study area is located in the terminal part of the Strait of Messina,
a portion of the sea that connects the Ionian Sea with the Tyrrhenian one and which,
separating the two cities of Messina and Reggio Calabria with their respective urban areas, it
separates Sicily from Calabria and therefore from peninsular Italy and the continent. Due to
its morphological characteristics, the Strait can be represented as an inverted funnel,
reaching, at its narrowest point, a width of about 3 km: at this point there is an underwater
saddle, with a minimum depth of about 80 m, which divides the whole area into two sub-
basins with different characteristics; to the north of the saddle (Tyrrhenian Sea), in fact, the
depths gradually increase, unlike the southern part (Ionian Sea) where the seabed becomes
deeper very quickly. Furthermore, the Strait of Messina is the meeting point between two
seas with different characteristics in terms of salinity and temperature. All this means that the
Strait is home to very strong currents, so much so that in ancient times the legends told of the
presence of two monsters (Scylla and Cariddi) that ravaged the navigation between Calabria
and Sicily (Fig. 1).

The coast in question is located between Punta Pezzo and Torre Cavallo (Fig. 2(a)), more
precisely from the Zagarella river to the Commenda Divale river. The stretch considered has
a length of about 1,500 m and is highlighted in red in the Fig. 2(b). The study area is
characterized by a high risk of coastal erosion, as numerous houses are built close to the state-
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Figure 2:  The study area. Location of Porticello on the left. Detail of the examined area on
the right; the stretch of coast studied highlighted in red.

Figure 3: The coastal defence works completed in 2015.

owned area and in some places, the beach is almost non-existent, so much so that in 2015
coastal defence works were completed (Fig. 3). In addition, in the study area, there are several
mouths of valleys and the Santa Trada river.

3 METHODOLOGY
The new methodology proposed therefore arises from the consideration that in the literature
there is no risk assessment method that considers all the main factors that influence coastal
hazard and vulnerability, thus determining a risk index. For its simplicity of application and
for the easy visualization of the results obtained on GIS, a methodology based on indices was
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chosen, applicable on a regional scale, and which is valid for any Italian region, or which can
consider all the factors that influence coastal dynamics.

New indices of coastal hazard and vulnerability were therefore defined, functional to the
determination of a standardized coastal risk assessment procedure. For this purpose, the
Calabria region, which represents a complex case study for the application of the elaborated
procedure, has been divided into three macro-areas according to the different exposure of the
coasts to wave motion: the Tyrrhenian area, the area of the Strait of Messina and the Ionian
area, characterized not only by different climatic characteristics, above all by different
geographical characteristics, in particular in terms of fetch.

All the indices of hazard and vulnerability, appropriately determined, have been classified
on a scale from 1 to 5. In particular, based on the level of hazard/vulnerability, with 1
corresponding to a “very low” grade, with 5 corresponding to a “very high” grade. The
hazard/vulnerability classes have been effectively calibrated according to the indices
considered. With the exception of the factors defined in a range of values already between 0
and 1 (such as, for example, those relating to the wave climate, coastal and river sediment
transport, etc.), a score will be assigned for all other factors between 0 and 1, depending on
the hazard/vulnerability class resulting from the assessment; in particular, the vulnerability
factors that may not come into play in a specific location (such as, for example, the presence
of dune systems, port works, the phenomenon of subsidence, etc.) will be assigned a value
of 0, without compromising the structure of the overall index.

The overall hazard/vulnerability index can therefore be evaluated using the following

equation:
[ = /v%+v%+v§+~-~+v% 0
=

where vy, V,, V3, ..., V,, represent all the indices of hazard/vulnerability described below and
evaluated as reported in Table 1.

Table 1: Hazard/vulnerability classes and assigned score.

Number of classes 1 2 3 4 5
Classification Very low | Low | Moderate | High | Very high
Score awarded 0.2 0.4 0.6 0.8 1

3.1 Indices of hazard

The hazard indices are representative of the factors that strongly affect the coastal erosion
process, such as tides, currents, average sea level rise due to climate change, wave offshore
climate and both coastal and fluvial sediment transport.

