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Abstract: Lipari is the largest and most populated island in the Aeolian Archipelago, a UNESCO
site, and a highly frequented touristic destination. As in many other insular settings, the low-lying
coastal stretches in the E and NE sectors of Lipari are locally exposed to coastal erosion and flooding,
enhanced by subsidence effects leading to local sea level rise. Most of these coastal sectors appear

check for critical, being narrow and increasingly threatened by the risk of permanent inundation and beach
updates disappearance. In this study, this setting is placed in the wider context of the decadal evolution of
Citation: Romagnoli, C.; Bosman, A;  the main beaches, analysed through a multidisciplinary approach, which includes remote sensing
Casalbore, D.; Anzidei, M.; Doumaz, techniques (aero-photogrammetry, unmanned aerial vehicle survey, and satellite data), offshore

F; Bonaventura, F:; Meli, M.; geophysical surveys (high-resolution multibeam bathymetry), and field observations. The results

Verdirame, C. Coastal Erosion and . . o . . .
cramame, . -oastal Brosion an show a variable interaction in space and time between natural and anthropogenic factors in the long-

Flooding Threaten Low-Lyin; . . . s .
& e and mid-term evolution of the studied coastal areas. Considering that part of the local economy at

Coastal Tracts at Lipari (Aeolian

Islands, Italy). Remote Sens. 2022, 14,

2960. https://doi.org/10.3390/

1514132960

Lipari depends on beach tourism, proper future management is required in the view of natural risk
reduction and in the light of future climate changes and related impacts.

Keywords: coastal flooding; sea level rise; land subsidence; anthropogenic impacts; volcanic coasts;
Academic Editor: Jorge Vazquez

global change
Received: 29 April 2022
Accepted: 19 June 2022
Published: 21 June 2022

1. Introduction
Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in The coasts of volcanic islands are extremely dynamic environments, where geomor-
published maps and institutional affil-  Ph0logical processes commonly occur at high rates (often with alternating behaviour). In

iations. addition, these coasts are influenced by factors related to eruptive and volcano-tectonic

activity, such as the local production of volcanigenic sediments, the occurrence of vertical
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volcanic Aeolian Archipelago (southern Tyrrhenian Sea, Italy; see Figure 1). Its subaerial
volcanism developed >267 ka ago and lasted to the medieval ages [6,7]. Recent eruptive
activity (8 to 1.2 ka ago) in the NE sector of the island produced the peculiar obsidian
flows (the Rocche Rosse and Pomiciazzo lava flows in Figure 1) and the rhyolitic pumice
successions, which have been exploited since prehistoric times [8]. The eastern coast of
Lipari has been the seat of the widespread historical [9,10] and present settlements, which
are also due to the touristic destination of the island. Since 2000, in fact, the Aeolian
Archipelago has been a UNESCO site, and thanks to the peculiar volcanism of the area,
the aesthetic quality of the landscape, and the pleasant climate, it attracts hundreds of
thousands of visitors per year. The economy of Lipari is mainly based on tourism and
fishing. Due to this, the buildings consist of a mix of those for residential and for commercial
use [11]. Most of the ground floors of the residential buildings are dedicated to commercial
activities, especially when connected with tourism on the harbours and beaches. Other
types of buildings, such as churches, castles, monuments, and industrial sheds are also
present on the island.
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Figure 1. High-resolution digital elevation model of Lipari Island and offshore sectors (contour
depths in meters), with location of the coastal areas under study. Red boxes and color dots represent
the areas of the maps and the location of the pictures reported in the following figures, respectively.
Red triangles represent the location of subsident historical-archaeological sites (see text for details).
The position of the main canyon and channel heads affecting the eastern coastal area of Lipari in
shallow water is also indicated, together with that of other submarine features cited in the text (IS:
insular shelf, SDT: submarine depositional terrace). In the inset: location of the Aeolian Islands in the
southern Tyrrhenian Sea.

However, the waterfront of Lipari village and of other sites in the eastern and north-
eastern coast of the island is increasingly exposed to flooding and coastal erosion, causing
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local damage to villages and infrastructure (Figure 2). To counteract the coastal retreat,
defence structures have been locally adopted, but without definitive resolution [12]. Further-
more, coastal vulnerability in the area is enhanced by the occurrence of subsidence [13,14]
and by the presence of active canyons offshore in the coastal belt. Their heads are very
close to the coastline, at a depth of a few metres, and thus represent a major geohazard
for the local communities due to possible retrogressive erosion and coastal failure occur-
rence [15,16]. This setting is increasingly threatened by the impacts of climate change, such
as sea level rise and the occurrence of storm surge events, and there is the risk that these
beaches may disappear in the future with the subsequent flooding of the coastal zone [17].

Figure 2. Coastal areas in the eastern and north-eastern Lipari sector particularly affected by flooding

during storm surges: (a) Marina Lunga, (b) Canneto, (c,d) Acquacalda. Location of pictures is in
Figure 1 through respective colored dots.

In this study, the evolution of the low-lying coastal stretches in the NE and E sectors of
Lipari in recent decades was qualitatively analysed through a multidisciplinary approach,
including remote sensing (historical aerial photographs and unmanned aerial vehicle, i.e.,
UAV-based aero-photogrammetry and satellite data) and offshore geophysical surveys
(high-resolution multibeam bathymetry), integrated with field observations. The purpose
of this research is: (i) to reconstruct the long- and mid-term evolution of the studied beaches;
(ii) to identify the long-term patterns of coastal change, especially in those sectors where
the interaction between the natural and anthropogenic processes is relevant to the coastal
evolution; and (iii) to point out, among the most populated coastal sectors of Lipari, those
areas which are more critical in the light of future climate changes and related impacts and
to consider subsidence and local sea level trends.

2. Geological and Oceanographic Setting

Lipari is a part of the Aeolian Archipelago, which is an arc-shaped volcanic structure
made of seven islands; it is located in the southern Tyrrhenian Sea (Figure 1 inset) and is
caused by subduction-related dynamics [18,19].
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The island of Lipari is characterized by a rugged morphology up to 602 m in elevation
and represents the emerged culmination of a mainly submarine volcanic complex, with
its base at around a 1000/1300 m water depth (hereafter wd) [20]. Its volcanic history
has been described on a stratigraphical and chronological basis by Forni et al. [7]. The
older exposed volcanic centers are located along the western and north-western part of
Lipari and, in the eastern side of the island, in the Monterosa promontory (Figure 1). These
earlier volcanic units have subsequently been partly overlapped by younger pyroclastic
deposits. The volcanism in the last 4020 ka was located in the southern and north-eastern
sectors of Lipari. During the last eruptive epoch (8.7 ka—AD 1220, see [7]), a composite
dome-field was constructed in the north-eastern sector of Lipari through the widespread
emission of the rhyolitic pumiceous successions of the Mt. Pilato cone (Figure 1) and
viscous, obsidian-rich lava coulees (the last one, Rocche Rosse, dated at 1220 AD, reached
the sea, where it is prolonged in the submarine sector, Figure 1).

