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Abstract  

Archaeological and instrumental data indicate that the southern sector of the volcanic island 

of Lipari has been subsiding for the last 2100 years due to isostatic and tectonic factors, at 

variable rates of up to ~11 mm/yr. Based on this data, a detailed marine flooding scenario for 

2100 A.D. is provided for the bay of Marina Lunga in the eastern part of the island from (i) 

an ultra-high-resolution Digital Terrain and Marine Model (DTMM) generated from 

multibeam bathymetry (MB) and Unmanned Aerial Vehicles (UAV), (ii) the rate of land 

subsidence from GPS data and (iii) the regional sea-level projections of the International 

Panel on Climate Change (IPCC). When land subsidence is considered, the upper bound of 

sea-level rise is estimated at 1.36 m and 1.60 m for RCP4.5 and RCP8.5 climate change 

scenarios, respectively. Here, we show the expected impact of marine flooding at Lipari for 

the next 85 years and discuss the hazard implications for the population living along the 

shore.  

 

1. Introduction 

In situ and remote sensing data show that global sea level is rising at faster rates than in 

previous centuries and that the rising has accelerated in recent years, at the same time as the 

increase in global temperatures (Veermer and Rahmstorf, 2009; Church et al.,2011; Kemp et 
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al., 2011; Lambeck et al., 2010; Kopp et al., 2016; Le Cozannet et al., 2015). The 

International Panel on Climate Change (IPCC) expects a global mean sea-level rise of nearly 

~1 m by the end of this century (IPCC Fifth Assessment Report, 2014. Hereafter IPCC-AR5 

2014). This rise will have significant effects on coastal areas over this century. The impacts 

will be even larger in subsiding coastal areas, entailing widespread environmental changes, 

coastal retreat, marine flooding and loss of land, which will affect human activities. In 

addition, rising sea level will amplify the impacts exerted by a multitude of processes having 

hazard potential (storm-surge flooding, coastal erosion and tsunamis) on infrastructures and 

building integrity, human safety, economic assets and cultural heritage. On the island of 

Lipari (Aeolian Islands, Italy) (Fig. 1), the relative sea-level changes are driven by the 

concomitant action of eustatic and glacio-hydro-isostatic processes after the Last Glacial 

Maximum (LGM) (Lambeck and Purcell, 2005; Dutton and Lambeck, 2012; Lambeck et al., 

2014) and volcano-tectonic deformations. The island of Lipari experienced extensional 

tectonics and uplift during the Late Quaternary (Calanchi et al., 2002; Tranne et al., 2002; 

Lucchi et al., 2004), but archaeological and GPS data indicate that it has been subsiding 

during the last 2.1 ka at rates locally exceeding ~11 mm/yr (Anzidei et al., 2016; Esposito et 

al., 2015). 

Here, we present a high-resolution Digital Terrain and Marine Model (DTMM) generated 

from MB and UAV surveys in the Marina Lunga area and the Lipari harbour, located in the 

eastern sector of the island, where a submerged Roman harbour was recently discovered 

(Fig.1). These data, together with the rate of land subsidence extracted from Global 

Positioning System (GPS) data at the 18-year time scale and the regional sea-level 

projections of the IPCC (IPCC-AR5 2014) allow us to evaluate, quantitatively, the expected 

impact of marine flooding on Lipari for 2100 A.D.. Finally, the aim of this study is to show 

how a relatively low-cost, rapid and accurate methodology may be successfully applied to 
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reconstruct landscape changes and to quantitatively evaluate the hazard related to marine 

flooding. 

 

2. Geological setting 

Lipari belongs to the Aeolian volcanic arc, which consists of seven volcanic islands and a 

number of seamounts (Fig.1). The Aeolian arc is located between the Southern Tyrrhenian 

Sea back-arc basin and the Calabrian orogenic belt, and is associated with the roll-back of the 

Ionian subducting slab below Calabria (Faccenna et al., 2001; Serpelloni et al., 2005, 2010; 

2013; Chiarabba et al., 2008). The central and eastern sectors of this region are still 

geodynamically and volcanologically active (Guidoboni et al., 1994; Argnani et al., 2007; 

Monecke et al., 2012; Esposito et al., 2006, 2010; Bonaccorso et al., 2002; Barreca et al., 

2014; Romagnoli et al., 2013). Lipari, which is the largest and most densely populated island 

of the Aeolian archipelago, has been inhabited since the Neolithic; however, settlements 

mainly developed during the Roman age (after 200 B.C.) for mining activities related to the 

exploitation of obsidian and pumice. At this time, the Marina Lunga Bay became the main 

harbour area (Arena, 2003; Zagami, 1993). The archaeological remains of the Roman harbour 

installations located in this zone are currently submerged between 9 and 13 m below sea 

level, suggesting a marked subsidence in the last two millennia (Anzidei et al., 2016). 

