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Abstract 18 

The coastal vulnerability along the Mediterranean coasts is increasing, especially in response to the 19 

occurrence of tropical-like cyclones, known as Medicanes, which have become more intense than in the past. 20 

A peculiar case was the impact of Medicane Zorbas in September 2018 along the coasts of south-eastern 21 

Sicily, where it caused inland flooding and damages to the socio-economic activities. Here, Zorbas effects are 22 

reconstructed through post-event geomorphological surveys, interviews with direct witness and analyses of 23 

video recorded by surveillance systems or found in social media. These data allowed us to assess the flooding 24 

extent on seven coastal sectors located between Thapsos Peninsula and Marzamemi. Flooding caused by 25 
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Zorbas appears to be greater than those produced by the main seasonal storms affecting the areas from 2015 26 

to 2019; nevertheless, it is comparable with the flooding generated by Medicane Qendresa that impacted 27 

south-eastern Sicily in 2014. Wave propagation and extreme water level modelling, performed for the main 28 

storm events that occurred in the area since 2005, and analyses of data recorded by tide gauges of Catania, 29 

Porto Palo di Capo Passero and Malta since 2008, showed that Medicanes generate greater flooding than 30 

seasonal storms because they can induce higher and longer surge along the coastline. Collected data 31 

indicated that the surge generated by Zorbas reached a maximum value between about 0.8 m and 1.2 m 32 

above mean sea level (msl) along the coast of southeastern Sicily. Results highlighted the need to better 33 

evaluate the coastal hazard related to the propagation of Medicanes, especially in the context of future 34 

climate change when these events will probably be characterized by longer duration and greater intensity 35 

than at the present. 36 

 37 

Keywords: coastal flooding; storm wave; storm surge; tropical-like cyclone; vulnerability. 38 

 39 

1. Introduction 40 

Faced with global climate change, special attention is paid to coastal vulnerability issues because most of the 41 

coasts are interested by the presence of urban settlements and economic activities. Under ongoing global 42 

warming, a global mean sea-level rise is expected for the 21st century with a likely range between 0.61-1.10 43 

m at 2100 (IPCC, 2019) or even greater (Bamber et al., 2019; Jevrejeva et al., 2014; López-Dóriga and Jiménez, 44 

2020; Rahmstorf, 2007; Rahmstorf et al., 2012). This could enhance the effects of extreme marine events 45 

that, in the future, will probably impact on the coastal landscapes currently emerged (Antonioli et al., 2020, 46 

2017; Anzidei et al., 2021; Aucelli et al., 2017; Bonaldo et al., 2019; Marsico et al., 2017; Scardino et al., 2020; 47 

Scicchitano et al., 2018). In combination with the geomorphological coastal features, flooding connected to 48 

extreme marine events is commonly conditioned by tide excursion, storm surges, and storm waves. The 49 

combined effect due to tide height and storm surge determines a rise of the water column that enhances the 50 
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storm wave inundation throughout the coastal landscape (Chaumillon et al., 2017; Holman, 1986; Stockdon 51 

et al., 2006). While the tidal oscillations are deterministic, storm surges and storm waves are driven by 52 

meteorological variations, usually related to tropical and extra-tropical cyclones (Chaumillon et al., 2017). 53 

Several studies considered the general cyclones’ effects and related flooding in coastal areas, such as: the 54 

Gulf of Mexico during Hurricane Katrina in 2005 (Dietrich et al., 2010), the Bay of Bengal during cyclone Bhola 55 

in 1970 (Karim and Mimura, 2008), the United States with Hurricane Sandy in 2012 (Valle‐Levinson et al., 56 

2013), the Philippines with Typhoon Haiyan in 2013 (Shimozono et al., 2015). Some evidence of cyclone 57 

impacts were observed during storm surges in phase with spring tides, as the historical case of January 1953 58 

that caused extensive flooding on the low-lying coastal zones of the Netherlands, Belgium, and United 59 

Kingdom (Wolf and Flather, 2005). Recently, in winter of 2018, the combination of storm surges with 60 

astronomical tides, enhanced by rain and river download, induced large flooding in Venice, Italy (Ferrarin et 61 

al., 2020). 62 

Over the last century, global climate changes have increased the intensity of coastal flooding observed in the 63 

Mediterranean, mostly in response to the occurrence of extra tropical-like cyclones, better known as 64 

Medicane (MEDIterranean hurriCANE) (Bakkensen, 2017; Cavicchia et al., 2014a; Fita et al., 2007; Miglietta 65 

et al., 2013; Moscatello et al., 2008; Nastos et al., 2015; Portmann et al., 2019a). Medicanes are tropical-like 66 

cyclones that develop and determine convective cloud bands wrapped around a cloud-free central eye, with 67 

a typical size of their associated cloud clusters on the order of 300 km in diameter (Emanuel, 2005). These 68 

events produce a very low-pressure system with a cyclonic wind pattern that generates severe storms and 69 

relative surges, inland flooding and intense rainfalls, causing casualties and harmful destruction. Over the 70 

last decades, a decrease of the Medicane frequency was observed even though their intensity appears to be 71 

increasing (Marcos et al., 2011; Bakkensen, 2017), as for the cases of Medicane Qendresa in 2014 and Zorbas 72 

in 2018 (Bouin and Lebeaupin Brossier, 2020a; Scicchitano et al., 2020). The storm event connected to the 73 