The coastal and shallow water setting of Lipari reflects its eruptive history. A well-
developed insular shelf (IS in Figure 1) is present along the western and north-western side
of the island, while on the eastern and north-eastern side this feature is almost absent (apart
from around Monterosa), in agreement with the occurrence of relatively young coasts in
these sectors [21]. Pristine submarine lava flow morphologies are also visible down to c.
600 m wd in the NE submarine flank of Lipari (Figure 1), providing further evidence of
the youth of this sector [20]. The different age and kind of eruptive products (lavas vs.
pyroclastics) primarily control the coastal morphology and the beach development. The
eastern coast of Lipari is divided by the E-W-oriented Monterosa promontory with cliffed
coasts (Figure 1), while to the north and south of it, low-lying coasts are present and form
narrow sandy/cobbly beaches (Porticello, Papesca, Canneto, Marina Lunga, and Portinente
in Figure 1), alternating with rocky cliffs and headlands. The beach of Acquacalda is instead
located on the northern coast of Lipari, west of Rocche Rosse (Figure 1). All these beaches
were already present in historical maps and are also described by Luigi Salvatore d’Austria
at the end of the 19th century [22], indicating that they are not of new formation. Their
sediment supply can be attributed to the different drainage basins [23] that contribute
to the feeding of these beaches with volcaniclastic sand and other material connected
with the outcropping lithologies that, in the studied area, are pyroclastic rocks and lavas
with rhyolitic, basaltic, and andesitic compositions. The surface runoff at Lipari is mostly
related to an ephemeral stream network with seasonal activity [7], with dry conditions
prevailing for much of the year. However, sudden flash-flood events occur locally in
response to intensive rains, causing flows with a heavy sediment load which is able to
reach the coast [24], as recently occurred at the Calandra creek in the northern part of
Canneto [25,26]. This may result in a large accumulation at the coast and local, temporary
shoreline advancements.

2.1. Subsidence and Relative Sea Level Change in the Coastal Sectors

Vertical land movements (hereafter, VLMs) play a decisive role in the local sea level
change experienced at the coast (Relative Sea Level, hereafter RSL). On the geological
time scale, the reconstruction of vertical land movements on Lipari Island is mostly based
on geomorphological paleo-sea level markers such as raised marine terraces [27]. They
indicate an average (uniform) uplift trend of 0.34 mm/yr for the last 124 ka, driven by
purely tectonic processes affecting the sub-volcanic basement on a regional scale. In recent
decades, the information on VLMs provided by geological evidence has been integrated
with instrumental and archaeological-historical markers, supporting the occurrence of an
inversion of the VLM trend causing the submergence of coastal sectors along the eastern
coast of Lipari, at least in the last 2000 years. In detail, from the present depth of a
submerged Roman pier, Anzidei et al. [14] estimated a subsidence rate of about 5.79 mm/yr
for the last 2100 yrs in the Marina Lunga area (Figure 1 for location). Calanchi et al. [13]
estimated an average subsidence rate of up to 10 mm/yr for the last century at the Marina
Corta site (Figure 1), based on the gradual drowning of historical settlements, such as the
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small church of Anime del Purgatorio and the old Port offices [28]. Submerged historical
settlements are also described on the southern coast of Monterosa ([29]; see Figure 1 for
location). This evidence is supported by continuous Global Navigation Satellite System
(GNSS) data collected in recent decades, which indicate a current subsidence trend with
rates of up to 11 mm/yr in some sectors of Lipari Island [30,31]. Such high subsidence rates
might be locally linked to seaward, deep-seated deformations in the coastal sectors where
the retrogressive erosion of canyon heads has been documented [16].

With regard to the recent sea level variability at Lipari, the lack of any tide gauge (TG)
prevents the continuous measurement of the local RSL on the island. All the closest TGs
(i.e., Messina, Reggio Calabria; Ginostra, and Strombolicchio in very recent times) provide
a discontinuous or too-short sea level time series [32] and are located in very different
geological settings. Furthermore, as the TGs are attached to land they suffer from the
contribution given by the local vertical land movements that appear different from one
location to the other. The only possible data for reconstructing the sea level at the scale of
the recent decades are thus provided by satellite altimetry (SA). Thus, we use this approach
in our estimation of the recent sea level change at Lipari.

2.2. Wind and Wave Climate

The information regarding the wind conditions in the central Aeolian Islands in the
last decades of the 20th century is reported by Cicala [33]. In the Aeolian Archipelago,
winds coming from the NW and W are predominant; therefore, the most energetic wave
approach is from the westerly directions. Storms from the Tyrrhenian Sea, in fact, struck
the western coastlines of the islands with a fetch of c. 300 nautical miles. At Lipari, storms
due to winds from the NW and W were recorded for 34% and 26% of the time, respectively,
in the time frame of 1976-95; however, the related effects of wave erosion along the NW
coastline are partly reduced by the shadow effect of the nearby Salina Island (Figure 1,
inset). Storms from the SE (due to the Scirocco wind, about 11% of the time, [33]) and E
(Levante and Grecale, 3% and 4% of the time, respectively) affect, in turn, the south-eastern
and eastern coasts of Lipari, causing severe flooding and damages (Figure 2a,b) as most of
the low-lying coasts are located on this side of the island and are exposed to this wave’s
provenance. Storms from the N are less common (6% of the time according to [33]), but they
can occasionally impact the northern Lipari coast with high energy (Figure 2c,d). Updated
and more complete measurements on the wind and wave regime are not available, and this
prevents any possible quantitative link between these processes and the observed coastal
evolution.

Indications on the wave climate (wave directions and height) are provided by the
model WAVEWATCH I [34] of NOAA (National Oceanic and Atmospheric Administration)
on a 30-year time span, from 1979 through to 2009, for a point located to the east of Lipari
(38.5 Lat. and 15.00 Long.). This model runs with the new NCEP Climate Forecast System
Reanalysis Reforecast (CFSRR) 30-year homogeneous dataset of hourly 1° spatial resolution
winds, to generate a wave climatology [35]. The data indicate a prevailing direction of
the waves from the NW, with a maximum significant wave height of 3.5 m and a very
minor frequency from the SE (Figure Ala). The storms from the latter provenance affect
the eastern and southeastern sectors of Lipari Island, with maximum heights estimated
at 2.5 m (exceptionally, 3 m) (Figure Alb,c). However, the occurrence of low-lying and
subsident coastal areas here causes most human settlements to be particularly exposed to
storm surges and flooding.