Evidence of rapid submergence during the past few centuries has been observed in some 

other sectors of the eastern coast of Lipari, where most historical settlements are located 

(Calanchi et al., 2002). 

Lipari is crossed by N–S- to NE–SW-trending normal faults that have driven the NW–SE 

extension and the volcano-tectonic activity that caused the collapse of the volcanic structures 

(Mazzuoli et al., 1995). The last eruptions occurred between 776 and 1200 A.D. in the 

northeastern part of Lipari island (Forni et al., 2013).  
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GPS data, collected in repeated campaigns during the last 18 years, indicate that Lipari is still 

subsiding (Esposito et al., 2015). Land subsidence along with sea-level rise, expected to reach 

almost 1 m by the end of 2100 A.D. as a consequence of climate change, make this area 

highly sensitive to significant marine flooding in the next decades.  

 

2. Method 

We applied a multidisciplinary approach using marine and land topography, geodesy and sea-

level-rise estimates to provide relative sea-level-rise projections and maps of flooding 

scenarios for the coast of Marina Lunga Bay to the year 2100 A.D.. Our approach consists of 

three main steps: (a) a DTMM by MB and UAV surveys was realized, to obtain an ultra-

high-resolution 3D model of the coastal area and coastline position; (b) land vertical 

movements were obtained from the analysis of local geodetic GPS network data and 

archaeological sea-level indicators; (c) by combining these data with the regional IPCC-AR5 

projections (RCP-4.5 and RCP-8.5 scenarios), we calculated the upper bounds of the 

expected sea-levels for 2100 A.D. at Lipari and the expected inland extent of related marine 

flooding in the Marina Lunga Bay. 

 

2.1 Digital Terrain and Marine Model reconstruction  

The UAV and MB surveys were carried out in September 2014, and provided very high-

resolution digital models of the land topography and seafloor surface, respectively. All data 

are referred to the same reference permanent GPS station of LOSV, located in the southern 

sector of Lipari (Selvaggi et al., 2006). In this way, we obtained marine and land topographic 

data co-registered and georeferenced into the same UTM-WGS84 (Zone 33) reference frame 
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(Bosman et al., 2015). Shoreline position was determined at the time of the surveys by aerial 

photogrammetry and levelling data (the latter enabled us to establish the elevation of some 

specific points recognized in the aerial photos with respect to the shoreline). Then, it was 

relocated for the local mean sea-level using tidal data from the nearby station of Stromboli 

(www.mareografico.it) and a temporary tide gauge station installed in the bay of Marina 

Lunga. 

The MB survey was performed around the coast of Lipari Island between -0.5 and -150 m, 

using a 7 m long boat equipped with a Teledyne RESON SeaBat 7125 SV2 MB system 

working at a frequency of 400 kHz. The vessel positioning was supplied in real-time by an 

Applanix Position and Attitude System (POS/MV 320 V5) using RTK corrections received 

by an onshore temporary GPS master base-station. GPS and MB data were post-processed to 

provide the shallow bathymetry at a resolution of 0.1÷0.5 m, improving the results of 

previous surveys (Casalbore et al., 2016; Bosman et al.,2015). 