As regards the index linked to the variation of the mean sea level (SLR), the classification
proposed by Pendleton et al. [54] who conducted a study on the coastal vulnerability linked
to the rise in the mean sea level, was adopted.

The index that considers the tide range was defined considering the classification
proposed by Davies [55].

The index connected to marine currents was classified according to the average current
values of the Italian seas and the Strait of Messina; in fact, in the area of the Strait of Messina
the currents, due to the conformation of the Calabrian and Sicilian coasts, take on much
higher values than those of the Mediterranean Sea.
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The wave climate index was determined by considering a weighted average, with equal
weights, of four sub-indices, which take values between 0 and 1, thus defined:

1. Index associated to the flow of energy: it takes into account the energy contribution of
the sea states incident on the coast.

2. Index related to the maximum energy flux direction: it takes into account the sectors
from which the strongest waves come, as a coast subject to orthogonal sea states is more
stressed than inclined sea states.

3. Index linked to the change in significant height with the return period, determined using
the Boccotti methodology [56].

4. Index connected to the variation of the run-up with the return period, determined using
the model of Stockdon et al. [57].

The index related to coastal sediment transport varies between 0 and 1, as it has been
defined as the ratio between the annual average longshore solid material flow and its
maximum value calculated in the reference macro-area. Longshore sediment transport was
evaluated based on the model of Tomasicchio et al. [58].

The index linked to river sediment transport was defined in a similar way to that linked to
coastal sediment transport, therefore it also varies between 0 and 1. It was decided to use the
Gavrilovic model [59]: it is a multiparametric empirical model and it is particularly useful
for quantifying the solid transport caused by the soil erosion by water (WSE). WSE is very
important in territories such as Calabria, characterized by basins with high slopes and
irregular hydrological regimes, with alternation between dry periods and sudden flood events.

3.2 Indices of vulnerability

The vulnerability indices allow to describe the degree of susceptibility of the territory to the
phenomenon of coastal erosion: for this reason it is essential to evaluate the evolutionary
trend of the coast (in the recent, short, medium, long and very long term), the geological and
morphological characteristics of the coast (both of the emerged part that of the submerged
part), the presence of dune systems, vegetation and coastal and/or port defence works, the
subsidence rates of the ground and the degree of waterproofing of the coast.

As regards the index connected to the type of coast, the determination of the vulnerability
classes was carried out using the classification proposed by Silva et al. [60], as it is complete
and in line with the types of coasts present in Calabria.

The index relating to the morphology of the emerged coast was determined as the average
of two sub-indices:

1. Index linked to the slope of the beach, whose classification was based on the slope
characteristics of all the coasts of Calabria.

2. Index related to the average width of the emerged beach, whose classification was made
according to the maximum value of the average width of the Calabrian beaches.

The index linked to the characteristics of the submerged part of the coast was determined
as the average of the following two sub-indices:

1. Index associated to the slope of the seabed, classified in a similar way to that related to
the slope of the beach.

2. Index connected to the sedimentology of the seabed, classified according to the various
types of sand that can make up the seabed.
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The index that identifies the evolutionary trend of the shoreline is very important because
it is indicative of the state of health of a coast. This index is based on the estimate of the
average shoreline variation rate, v expressed in m/year, according to which it has been
classified into 5 classes: one for the advancement (v > 0.5), one for the stability (0.5 <v <
0.5), one for erosion (—1 <v <-0.5), one for intense erosion (-2 < v <-1), and one for severe
erosion (v < -2). This evaluation of the evolutionary trend of the shoreline was carried out
for different time intervals: the two most recent available shorelines; a short-term
evolutionary trend, with reference to the shorelines available in the last 5 years; a medium-
term evolutionary trend, with reference to the shorelines available in the last 20 years; a long-
term evolutionary trend, with reference to the shorelines available in the last 30 years; a very
long-term evolutionary trend, with reference to the shorelines available in the past 70 years.
The index associated with the evolutionary trend of the coast was therefore defined as the
weighted average of the various trends referred to the different time intervals considered,
with increasing weight as the time interval increases.