Medicane Zorbas showed its effects on southern Greece and in southern Italy, especially in south-eastern 74 

Sicily (Scicchitano et al., 2020) where low pressure and wind generated a lot of waves and induced a storm 75 

surge able to flood large coastal areas. In this study, the impact effects of Medicanes and common seasonal 76 
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storms are compared through: i) reconstruction of the coastal flooding due to the impact of the Medicane 77 

Zorbas in seven areas located along the coast of south-eastern Sicily (Fig. 1), ii) modelling of the storm surge, 78 

tide heights and wave propagation along the studied area for Zorbas and for other Medicanes and seasonal 79 

storms, iii) analyses of data recorded by tide gauges of Catania,  Porto Palo di Capo Passero and Malta during 80 

the occurrence of Medicanes and storms.  81 

 82 

Fig. 1 – Sites surveyed in south-eastern Sicily in response to the impact of Medicane Zorbas; A) Geographic location of 83 

the study area; B) Geological framework of the areas impacted by extreme marine events; C) Seven areas affected by 84 

Zorbas impact (yellow dots represent the zones with interviews of Zorbas effects, purple dots represent the zones 85 

described by official reports; light blue dots represents the zones monitored by videos, red dots represent the zones 86 

surveyed through direct witnesses and field evidence). 87 

 88 

1.1 Seasonal storms and Medicanes in the Mediterranean Sea 89 

The Mediterranean Sea is a semi-enclosed basin, connected with the Atlantic Ocean through the Gibraltar 90 

Strait and with the Black Sea through the Dardanelles Strait (Anzidei et al., 2014; Lin-Ye et al., 2020; López-91 

Dóriga and Jiménez, 2020; Moatti and Thiébault, 2018). The Mediterranean climate is conditioned by the 92 

interaction between air masses and the orography (Lionello, 2012; Lionello et al., 2006). This interaction 93 

usually determines dry summers, with associated southern regional winds (Sirocco, Sharav, Khasmin etc.), 94 

followed by winter rainfall events and cold dry northern regional winds (Mistral, Tramontane, Bora, etc.) 95 

(Giorgi and Lionello, 2008; Moatti and Thiébault, 2018). The combined action of air pressure and wind stress 96 

causes the occurrence of baroclinic instability (Lionello and Sanna, 2005) that determines the common 97 

seasonal storms. These storms are characterized by a temporary rise of the sea level due to the inverse 98 

barometric effect (Doodson, 1923) and by wind stress that pushes horizontally the water column (Lionello, 99 

2012; Lionello et al., 2006) with annexed coastal flooding. Sometimes, the seasonal storms can reach extreme 100 

values of storm surge and wave height  and cause extensive coastal flooding, such as for the storm event of 101 

28th October 2018 in the Northern Adriatic Sea (Ferrarin et al., 2020). During this event, significant wave 102 

heights were recorded at the Piattaforma Acqua Alta station (property of Council National of Research, Italy), 103 

15 km off-shore of the Venetian littoral (wave height of 6 m) and near the city of Rovinj, Istrian coast of 104 
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Croatia (wave height of 4.7 m). However, other extreme events are related to the Medicanes (Cavicchia et 105 

al., 2014b; Portmann et al., 2019b). Medicanes are characterized by a development driven by convection and 106 

air-sea interaction rather than baroclinic instability of seasonal storms, assuming features similar to those of 107 

tropical cyclones (Bouin and Lebeaupin Brossier, 2020b; Cavicchia et al., 2014b; Portmann et al., 2019b; Tous 108 

and Romero, 2013). Although these events showed significant wave heights, comparable to the seasonal 109 

storms, they caused greater coastal flooding respect them. A peculiar case was observed in south-eastern 110 

Sicily, in September 2018, when Medicane Zorbas determined significant coastal flooding and boulders 111 

transportation on the rocky platform (Scicchitano et al., 2020). Furthermore, the sea-level data and wave 112 

height recorded close to Catania (Fig. 2) revealed that Medicanes have hydrodynamic features similar to the 113 

common storms even though field observations showed greater flooding. 114 

 115 

Fig. 2 – Sea-level (source of ISPRA-Istituto Superiore per la Protezione e Ricerca Ambientale) and wave data in off-shore 116 