3. Materials and Methods
3.1. Coastline Evolution

The multi-decadal coastline evolution of the NE and E low-lying sectors of Lipari
has been analyzed based on historical aerial photographs from different sources (Table 1),
dated from 1954 to 2013, with different scales and accuracy. These have been georeferenced
in ArcGis 10.1, using as a reference the high-resolution orthophotos collected by UAV
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surveys in the frame of the Savemedcoasts and the INGV-DPC (Istituto Nazionale di Geofisica e
Vulcanologia-Dipartimento di Protezione Civile) V3 projects. High-resolution orthomosaics
were acquired in the Marina Lunga and Marina Corta coastal areas (2014) and in Acqua-
calda, Canneto, and Portinente (2017). During the UAV flights, several hundred aerial
photos were collected from an elevation of about 70 m above the ground. The surveys
included several tenths of the ground control points, measured by the GNSS-RTK tech-
nique to georeference the images and adjust the geometrical distortions. The processing
was carried out by Agisoft Metashape® and PIX4D® software, leading to a resolution
of about 2 cm/pixel for each one of the produced orthomosaics. The georeferencing of
the aerial photographs, from which the shorelines were then digitized, was based on the
identification of the ground control points (GCPs) in the locations that have not experienced
topographic change in recent decades and the matching with the same points identified on
the UAV-derived orthophoto. The number of used GCPs varied by image; those selected
were primarily those close to the shoreline and/or corresponding to the edge of the fixed
coastal structures. The errors associated with the georeferencing procedures (RMSE) were
estimated as ranging from 0.3 to 2.7 m. While these values can be considered relatively
high for some photographs when compared to the modern topographic data acquisition
methods (e.g., LIDAR or GNSS), such uncertainties are considered acceptable given the
long-term scale considered (i.e., multi-decadal) and the semi-quantitative/qualitative ap-
proach. We, in fact, do not focus on the possible short-term shoreline variability at the
seasonal scale; we aim, rather, to identify long-term patterns of coastal change, necessarily
averaged over decadal time intervals. To this purpose, the shorelines were digitized, and
their displacements in the different time intervals were estimated with Digital Shoreline
Analysis System (DSAS®, v.5.1), an open-source software realized by USGS (United States
Geological Survey) that works in ESRI ArcMap as an add-in. The end point rate (EPR) was
estimated along transects spaced at 10 m for the different time intervals, as the ratio of the
distance between the two successive shorelines and the time elapsed between them [36].
The results are reported in Appendix A (Figures A2-A7). However, in the following maps
we show only a limited number of shorelines, i.e., those resulting in more significant change
for that specific coastal stretch in terms of horizontal displacements at the decadal scale.

Table 1. Data used for reconstructing the shoreline variations through traditional aerial photographs
and UAV-based surveys. IGM: Istituto Geografico Militare, Italy; A.T.A: Assessorato Territorio e
Ambiente, Regione Sicilia, Italy.

Date Scale/Ground Sample Distance Source
28 October 1954 1:36,000 IGM
15 July 1967 1:28,000 IGM
June 1978 1:10,000 Regione Sicilia (A.T.A)
5 July 1987 1:10,000 Regione Sicilia (A.T.A.)
30 October 1995 1:40,000 IGM
25 July 2005 1:28,000 IGM
17 June 2010 1:10,000 Geoportale Nazionale
2012-2013 1:10,000 Regione Sicilia (A.T.A.)
September 2014 0.02m UAV Survey
21 September 2017 0.02m UAV Survey

To better understand the morphological setting of the beaches and generate the water-
sheds and river networks, we also used LIDAR data collected on 16 March 2008, provided
by Ministero dell’ Ambiente e della Tutela del Territorio e del Mare (MATTM). Specifically, to
analyze the morphological features and reconstruct the high resolution DEMs, we used
the strips raw data file (laz format) with an equidistance of the point cloud of about 0.4 m
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along the track and 0.7 m across the track. The point clouds were classified by means of
the LIDAR module of the Global Mapper Pro 22.1 software, generating a digital surface
model (DSM) at a 0.5 m resolution. Historical and present-day oblique photographs of the
studied coastal areas were also collected where available, providing qualitative but useful
indications on the coastal evolution at the decadal scale. Finally, direct observations in the
field were carried out in November 2017 in most of the studied coastal areas, to check the
present setting and geological-sedimentological characteristics of the beaches.

Observations on the shallow-water morphology of the studied coastal tracts are based
on high-resolution multibeam bathymetric data, acquired in 2014 in the submarine portions
of Lipari Island (between 0.5 and 150 m wd) by CNR-IGAG (Consiglio Nazionale delle Ricerche)
and INGYV in the frame of the INGV-DPC V3 project. These surveys were carried out in
shallow-water areas with a six-meter-long boat, using a Teledyne Reson 7125 (400 kHz)
multibeam system and GNSS-PPK positioning (see details of acquisition and processing
in Bosman et al. [15]). A high-resolution digital elevation model (DEM) with a cell-size of
0.1 m in very shallow water (down to 40 m wd) to 0.5 m at greater depths (within 100 m wd)
was produced and merged with the subaerial data (LIDAR), providing further information
on the coastal setting and dynamics. Moreover, the backscatter intensity snippet data
acquired with the same Teledyne Reson 7125 SV2 system were used for determining the
seabed reflectivity through a bottom-detection application based on footprint time-series
data. Backscatter intensity (BS) maps were created using the QPS FMGeocoder hydrographic
software, after applying variable angle gain (AVG) and beam pattern correction to remove
angular-dependent artifacts. Processing was carried out on selected areas of the canyon
heads at Acquacalda, Porticello, and Portinente, generating backscatter mosaics with a
resolution of 30 cm (Figure A8). These data provide information on the nature of the
seafloor and on the active sedimentary processes, such as grain/debris flows.

3.2. Sea Level

Since the early 1990s, the sea surface height (SSH) has been measured from space
using high-precision radar altimeters. This technique allows an estimate of local sea level
changes in the reference system of the Earth’s center of mass and currently provides a time
series which is over 28 years long. Satellite altimetry was originally optimized for the open
ocean, and this led to some problems when the SSH was measured in coastal environments
(up to about 20 km from the coast) as the data accuracy suffered from rapid degradation
and distortion [37]. In order to overcome these issues, and following the huge interest that
the coastal areas represent for populations and economies worldwide, a lot of effort has
been made by the altimetry community throughout the last 15 years towards producing
new products such as X-TRACK [38] and ALES [39] and achieving considerable progress
in data processing [40,41], which has returned a strong improvement in a coastal altimetry
data accuracy as close as possible to the coastline.

In this work, we used the X-TRACK regional product [42] as it is currently one of the
most widely used and tested products for coastal applications, and it also provides a long
time series (1993-2020) by combining data from the TOPEX/Poseidon (cycle 17), Jason-1,
Jason-2, and Jason 3 (cycle 158) altimeter missions. This product was developed by the
Center for Topographic studies of the Ocean and Hydrosphere (CTOH), reprocessed on a
regional basis with the X-TRACK software [37,38,40] developed at LEGOS and provides a
time series of 1 Hz (1 s), i.e., every ~7 km along the tracks of the satellite. According to the
procedure of Birol et al. [38], the SSH values are adjusted with dedicated corrections, and a
mean sea surface height (MSSH) is computed along the ground nominal track to obtain
along-track sea level anomalies (SLAs).