The index associated to the subsidence of the land was classified according to the range
of variability of the subsidence rates, resulting from studies conducted for the Calabria
region.

The index related to the presence of dune systems was evaluated according to the
morphological characteristics of the dunes (height and width, considered orthogonally to the
coastline) and according to the percentage of the shoreline characterized by the presence of
these systems, fundamental for the natural nourishment of the beaches, subject to the action
of the storms.

The vegetation index considers both the vegetation present on the beach (in terms of its
width behind the beach and the percentage of the coastline characterized by the presence of
vegetation), useful for dissipating the energy of the wave motion and reducing erosion in the
case of extreme events, and that present in the seabed, which is represented in the
Mediterranean basin largely by Posidonia oceanica (Boolean: presence/absence).

The index linked to the presence of port works considers the interruption that such a
structure determines in the natural dynamics of the sediments, generating areas of
advancement of the coast and areas of retreat.

The index related to the presence of coastal defence works is evaluated according to the
ratio between the total length of the protected coast and the length of the stretch of coast
considered, thus obtaining the percentage of coverage of the coast by this structure. It is also
possible to consider, in defining the index, the degree of conservation of the structures, as a
damaged barrier will certainly not perform the same degree of protection as a newly built
barrier. Consequently, it is possible to multiply the value of the index by a corrective factor,
significant of the state of conservation of the structures, before proceeding to determine the
corresponding vulnerability class.

Finally, similarly to how the previous index was defined, it was possible to define an index
linked to the portion of the anthropized or cemented coastline, expressed as a percentage,
where the coastline is not identified by the shoreline, but by the presence of a structure or
infrastructure, often protected by grazing structures.

4 RESULTS AND DISCUSSION
The results of applying the methodology described above in the Porticello area are shown
briefly in the following tables (Tables 2—6) which report all the hazard and vulnerability
factors relating to the location in question, the evaluation of which appears highlighted. Note
how the factors relating to dune systems, ground subsidence and the presence of port works
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Table 2: Assessment of the hazard variables.

Hazard classes
Hazard variables Very low Low Moderate High Very high
1 2 3 4 5

SLR (mm/year) <1.8 1.8-2.5 | 25-3.0 | 3.0-34 >34
Mean tidal excursion (m) <1 1-2 24 4-6 >6
Sea currents (knots) <0.5 0.5-1.5 1.5-3 3-5 >5
Wave climate <0.2 02-04 | 04-0.6 | 0.6-0.8 >0.8
Coastal sediment transport <0.2 0.2-04 | 0.4-0.6 0.6-0.8 > 0.8
River sediment transport >0.8 0.8-0.6 | 0.6-04 | 04-0.2 <0.2

Table 3: Evaluation of the wave climate index.

Hazard classes
Very low Low Moderate High Very high

Wave climate index

Total energy flux <0.2 0.2-0.4 0.4-0.6 0.6-0.8 >0.8
Maximum energy flux <02 02-04 | 0406 | 0.6-08 >0.8
direction

Variation of significant <02 02-0.4 0.4-0.6 0.6-0.8 ~0.8
height with return period ) T T o )

Variation of run-up with <02 02-04 | 04-06 | 0608 | >08
return period

Table 4: Assessment of the vulnerability variables.

Vulnerabilit Vulnerability classes
. Y Very low Low Moderate High Very high
variables
1 2 3 4 5
Rocky, Mefilum Low cliffs, Cobble Sand
. cliffs, . beaches, beach,
Type of coast cliffed . alluvional
indented . estuary, dunes
coast plains
coast lagoon system
Emerged coast | 0.2-0.4 0.4-0.6 0.6-0.8 >0.8
morphology
Submerged
coast 0.2 0.2-0.4 0.4-0.6 0.6-0.8 >0.8
morphology
Evolutionary
trend of ~05 | 05t0-05 | 05t0-1.0 | 1.0to-20 | >-20
shoreline
(m/year)
Vegetation Presence of Posidonia Oceanica (0.5)
Coastal >038 0.8-0.6 0.6-0.4 0.4-0.2 <02
defence works
Degree of
anthropization <0.2 0.2-0.4 0.4-0.6 0.6-0.8 >0.8
of the coast
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Table 5: Evaluation of the coastal morphology indices.