The aerial photogrammetric surveys were performed using a radio-controlled multi-rotor DJI 

S800 UAV system, equipped with a high-resolution lightweight nadiral digital camera, to 

capture a set of multi-angle images of the investigated area. The UAV was controlled by an 

autopilot system using waypoints previously planned on a Ground Control Station system. To 

optimize the photogrammetric spatial resolution and coverage of the surveyed area, a 

constant altitude of 100 m was maintained during the flight and 358 partly overlapping aerial 

digital photos were acquired. To scale the aerial images, we used a dual-frequency geodetic 

GPS receiver to measure the coordinates of a set of reference Ground Control Points (GCPs) 

falling in the investigated areas. GCPs positions were estimated in real time by the RTK 

technique with 1–2 cm accuracy, with respect to the reference GPS station LOSV. We used 

the Agisoft PhotoScan Pro software package (http://www.agisoft.com) based on the 

Structure-from-Motion photogrammetry technique (Ullman, 1979) to process the acquired 
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geo-referenced images. The analysis includes: (i) camera triangulation with image position 

and orientation; ii) generation of a dense points cloud, and iii) generation of an orthomosaic 

photo and DTM extraction by GCPs. A mean dense cloud point separation resolution of 5.3 

cm was achieved, with a mean error of 9.7 cm.  

2.2 Land subsidence  

To estimate the current vertical land movements we analysed the time series of GPS data 

collected in the time span 1995–2013 from local and regional networks located in the Aeolian 

Islands and in the surrounding regions, focusing on a set of benchmarks located on Lipari 

(Esposito et al. 2015). The local GPS network consists of seven closely spaced stations (6 

discrete plus 1 continuous), deployed in an area of ~15 km2 (Fig.1). Data analysis was 

performed using the Bernese GNSS software 5.0 (Dach et al. 2007) and included GPS 

observations from a set of GNSS stations belonging to the IGS network located in Eurasia 

(the time series of the GPS positions are freely accessible at ftp://ftp.ingv.it/pub/ainet-

gpsdata). The vertical GPS velocities reveal mean values of land subsidence of 9.0±2.0 mm 

yr-1 (and up to 11.8±2.0 mm yr-1 at LSAN) (Fig. 2), which is the maximum value for the 

Aeolian archipelago (Serpelloni et al., 2013; Esposito et al., 2015). While we acknowledge 

the complexity of vertical movements that commonly affect active volcanic areas, our GPS 

data suggest a possible westward tilting of Lipari island in the absence of further evidence 

(Fig.2). Notably, the GPS rate of subsidence is higher than the value derived from the 

position of the submerged Roman harbour of Marina Lunga (Figs.1 and 5), which implies a 

relative sea-level rise of 12.3±0.7 m in the last 2100±100 years, equating to land subsidence 

at 5.79±0.01 mm/yr (Anzidei et al., 2016) (Fig. 2). Therefore, ongoing land subsidence has 

prevailed during the last two millennia, as shown by coastal retreat and marine flooding of 

historical and recent buildings, which have been subsiding at rates close to 1 cm/yr during the 

last centuries (Calanchi et al., 2002) (Fig.3). 
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3. Discussion: relative sea-level rise and flooding scenarios for 2100 A.D. 

The mean rate of sea-level rise for the Mediterranean Sea has been estimated at ~1.8 mm/yr 

for the last two–three centuries (Wöppelmann and Marcos, 2012; Anzidei et al., 2014b), and 

in Lipari this value is increased by the relevant subsidence. The subsidence inferred from the 

actual position of the Roman harbour could include episodes of vertical land motion 

attributable to historical eruptions that occurred after its construction (Forni et al., 2013; 

SGA, 1996); these may have altered the trend and rate of subsidence over time, as has been 

documented for nearby islands of the Aeolian archipelago (Esposito et al., 2010) and for 

other active volcanic areas (Sepe et al., 2007; Mitchell et al., 2012). Therefore, we selected as 

a representative rate of current land subsidence the average GPS velocity of -9.0±2.0 mm yr-1 

(corresponding to the mean vertical velocities of 8.9±2.1 mm yr-1 from the discrete network 

and 9.1±0.9 mm yr-1 from the CGPS station of LOSV, which are similar despite the different 

settings of their locations on the island) (Figs. 1, 2). This rate occurs in the absence of 

significant volcanic and seismic activity during the last two decades. Part of the detected 

subsidence is likely due to the continuing global glacio-hydro-isostatic signal, estimated in 

this region to be between -0.6 and -0.4 mm/yr (Lambeck et al., 2011; Peltier, 2004), while the 

remaining part has been related to volcano-tectonic processes affecting the Aeolian islands 

(Mazzuoli et al., 1995; Serpelloni et al., 2013; Anzidei et al., 2014a,b; 2016; Esposito et al., 