We selected the three closest points to Lipari along the track 059 (enclosed within
the yellow point in Figure 3a), located, respectively, ca. 4.5, 8.5, and 11 km away from
the island’s eastern coast. The series were first stacked, and then, a monthly averaging
was computed from the near 10-day sampling data in order to obtain an SLA time series
(Figure 3b), representative of the local variability for the time span of March 1993-May
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2020. To compute the linear trend over the considered period, the monthly series was
first corrected for glacial isostatic adjustment (GIA) [43], and then the mean seasonal cycle
was subtracted from the mean sea level; thus, the data autocorrelation in time was taken
into account, following Zervas [44], in order to achieve a proper estimate of the trend and
related error (3.1 £ 0.4 mm/yr; red dashed line in Figure 3b). Furthermore, in order to
appreciate the non-linear variability in SLA, a low-pass filtered curve (Lowess smoothing)
is plotted in Figure 3b (blue line).
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Figure 3. (a) Location of track 059 (red dotted line) of X-TRACK across southern Tyrrhenian Sea; the
yellow dot highlights the position of the data considered in this work; (b) monthly mean SLA time
series (black) with linear trend (red) and superimposed Lowess smoothing (blue).

4. Coastal Evolution in the Recent Decades

The multi-decadal evolution of the main beaches in the low-lying northern and eastern
coastal tracts of Lipari has been qualitatively reconstructed through remote sensing and
geophysical data, focusing on specific “key sectors”, for which the role of the interacting
natural and anthropogenic effects can be better appreciated. Furthermore, the integration
with the data on the nearshore, often neglected in coastal studies due to the difficulties
in acquiring data in shallow water, provides additional, qualitative information on the
offshore coastal dynamics.

4.1. Acquacalda

The Acquacalda beach is located on the northern coast of Lipari, west of the Roc-
che Rosse lava flow, in a wide bay extending for about 1500 m in an E-W direction
(Figures 1 and 4). The Acquacalda village develops along the coastal front (Figures 4 and 5)
and, due to the reduced extension of the beach, it is hurt by high-energy storms, such as
that in December 2019, causing damage to the structures, (Figure 2c,d). The beach is mostly
gravelly, with lava blocks and scoriae up to 15-20 cm in size, reflecting the lithology of the
small drainage basins inland [23]. At the eastern edge of the beach (Figure 4c), abundant
white pumice fragments are also observed. In this tract, in fact, a pumice quarry is located
upslope with respect to the bay (Figure 6a), within a small hydrographic basin drained by
a creek that feeds this coastal stretch.
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Figure 4. Panoramic view of the Acquacalda bay (a) and zoom of the central (b) and the western side
(c). Location of pictures is in Figure 1 through respective colored dots.
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Figure 5. Map of Acquacalda sector, with zoomed areas in the western (a) and eastern (b) part of the
beach and selected shorelines. See Figure 1 for location of both maps. White arrows show the active
canyon heads located in the nearshore.
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Figure 6. (a) Pumice exploitation plants in 2017. Note the location of the small pumice quarry upslope

from the eastern edge of the Acquacalda beach; (b) the coast to the south of Porticello where some
pumice excavation waste materials still reach the beach. The location of this picture is in Figure 1
through the respective colored dot; its point of view is indicated in (a).

The analyzed aerial photographs, since 1967, show a wide local variability of the
shoreline position in space and time, with alternating advancement and retreat at rates
commonly within 1-2 m/year (Figure A2). The main variations (from positive to negative
rates and vice versa) are frequently observed in the correspondence of piers intercepting
the longshore transport of sediment, which is here mostly directed from the west to the
east, causing an offset in the coastline (Figures 5 and A2). The overall shoreline variation in
the time span of 1967-2017 (Figure A3) shows a slight net shoreline advancement in the
western part of the bay, and a slight net shoreline retreat in the eastern part, both occurring
at low average rates (below 0.4 m/year, Figure A2).

It is worth noting that, as is visible in the multibeam bathymetric map, the Acquacalda
canyon is present in front of the western portion of the bay (Figures 1 and 5b, white arrows)
carving the nearshore into an articulated canyon head. This is incised to a minimum depth
of less than 10 m, just 65 m away from the coast, and is prolonged in the offshore area
to a depth over 300 m (Figure 1). The backscatter intensity map (Figure A8) suggests the
occurrence of active channelized flows in the canyon head, transporting sediment from the
nearshore to a higher depth. The convex shape of the bathymetric contours in front of the
eastern edge of the beach suggests, instead, some marine deposition in correspondence
with the wider beach located here (Figure 5b), which, however, shows a shoreline retreat in
recent years (2017, with respect to 2013, see Figure A2) and, more generally, in the whole
time span of 1967-2017.

4.2. Porticello and Papesca

The coastal sector of Porticello, located south of the Rocche Rosse promontory
(Figures 1 and 6a), includes the coastal area at the foot of the main pumice quarry ex-
ploitation plant and some small pocket beaches alternating with rocky cliffs more to the
south. The beaches in this sector are gravelly and sandy, with lava blocks and scoriae up to
15 cm in size, and are very rich in (cm-size or finer) white pumice fragments. The dominant
lithology in this sector, in fact, is represented by pumice and obsidian detritus deriving
from the erosion of the Mt. Pilato pumice cone and the Rocche Rosse and Pomiciazzo flows
inland ([7,23]; Figure 1). During the recent period of the pumice quarry exploitation (since
the second half of the 1950s), the excavation waste materials were largely accumulated at
the coast, where they entered the sea, giving this coastal tract a very peculiar appearance
(Figures 6 and A9a) and also feeding the beaches in the downdrift coastal stretch. During
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the 1990s, most of the waste materials were partly moved inland for environmental reasons,
and since then, a more reduced part of the pumice detritus has reached the sea; the pumice
extraction has definitely ceased since the 2000s, as was requested for the entry of Lipari
and the Aeolian Islands onto the World Heritage List [45].

One of the long boarding jetties built in front of the plant at the time of the most
recent extraction activities (Figure A9a) is still present (Figures 6 and 7a, dotted white line).
However, it does not alter the coastline morphology here because it is open to waves and
currents. About 100 m north of it, a concrete jetty, shorter but larger, appears instead to
have controlled the local shoreline position on its updrift (northern) side for some hundred
meters to the north (Figure 7a). After its emplacement, in fact, the coastline advanced here
(see shoreline displacement from 1978-2005 in Figure A3), causing an offset with respect to
the downdrift (southern) side and indicating that the prevalent longshore sediment drift
direction here is from the north to the south. This trend inverted in more recent years (i.e.,
after 2005) but remained prevalent over the overall time frame of 1978-2013, with average
rates over 1 m/yr (Figure A3). A generalized, more limited advancement is also visible in
the shoreline to the south of the pier (Figures 7a and A3).
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Figure 7. Zoomed maps of Porticello (a) and Papesca (b) sectors and selected shorelines. The white
dotted line in (a)represents the location of the boarding jetty built in front of the pumice exploitation
plant; white arrows show the active canyon heads located in the nearshore. See Figure 1 for location
of both maps.