Vulnerability classes
Coastal morphology indices Very Low | Moderate | High erry
low high
o - - —
Emerged ieach slop.edih/o)f‘[h >12 12-9 9-6 6-3 <3
part verage width OTthe | >80 | 80-60 | 60-40 | 4020 | <20
beach (m)
Seabed slope (%) <2 2-6 6-10 1020 | >20
Submerged Seabed Very Coarse | Medium Fine Very
part sedimentolo coarse sand sand sand fine
gy sand sand
Table 6: Evaluation of the evolutionary trend of the shoreline indices.
Evolutionary trend of - Vulnerability classes -
the shoreline indices ey Low Moderate High ey
low high
Most recent (m/year) | >0.5 | 0.5t0—0.5 | -0.5to-1.0 | -1.0to-2.0 | >-2.0
Short-term (m/year) | >0.5 | 0.5t0 0.5 | -0.5t0o-1.0 | -1.0to 2.0 | >-2.0
Middle-term >05 [ 05t0-05 | 05t0-1.0 | -1.0t0-2.0 | >-2.0
(m/year)
Long-term (m/year) | >0.5 | 0.5t0-0.5 | -0.5t0-1.0 | -1.0to 2.0 | >-2.0
Very long-term >05 [ 05t0-05 | 05t0-1.0 | -1.0t0-2.0 | >-2.0
(m/year)

are not present in the tables, as they do not characterize the study area. These variables have
been assigned a zero value in the application of the eqn (1).

As regards for the tide variations, in the Messina Strait area, the excursion is modest (0.2—
0.3 m), as obtained from the analysis of the historical series of the tide gauge located in the
cities of Reggio Calabria and Messina. It has been estimated that in the studied area the
currents have a value of about 3—4 knots, while in the Tyrrhenian and lonian they vary
between 0.4 and 0.7 knots. The wave climate was analysed starting from the data obtained
by applying the ABRC-MACRO software, developed by HR Wallingford Ltd. All the
vulnerability characteristics analysed were obtained from various cartography data, which
consists of historical shorelines taken from the Calabrian Geoportal, orthophotos taken from
the National Geoportal and satellite imagery from 2015 to today provided by Google Earth.

Finally, the overall hazard index is equal to 0.69, while the vulnerability index is equal
to 0.50.

5 CONCLUSIONS
In territories such as Calabria (Italy), characterized by approximately 750 km of coastline
subjected to considerable anthropogenic pressures which have caused extensive erosion, a
methodology for assessing the coastal erosion risk is strongly required.

The paper describes the definition of a new index-based methodology, which unlike those
present in the literature, allows to consider all the factors that come into play, with a
standardized and generally valid procedure. The methodology developed, in fact, allows to
define two indices of hazard and vulnerability. The hazard index considers all the natural
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processes that contribute to the phenomenon of coastal erosion, such as tides, currents,
average sea level rise due to climate change, wave climate and both coastal and river sediment
transport. The vulnerability index, on the other hand, includes all those characteristics of the
coast that can make it more or less vulnerable to coastal erosion, such as its geological and
morphological characteristics (both of the emerged and submerged part), its evolutionary
trend, the presence of dune systems, vegetation and coastal and/or port defence works, the
subsidence rates and the degree of waterproofing of the coast. The paper also describes the
results of the application of the new methodology in Porticello, located in the terminal part
of the Strait of Messina (Calabria, Italy).

These results can be combined with the definition of a third index that considers the value
of structures, infrastructures, population, cultural heritage, etc. present in the risk area and
thus obtain a coastal risk index. From a different combination of the described factors, it will
also be possible to evaluate the coastal flooding risk, thus developing a multi-hazard
assessment methodology. The results obtained from this methodology can also be plotted on
a free access GIS platform, thus offering a useful tool to administrations and stakeholders.
For this reason, the methodology described in this paper is of particular relevance and interest
in the planning and management of coastal areas.
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