2010, 2015). We also assume this rate will remain unchanged up to 2100 A.D., in the absence 

of additional episodes of land movement resulting from a possible reactivation of the 

volcanic system and/or from earthquakes with significant magnitude in the area. To estimate 

the sea level for 2100 A.D. we use the regional IPCC AR5 sea-level (SL) projections 

discussed in the Fifth Assessment Report of the IPCC-AR5 (Church et al., 2013a,b) and 

available from the Integrated Climate data Center-ICDC of the University of Hamburg 
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(http://icdc.cen.uni-hamburg.de/1/daten/ocean/ar5-slr.html). These data consist of mean 

values and upper 95% and lower 5% confidence bounds of the SL obtained by adding the 

contributions from geophysical sources driving long-term sea-level changes. Available SL 

projections, based on two different Representative Concentration Pathways (RCP 4.5 and 

RCP 8.5), are estimated by including the thermosteric/dynamic contribution, obtained from 

21 CMIP5 coupled atmosphere–ocean general circulation models (AOGCMs), the surface 

mass balance and dynamic ice sheet contributions from Greenland and Antarctica, the glacier 

and land water storage contributions, the glacial isostatic adjustment and the inverse 

barometer effect (Church et al., 2013a,b). In this study we used the total sea-level series, 

automatically obtained as the sum of these contributions. By combining GPS data for land 

subsidence, the DTMM and the regional IPCC sea-level projections at the grid point centred 

at 14.5E, 38.5N - the closest to the investigated area - we built up the first marine flooding 

scenarios for the coast of Marina Lunga in 2100 A.D.. To check the worst-case scenarios, we 

considered the upper 95% bound of the sea-level projections for RCP 4.5 and RCP 8.5, 

integrated with the contribution of the mean rate of land subsidence as derived from GPS 

analysis. The obtained sea levels, relative to 2014, are shown in Figure 4, while 

corresponding values at 2100 A.D. are reported in Table 1. The areal extent of the flooded 

land at 2100 for the RCP 4.5 and RCP 8.5 projections, corresponding to relative sea-level 

rises of 1.36 m and 1.60 m, respectively, and the position of the coastline in 2014 are shown 

in Fig. 5. The limiting values of relative sea-level rise imply expected land flooding areas of 

about 12500 m2 and 17500 m2, respectively, along a coastal strip about 700 m long. In Figure 

5, the possible reconstructed Roman Age (2100±100 years BP) coastline is also shown to 

highlight the likely landscape evolution of this coastal sector of Lipari through time in 

response to the different values of relative sea-level rise, once any additional effects have 

been excluded (Anzidei et al., 2016). Although the role and effects of waves on marine 
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flooding are outside the scope of this study, we observe that storm waves approaching the 

coast from the east are slowed down by the steep seafloor (Bosman et al., 2015). With a sea-

level rise of about 1 m, increasing wave energy along the coast is expected (Masselink and 

Hughes, 2003), leading to beach erosion and enhanced damage to buildings in the bay. Since 

flooded areas have been estimated with respect to the local mean sea level, during high tides 

or extreme waves from storms or tsunamis, the flooding will temporarily affect further areas, 

exceeding those shown in Figure 5.  

 

Conclusions 

We estimated a realistic, high-resolution flooding scenario for the coast of Marina Lunga as a 

function of the land subsidence inferred from GPS data and expected sea-level rise. The 

change in the coastline due to (a) the (likely volcano-tectonic) subsidence of the last 2 ka and 

(b) future sea-level rise as a consequence of climate change is also reconstructed and 

projected up to 2100 A.D.. Results show that, by 2100 A.D., this coast could be largely 

submerged up to 1.60 m above the 2014 sea-level, with severe environmental impacts and 

loss of economic value to the shores, commercial facilities and coastal infrastructure. In this 

zone the current land subsidence plays a key role in relative sea-level rise, which can be 

roughly estimated at about 56% and 47% for the upper bounds of the RCP 4.5 and RCP 8.5 

scenarios, respectively. The methodological approach presented in this study can be easily 

applied worldwide in other coastal areas expected to be affected by significant marine 

ingression due to global climate change. In this regard, land planners and decision makers 

should take into account scenarios similar to that reported in this study for cognizant coastal 

management. 
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Tables 

 

a b c d e 

GPS subsidence rate 

(LS) (mm yr-1) 

9.0±2.0 

IPCC RCP 4.5 

SLR (m) 

IPCC RCP 8.5 

SLR (m) 

IPCC RCP 4.5 + LS 

SLR (m) 

IPCC RCP 8.5 + LS 

SLR (m)  

0.59 0.83 1.36 1.60 

  

Tab.1 Sea-level rise (SLR), relative to 2014, estimated at Lipari for 2100 A.D.. (a) Current 

rate of land subsidence, LS, estimated from 18 years of GPS data. (b) and (c) Upper 95% 

bounds of the regional IPCC sea-level projections for (b) RCP 4.5 and (c) RCP 8.5 scenarios. 