In the submarine sector, the bathymetry shows a straight canyon head (Porticello
canyon, Figures 1 and 7a) in front of the beach. This feature is 300-400 m wide and its
head is located at a very shallow depth (just —5 m), 40 m from the coast. The backscatter
intensity map (Figure A8) suggests the occurrence of active channelized flows in the canyon
head, transporting sediment from the nearshore to a higher depth, and likely reducing the
sediment accumulation in the nearshore. Conversely, a wide and flat area is present in the
shallow water (maximum depth around 15 m) to the south of the main pier (Figure 7a). It
represents the summit part of a submarine depositional terrace (SDT in Figure 1), which
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is mainly fed by the accumulation of the abundant volcaniclastic material of the pumice
quarry waste (giving the light blue color in the nearshore, see Figure 6a) that reached the
sea and has been reworked by waves and currents.

More to the south, the two long, gravelly-sandy pocket beaches of Papesca extend on
both sides of a rocky cliff (Figure 7b). They show a gradual and marked advance of the
coastline from 1954 to 1967 and, particularly, from 1967 to 1987 for the northern sector and
from 1978 to 1987 for the southern sector (at average rates of around 4 m/yr). This led to
the merging of the two beaches in a unique, wide coastal belt (Figures 7b and 8a,b). This
advancement is probably due to the large pumice detritus supply that fed the beach in this
period, when the pumice plant was active and the excavation waste materials reached the
sea, being transported southward by longshore currents. The wider extension reached by
the beach in the northern sector of Papesca, with respect to the southern one, is likely the
consequence of the presence of a wide and flat top submarine depositional terrace in the
shallow water (SDT in Figure 1) that favored the coastal progradation here (Figure 7b). In
contrast, a canyon head is present more to the south, reaching a minimum depth of less
than 5 m and a distance from the coast of 3040 m (Figure 7b). It likely contributes to the
subtraction of sediment from the nearshore, contrasting with the shoreline advancement
here. A generalized shoreline retreat appears to occur after 1987, and even earlier in the
northern sector of Papesca (Figures 7b and A4), with average retreat rates up to over 3 m/yr
until 2005. Then, the retreat rates markedly decreased to values around 1 m/yr between
2005 and 2013 (Figure A4), and in the shoreline of 2013, the two beaches appear to be again
divided by a rocky cliff (Figures 7b and 8c). This retreat can be addressed as being due to
the reduction in the pumice detritus supply from the end of the 1980s to the beginning of
the 2000s. Nowadays, only the local accumulation of pumice is present on the beach ridges
and in the backshore (Figure 8c).

-+

Figure 8. Images of Papesca beach from the end of 1970s to the beginning of the 1980s (a,b), showing
the large extension of the beach at that time, due to abundant supply of pumice fragments moved by
the littoral drift. Today (c), the same beach appears severely retreated (compare images with respect
to the cliff in the background) and pumice fragments are locally accumulated only as narrow white
stripes on the beach ridges. Location of pictures is in Figure 1 through the respective red-colored dot.

4.3. Canneto

North of the Monterosa promontory, the wide, arc-shaped Canneto bay is opened to
the east for a total length of about 1600 m (Figure 1). The village of Canneto developed
all along the bay (Figure 9a) and is particularly exposed to the effects of storm surges in
its southern sector (Figure 9b). The beach of Canneto is gravelly—sandy and is made of
volcaniclastic materials, reflecting the lithology of the respective hydrographic basins (lava,
scoriae, and distal rhyolitic pumiceous deposits; [23]). This coastal tract, in fact, receives
some sediment input from inland through small creeks with a torrential regime (such as
the Calandra creek, see location in Figure 10) draining the inland areas; in correspondence
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with the flash-flood events, abundant sediment sporadically reaches the coast, giving
way to local shoreline advancements of tens of meters and causing severe damage to the
infrastructure (Figure A9b; [25,26]). Pumice fragments, floating and transported by waves,
are present on the beach mostly in the central-southern part of the bay, both as patches
and concentrated on beach ridges and the berm (Figure A10a,b). Comparing the 0/—1 o
(1-2 mm) grain-size fraction of the beach foreshore sediment from the northern side to the
middle part to the southern side of the Canneto beach, the downdrift enrichment in the
lighter pumice fraction is evident (Figure A10c), indicating hydraulic selection from the
prevalent southward direction of the littoral drift.

Figure 9. (a) Image of Canneto bay, with the central pier intercepting the littoral drift from N to S.
The submerged breakwaters are also visible in the coastal area, south of the pier; (b) image of the
southernmost beach of Canneto during a storm. Location of pictures is in Figure 1 through respective
colored dots.
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Figure 10. Map of the northern Canneto sector and selected shorelines. White arrows show the active
canyon heads located in the nearshore. Location in Figure 1.

Further, clear evidence of the southward-directed littoral drift is represented by the
effects of the transversal human-made structures, such as the main concrete pier constructed
in the 1960s and 1970s in the middle of the bay, intercepting the north-to-south-directed
littoral drift. This effect was still more evident in the following decades, when this structure
was prolonged, giving way to a marked coastline offset between the up- and downdrift
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sides (Figure 9a). The reconstructed shorelines show a localized beach advancement
updrift, with maximum values of 30 m between the 1954 and 1967 shorelines (the rates
locally were over 2 m/yr; Figure A5) in the northernmost part of the Canneto bay, with
respect to a small pier located here (Figure 10). Further shoreline advancement is observed
from 1967 to 1995 in the sector encompassed between this and the main pier, where an
offset of over 50 m is visible on the shoreline between the updrift and downdrift sectors
(Figures 9a and 10). The southern part of the bay in these time intervals experienced,
instead, alternating advancement and retreat (Figure A5). After 1995, the coastline was
quite stable in the updrift side of the main pier, but it has retreated about 20 m in the
northernmost sector of Canneto beach, especially since 2005. Conversely, to the south of
the main pier a gradual shoreline stabilization/advancement is observed in the shorelines
after 1995 (Figures 10 and A5). Here, further coastal defense structures were adopted to
protect the beach from storms due to easterly winds (Greco and Levante) that flooded
the waterfront. After the storm of January 1981, one of the most impacting in recent
decades, a set of submerged breakwaters made of tetrapods was settled down in front of
the beach (Figure 9a; [10]). This structure locally stabilized the shoreline in the following
years (Figure A5), although this defense intervention failed to protect the coast from further
relevant storm events [10].