(d) and (e) SLR based on the upper 95% bounds of the regional IPCC predictions, for (d) 

RCP 4.5 and (e) RCP 8.5, corrected for the LS of 9.0±2.0 mm yr-1. 
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Figures 

 

Fig.1 Marine and land digital elevation model of Lipari Island and the study area of Marina 

Lunga Bay (black box), with the position of the Roman Age harbour (open black triangle, 

RH). The inset shows a simplified tectonic sketch of the Southern Tyrrhenian Sea (modified 

from De Astis et al., (2003); see that article and related references therein for a description of 

the tectonic lineaments). The locations of the Aeolian islands (Alicudi, Filicudi, Salina, 

Lipari, Vulcano, Panarea and Stromboli) are shown. The triangles are GPS stations of the 

geodetic network (the campaign-style benchmarks are in red, while the continuous GPS 

station is in white). Also shown are contour lines and elevations, in black. The vertical 

velocities of the GPS stations are shown in Fig. 2. 

 

Fig.2 GPS rates of vertical movements estimated by the geodetic network (black triangles 

indicate the campaign-style benchmarks, while the continuous GPS station is in red) and from 

the Roman harbour at Marina Lunga (RH, white triangle). Error bars are from Anzidei et al. 

(2016) and Esposito et al. (2015). Labels are the names of the stations. See Fig.1 for 

locations. 

 

Fig.3 The ground floor of one of the historical buildings located along the shore at Marina 

Lunga, currently placed at -15 cm with respect to local mean sea level. It was recently 

flooded by the continuous relative sea-level rise. Inhabitants are adapting to coastal 

subsidence by relocating and raising buildings and embankments.  

 

Fig.4 Upper 95% bounds of the regional IPCC sea-level projections, integrated with the 

contribution of the mean rate of land subsidence as derived from GPS analysis, relative to 
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2014 A.D. (red lines). Blue lines correspond to the upper bounds of the regional IPCC 

projections, without considering land subsidence. Upper and lower curves refer to the RCP 

8.5 and RCP 4.5 scenarios, respectively. The small-scale variations observed in the data are 

related to the ocean component contribution accounting for the effects of dynamic SSH, the 

global thermosteric SSH anomaly and inverse barometer effects (Church et al. 2013; 

http://icdc.cen.uni-hamburg.de/).  

 

Fig.5 Extent of marine flooding due to relative sea-level rise for Marina Lunga Bay in 2100 

A.D., relative to the local mean sea-level in 2014. This scenario is based on rates of land 

subsidence (LS) of 9.0±2.0 mm yr-1 (derived from the mean vertical GPS velocities) and the 

regional sea-level rise, as predicted by the IPCC. The effects of sea levels 1.36 m and 1.60 m 

higher than present, for the lower (light blue, AR5-RCP4.5) and upper (dark blue, AR5-

RCP8.5) bounds of the IPCC scenarios, are shown. The sea is expected to flood 12500 m2 

and 17500 m2 of the coast of Lipari by 2100 A.D., for the two IPCC scenarios, respectively, 

along a coastal strip about 700 m long. The present-day (red) and reconstructed Roman 

(2100±100 years BP) (violet) coastline positions are also shown, to show how the coastline 

has changed over time. The current shoreline has been extracted from aerial photogrammetry 

and levelling data, and tidal correction has been applied to reduce its position to a local mean 

sea level. Since flooded areas have been estimated with respect to a local mean sea level in 

calm conditions, flooding will temporarily affect further areas, exceeding those shown in the 

Figure, during high tides (typical tidal range is ±30 cm as reported in Antonioli et al., 2015) 

or extreme waves from storms or tsunamis. The two areas marked by a dotted green line refer 

to the Roman harbour (RH) discussed in Anzidei et al. (2016). 
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