In the submarine sector of the bay, a 2 km-wide, articulated canyon head almost com-
pletely encompasses the bay in the offshore area (Canneto canyon; Figure 1). It is affected
by several slide scars, suggesting the occurrence of active retrogressive processes ([16]). The
canyon head is carved up to a very shallow depth (about 5 m wd) and is locally only some
tens of meters away from the coast (Figure 10). However, the canyon seems not to markedly
affect the coastal evolution, as testified by the general stability / coastal advancement in the
Canneto bay in the overall period of 1954-2017, which is probably partly maintained by
the presence of piers and defense structures (Figure A5).

4.4. Marina Lunga and Portinente

The bay of Marina Lunga (also known as “Marina di Portosalvo”), located to the south
of the Monterosa promontory (Figure 1), is the seat of most of the residential, commercial,
and touristic settlements of Lipari. It evolved from a pebble beach to a port structured with
docks and piers at the end of 1800 [14], and nowadays, its southern sector is the seat of the
main landing pier for touristic ships and ferries (Figure 11a).
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Figure 11. Map of Marina Lunga central-southern sector (a) with selected reconstructed shorelines;
white arrows show the active canyon heads located in the nearshore. (b) Marina Lunga beach after
the construction of groynes. See Figure 1 for location.
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A very narrow beach is present only in the mid-southern part of the bay, where it is
backed by a street and the village. The beach is gravelly-sandy and is made of volcaniclastic
materials (fragments of lava, scoriae, etc.), reflecting the lithology of the hydrographic
basins (lavas and pyroclasts; [23]). The pumice fraction is rare, as observed for all the
beaches to the south of Monterosa. The coastline of 1954 appears still quite regular and
continuous, and at that time, the beach reached a maximum extension of 30 m (Figure 11a).
In the following decades, however, the beach has mostly retreated (Figures 11a and A6). A
set of groynes (Figure 11b) was installed at the end of the 1960s and in the early 1970s to
protect the beach from erosion, and this has obviously affected the coastline evolution here
as it has assumed an embayed shape in between the groynes (Figure 11a,b). Apart from a
local inversion of the trend, with partial recovery in the southernmost part of the beach,
where the main pier was prolonged, the beach never recovered its original extension and a
slight negative rate of shoreline displacement (i.e., retreat) prevails in the overall period of
1954-2017 (Figure A6). The present-day beach in this sector is only several meters wide
and is backed by a wall that separates it from the road plan (Figure 11). It is worth noting
that the articulated head of the Marina Lunga canyon system deeply carves the bay into
different branches (Figures 1 and 11a), reaching the coastal area up to a very shallow depth
(4 m wd), especially in the middle and southern part of the bay, undermining the coastal
structures located here.

To the south of the main Lipari village, the small pocket beach of Baia Portinente (also
known as “Porto delle Genti”) is included between rocky cliffs (Figures 1 and 12a). The
beach is gravelly—sandy and made of volcaniclastic materials (lava, scoriae, and similar
lithologies to the Marina Lunga sector), with a rare pumice fraction. As indicated by the
shoreline trend in the different time frames (Figure A7), the sediment is locally moved
from one side of the pocket beach to the other, as frequently occurs in beach rotation
processes [46]. However, the gradual and continuous processes of coastal retreat in recent
decades are evident from the comparison between the analysed aerial photographs (a few
selected shorelines are reported in Figure 12a) and the estimated shoreline displacement
rates in Figure A7; this led to the virtual disappearance of the beach (Figure 12b) and moved
the local authorities to plan reconstruction interventions [10]. In the submarine sector, a
canyon head is observed (Figures 1 and 11a), carving the Portinente small embayment at
very shallow depth (about 6 m wd) only 50 m from the coast, suggesting the occurrence
of active retrogressive processes [16]. Moreover, in this case, the backscatter intensity
map proves the occurrence of active channelized flows in the canyon head, transporting
sediment from the nearshore to a higher depth (Figure AS).
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Figure 12. Map of Baia Portinente beach and related reconstructed shorelines (a) and image of the
setting in November 2017 (b); see Figure 1 for location. White arrow shows the active canyon heads
located in the nearshore.
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5. Discussion

Coastal erosion and flooding affect a great part of the present world coastlines due
to several factors, which are partly enhanced by anthropogenic effects and exacerbated
by climate change impacts [47-50]. Around half of the world’s sandy beaches could
disappear by the end of the century [51]. Among low-lying coasts, small islands will
become particularly exposed to the impacts of sea level rise, which has accelerated over
time in recent decades and is expected to continue rising in the 21st century and beyond [52].

At Lipari, most of the beaches in the low-lying coastal sectors under study were already
present in the 19th century [22] and this suggests that they are not of new formation. Their
relatively reduced extension, such as in the western sector of Acquacalda and at Portinente,
was also claimed in historical times [22] and reflects a precarious but persistent state of
equilibrium that allowed them to exist. However, most of these beaches evolved with
time in response to main drivers, as discussed below, becoming increasingly threatened by
flooding and persistent erosion. As pointed out by our analyses, these hazards particularly
affect the most populated coastal areas of the island and have important future implications
in terms of socio-economic resources and risk assessment and reduction.

5.1. Evolution of Low-Lying Coastal Areas at Lipari: Natural and Anthropogenic Processes

The shoreline evolution in the northern and eastern low-lying coastal sectors of Lipari
shows complex patterns that are variable in time (alternating phases of beach accretion
and retreat) and in space (and also at short-distances, i.e., tens or hundreds of meters along
shore). The analysis of the short-term shoreline variability at the seasonal/yearly scale,
which would have necessitated the consideration of a wide number of observational data
on high-frequency processes (such as wave climate, local tide data, storm surges, etc.) is
beyond of the purposes of this study. Moreover, the compared shorelines refer to different
periods of the year, although most of them are related to the beginning and the end of
the summer season (June to October; Table 1), as this is out of the stormiest winter period.
We thus cannot exclude the fact that part of the observed variation is due to short-term
variability. At the multi-decadal scale of our analysis, however, the mid- to long-term
patterns of coastal change reconstructed for these beaches show a common evolution.
Despite the fact that they cannot be quantitatively coupled with the respective physical
processes responsible for the observed variations, the main control factors influencing the
long-term coastal behavior can be schematically individuated.

First, sediment input plays a fundamental role in feeding the coast. At Lipari, the
beaches are of a mixed type (gravelly to sandy and commonly rich in blocks deriving
from cliff erosion and/or mass failure processes). Part of the clastic sediment is supplied
to the coast by the stream network, according to the extension and the lithology of the
respective drainage basins (Figure 13). During the dry season, the streams are ephemeral,
and the surface runoff is very low; however, sudden flash-flood events locally occur in
response to intensive rains, carrying a high solid discharge that can occasionally reach
the coast (Figure A9b). This input is unsteady and locally abundant only where non-
cohesive lithotypes (such as pyroclastic deposits) crop up in the drainage basins or where
the sediments are temporarily stored in artificial settling basins, from where they can
be more easily washed out by heavy rains [25,26]. In the latter case, the location of the
sediment input to the coast also reflects the human-made hydrogeological regulation of
the drainage basins. Similar rapid and transient coastline changes associated with flash
floods, generated by short and steep rivers with a torrential regime, are very common on
the surrounding coastline of Calabria and Sicily [53,54].
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Figure 13. Sketch of drainage basins and fluvial network in the eastern and north-eastern sectors of
Lipari Island. Main coastal areas critical for coastal erosion and flooding are indicated with red lines
(dashed red line indicates sectors that are “potentially critical”; they are maintained in a precarious
equilibrium state by man-made activities, such as defense interventions). The location of the active
canyon heads located in the nearshore and the direction of the main littoral drift are also indicated.

Volcanic coasts are peculiar for the local production of volcanigenic sediments in
connection with active volcanism (such as occurs at the nearby Stromboli Island; [1]) and
thanks to the high erodibility of eruptive products such as the pyroclastic units. In the north-
eastern and eastern sector of Lipari, while the rocky cliffed coastal stretches appear relatively
stable, the presence of widespread pumice deposits, exploited for centuries, represents
an important source of sediment supply to the coast. This appears evident in relation to
the pumice quarry exploitation that has been carried out in recent decades, accumulating
a large quantity of excavation waste materials close to the coast that were transported
alongshore, feeding the beaches in the downdrift direction (Porticello, Papesca). We also
noted the effects on the shoreline behaviour of the reduction in this contribution since the
1990s, when a more reduced part of the pumice detritus reached the sea, having been moved
elsewhere and, particularly, at the end of the extraction activities since the beginning of
2000. In this case, the human-induced effects are markedly evident on the coastal evolution
at the local scale, in addition to the indirect impacts due to other anthropogenic activities
inland, such as the above-cited hydrographic network management and, in general, the
change of land use for increasing touristic demand.
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Furthermore, the coastal front of most of the urbanized areas (such as Marina Lunga
and Canneto or the area in front of the Acquacalda village) has been the seat of local
protection interventions to reduce coastal erosion, mostly carried out since the 1970s and
1980s, maintaining these beaches in a precarious equilibrium state (Figure 13). Together
with other coastal structures, such as docks and jetties, these interventions interfered with
the nearshore dynamics and often intercepted the longshore drift, resulting in local effects
at the shoreline (Figures 5, 7 and 9-11) and in a general stiffening of the beach. The role of
waves and currents in redistributing sediment along the coast through the longshore drift
appears mostly W-to-E-directed in the northern sector (Acquacalda) and N-to-S-directed in
the eastern sector of the island to the north of Monterosa (blue arrows in Figure 13). In the
coastal areas more to the south, the littoral drift is less evident and probably has a more
articulated pattern.

In combination with the coastal processes, the offshore physiography also plays an
important role in the sediment accumulation or reworking along the coasts. In the case of
the studied coastal sectors, a well-developed insular shelf is absent (Figure 1), in agreement
with the occurrence of relatively young volcanic units here [7,21]. The occurrence of active
canyon heads very close to the coastline and at a few metres of depth suggests their role in
intercepting and capturing sediments in the nearshore (Figure 13). In this way, the canyons
negatively influence the sedimentary budget of the beach and promote coastal erosion,
especially if they are the seat of active flows (Figure A8) and their heads evolve through
retrogressive erosion. Still more relevant to the long-term fate of the studied low-lying
coasts is subsidence, which has the effect of creating more and more space (accommodation)
due to land sinking, thus promoting coastal erosion and permanent flooding. This process,
which markedly affects the eastern Lipari sector to the south of Monterosa (Figure 13) and
impacts on the progressive reduction in the beaches of Marina Lunga and Baia Portinente,
is discussed in the following subsection with respect to the relative sea level (RSL).

5.2. Relative Sea Level and Implications for Coastal Flooding

Sea level data at the global scale show a robust acceleration of sea level rise in the last
century [55,56], with an increasing trend up to about 3.6 £ 0.3 mm/yr from 2006-2015 [57].
The hazards associated with the rising sea level include more frequent or intense coastal
flooding, especially in the case of extreme storm events, possibly leading to the permanent
submergence of land; enhanced coastal erosion; the loss or change of coastal ecosystems and
effects on hydrogeological systems such as impeded drainage and the salinization of surface
water [52]. The majority of low-lying coasts and communities will face substantial risks
from these coastal hazards at the century scale, including those in the Mediterranean [58,59].

In the coastal area under study, the monthly averaged sea level anomalies (SLA)
recorded by satellite altimetry to the north-east of Lipari Island in the time span of
1993-2020 have been analyzed (Figure 3b). The time series highlights the usual annual and
semi-annual oscillations, related to the seasonality, which are dominant throughout the
period, while linear regression provides a rate of 3.1 &= 0.4 mm/yr (Figure 3b). This value,
fully comparable to the global average over the same period (within the interval of 3-3.54
mm/yr [52,60]) appears higher with respect to previous studies focused on the regional
(Mediterranean Sea) and local scale (N Adriatic coast), which roughly consider the same
time span (e.g., [61,62]). The variability at the decadal to multidecadal scale is mainly due to
the numerous complexities that, at both the regional and the local scale, could significantly
contribute to the sea level change with respect to the global mean [52]. Indeed, while the
steric contribution and the mass component are considered the main drivers of sea level
change at the global scale [63,64], the lateral mass transport fluxes become very significant
when considering a semi-enclosed basin area of the world (e.g., the Mediterranean Sea and
the sub-basins therein) [65]. Moreover, it is well known that, in addition to the different spa-
tial scale complexities, the sea level change is directly influenced by inter-annual, decadal,
and multidecadal climate fluctuations [66,67].
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By examining the low-pass filtered function (blue line in Figure 3b) of the SLA monthly
values, different trends in the sea level could be recognized since 1993: in a first phase (from
1993 to 2002), the SLA trend was higher (about 3.6 mm/yr), which also denoted a change
around 1998, followed by a marked decrease within the period 2003-2008 (—6.6 mm/yr)
and then a restoration of positive sea level rise up to 1.34 mm/yr until the present day.
This result is in agreement with several studies which identify a fast sea level rise in
the Mediterranean Sea during the 1990s (e.g., [68] mainly linked to an increase in sea
surface temperature [69]), followed by a stop in the rise during the 2000s [70,71]. The
non-stationary behavior in sea level change, causing uncertainties in the prediction of
future trends, is partly attributed to its natural variability due to the natural modes of the
coupled ocean-atmosphere oscillations such as the NAO (North Atlantic Oscillation). This
widely influences the Mediterranean sea level variability [61,70] by modifying both the
atmospheric sea level pressure [72,73] and the water mass exchange with the Atlantic [74,75].
For instance, one of the major positive SLA peaks in the Mediterranean Sea was recognized
in the winter of 2010 (Figure 3b) and attributed to a markedly low NAO index [76,77],
which caused a rise in sea level of about 12 cm [74].

At Lipari, a very significant contribution to the RSL is provided by the VLMs as the
subsidence is locally occurring at higher rates than the global sea level rise. As tide gauges
are lacking on Lipari, the land-movement component in the relative sea level cannot be
derived from that kind of source. In the long-term, the VLMs can be reconstructed only in
those sectors of where sea level markers (geological and archaeological) are present. Geoar-
chaeological and historical evidence, supported by the GNSS data, show the occurrence
of a marked subsidence trend in the eastern part of the island, related to volcano—tectonic
dynamics [11,30,31]. In these areas, the RSL rise is far larger than the global/absolute
sea level rise, and this, together with other factors interacting with the coastal evolution
and discussed in the previous section, markedly enhance the exposition of low-lying sec-
tors to effects such as flooding and permanent submergence. The walking surface of the
submerged roman age harbor in Marina Lunga is placed at about 9 m below sea level,
while the ground floor of the historical buildings facing the beach in the same area are
partly permanently flooded (Figure A11). Scenarios of RSL rise, considering the regional
IPCC-ARS projections and by assuming the recorded subsidence rates of the GPS network,
indicate that about 12,500 m? and 17,500 m? of a 700 m-long stretch of the Marina Lunga wa-
terfront will be permanently flooded by 2100 in the IPCC-AR5 worst climatic scenario [14].
Moreover, under the rise in mean sea level and in the absence of adaptation, these most
critical sectors (Figure 13) are increasingly exposed to the growing frequency and intensity
of marine ingression and to the impact of extreme storm events, superimposing on gradual
changes in the RSL and enhancing coastal erosion (Figure A12). In other coastal stretches,
where VLMs are not witnessed and their occurrence/contribution cannot be quantified, the
coast in any case will undergo the “global/absolute” sea level component that, as discussed
above, is variable in time, causing uncertainties in the prediction of future trends.

6. Conclusions

Through the integration of different geophysical and remote-sensing techniques we
have investigated the onshore and offshore low-lying eastern and north-eastern coastal
areas of Lipari, with the aim of identifying the most critical coastal stretches presently
exposed to coastal erosion and flooding. We considered a multidecadal evolutionary
framework, spanning the last 60-70 years, and evidenced the precarious but persistent
state of equilibrium of the studied coastal areas, temporarily perturbed by specific natural
and anthropogenic processes. Among these, changes in sediment supply due to natural or
anthropogenic processes and the construction of human-made structures interfering with
longshore drift are responsible for the main observed coastal changes.

Subsidence affects most of the coastal tract under study. In general, subsidence reduces
the size and the lifetime of the volcanic islands above sea level, facilitating coastal retreat
and increasing marine erosion as wave energy dissipation diminishes [2]. At Lipari, the
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locally high rates of this phenomenon promote coastal erosion and flooding, particularly
in the most populated, low-lying coastal areas of the island. Moreover, in some nearshore
sectors of Lipari we have shown the occurrence of submarine canyons heads, erosive
features quite common around volcanic islands [78]. On small, reefless volcanic islands in
post-eruptive stages, most of the (limited) coastal sediments deriving from cliff erosion can
be transported offshore by downwelling currents that develop during storms, stripping
these coasts of sandy sediment [2]. The location of canyon heads at a shallow depth may
thus induce the capture of nearshore sediments, with negative effects on the sediment
littoral budget and on shoreline stability.

The combined role of low sediment supply, subsidence, and sea level rise (together
with the urbanization and stiffening of the coast) has reduced the natural defence potential
of the studied beaches with respect to storm waves and led to a gradual but continuous
shoreline retreat in some of them. Here, the possible disappearance of the beach under
the impact of climate change and anthropogenic stress should have important near-future
implications in terms of socio-economic resources and risk issues. As in many other
Mediterranean islands, in fact, at Lipari part of the local economy depends on beach
tourism; furthermore, the infrastructure and cultural heritage sites lying in the coastal area
will be threatened. This suggests including Lipari among the UNESCO World Heritage
sites at risk from coastal hazard due to sea level rise [79] and points to the need for
proper future management. From a general perspective, small and low-lying islands are
considered among the most vulnerable sites to climate change impacts and will likely suffer
serious adverse effects from them [80,81]. To ensure appropriate adaptation and mitigation
strategies, it is necessary to assess the risk profile of each individual island [81]. In this
view, the individuation of the most (or potentially) critical coastal sectors of Lipari and of
the related driving processes, which we have placed in the wider context of the decadal
evolution of the main beaches, is the basis for exposure and vulnerability assessment
and for context-specific adaptation measures facing the current and future climate change
impacts [81].
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Appendix A
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Figure A1. (a) Wave climate of Lipari Island (NOAA hindcasting from 1979 to 2009, [35]) represented
as the circular histogram of significant wave height (Hs) related to a position to the north-east of
Lipari Island (see text for details). The circular histogram in (b) represents the analysis of wave data
only from the sector 45°—225°N and allows the better appreciation of the characteristics of waves

from this provenance sector. (c) Time series of significant wave heights from the southeastern sector

(45°-225°N).
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Figure A2. Rate of shoreline displacement for Acquacalda beach, estimated by means of DSAS along
transects spaced 10 m for the different time intervals and for the overall time span of the analysis.
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Figure A8. Backscatter mosaic of selected marine sectors in correspondence with canyon heads at
Acquacalda (a), Porticello (b), and Portinente (c), suggesting the occurrence of channelized flows in
correspondence with canyon heads. The different backscatter intensity (pale grey/white tones corre-
spond to high backscatter values and dark grey ones to low backscatter) supports the interpretation
of the nature of the seabed (outcrop vs. sedimentary cover) and the overall coarser or finer grain size
of superficial sediment (see text for details).

Figure A9. (a) The pumice exploitation plants at Porticello in the 1960s and 1970s (from https://
upload.wikimedia.org/wikipedia/commons/9/94/Lipari_-_La_pomice_-_panoramio.jpg, accessed
on 20 June 2022); (b) flash flooding of the Calandra creek in the northern Canneto beach.
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Figure A10. Along the central and southern part of the Canneto beach, pumice fragments are present
both as sparse (a) and concentrated on the berm (b); (c) visual comparison of the 0/ —1 ®1(1-2 mm)
grain size fraction sampled in the beach foreshore sediment of Canneto beach from north to south
(from LIP5A to LIP5D), showing the downdrift enrichment in the lighter pumice fraction.

Figure A11. Flooded ground floor in a building along the coast of Marina Lunga. Until the 1980s, it
was used as warehouse, but later, it was abandoned due to sea level rise. Presently, the ground floor
is below the local sea level.
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Figure A12. The Acquacalda village (a) and the Marina Lunga waterfront (b) are increasingly exposed

to storm events and marine ingression.
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