(source: RON—Rete Ondametrica Nazionale; www.idromare.com) recorded in the proximity of Catania (Sicily); yellow 117 

dots indicate the occurrence of Medicanes. 118 

2. Geomorphological settings  119 

Coastal areas of south-eastern Sicily (Fig. 1A, Tab. 1) are located on the emerged portion of the Pelagian 120 

Block, the foreland domain of the Neogene-Quaternary Sicilian collisional belt (Grasso and Lentini, 1982). The 121 

whole area lies at the footwall of a large normal fault system that runs along the off-shore of south-eastern 122 

Sicily (the Malta Escarpment, Fig. 1B; Bianca et al., 1999; Cultrera et al., 2015; Gambino et al., 2020). During 123 

the Late Quaternary, this coastal area has been affected by a slow vertical deformation that, combined with 124 

sea-level changes, generated several orders of marine terraces and paleo-shorelines (Bianca et al., 1999; Di 125 

Grande and Raimondo, 1982; Dutton et al., 2009; Meschis et al., 2020; Scicchitano et al., 2018, 2008; 126 

Spampinato et al., 2011; 2012). Notwithstanding this, according to Anzidei et al. (2018; 2021), GPS permanent 127 

stations and interferometric data locally show current weak subsidence at rates close to 1 mm/yr. This is 128 

relevant considering that the whole area is undergoing a heavy coastal retreat and it is exposed to severe 129 

storms.  130 

http://www.idromare.com/
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The studied coastal area, characterized by an alternance of small rocky promontories and low-lying beach 131 

systems often bordering coastal lagoons, has been affected by several marine extreme events in historical 132 

times. Effects of several tsunamis have been reconstructed from the analyses of boulder accumulation 133 

(Scicchitano et al., 2012, 2007), high-energy deposits (Scicchitano et al., 2010; Smedile et al., 2011) and cores 134 

performed inside lagoons (De Martini et al., 2012, 2010). The analyzed area experienced also the effects of 135 

several storms that occurred over the last decades, mainly represented by boulders and cobbles dislocation 136 

along the coastal area (Barbano et al., 2010; Cama et al., 2015; Scicchitano et al., 2020). This suggests that, 137 

as described in other Mediterranean coastal areas (Biolchi et al., 2019b, 2019a, 2016), storms can produce 138 

effects comparable to other marine extreme events.  139 

Studies of the meteo-marine regime performed by previous authors (Scicchitano et al., 2020, 2007), which 140 

analysed data recorded by the wave buoy of Catania (RON—Rete Ondametrica Nazionale; 141 

www.idromare.com), indicated that the strongest storm occurred in south-eastern Sicily since 1990 was 142 

characterized by significant wave height (H0) of about 6.2 m and peak period Tp of 11.3 s (Fig. 3A). This is 143 

consistent with the analyses of wave data performed by Inghilesi et al. (2000) that considered possible for 144 

the area a maximum significant wave height of about 6.24 m with a return period of 50 years. Analysis of 145 

RON data also reveals that seasonal strongest storms are characterized by a maximum H0ranging between 146 

4.5 and 5 m (Fig. 3A), mostly from ESE although storms from ENE are frequent (Fig. 3B). 147 

Several Medicanes impacted the coasts of south-eastern Sicily (Tab. 2) and in the last decades, these events 148 

have become more intense than in the past. Between 2014 and 2018, two strong Medicanes, called Qendresa 149 

and Zorbas respectively, occurred. Qendresa formed on the 5th November 2014 and rapidly intensified two 150 

days later, reaching peak intensity on the 7th November 2014. It directly hit Malta in the afternoon and then 151 

crossed the eastern coast of Sicily on the 8th November 2014. Later, the Medicane Qendresa weakened 152 

significantly and dissipated over Crete on the 11th November 2014. Measurements performed by the wave 153 

buoy of Crotone and Catania (RON—Rete Ondametrica Nazionale, “www.idromare.com,” 2009), during the 154 

passage of Qendresa, showed values of significant wave heights of about 4 m. The Medicane Zorbas 155 

generated in the Aegean Sea, moved westward until it reached the centre of the Ionian Sea, then reversed 156 
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its track moving over north-western Turkey. Although Zorbas did not affect south-eastern Sicily directly, as 157 

in the case of Medicane Qendresa, its impact determined similar features, as recorded by satellite data in the 158 

off-shore (about 4.1 m) (source AVISO satellite altimetry, credits CLS/CNES, Scicchitano et al., 2020).  159 

 160 

Fig. 3 – Meteo-marine regime of south-eastern Sicily: A) Data of significant wave heights recorded by wave buoy of 161 

Catania (1986 – 2014); B) Frequency distribution of wave height of Catania buoy (source: RON—Rete Ondametrica 162 

Nazionale; www.idromare.com). 163 

 164 

Another important effect induced by Zorbas was a temporary sea-level rise detected by the tide gauges 165 

located inside Catania harbour (property of ISPRA, Istituto Superiore per la Protezione e Ricerca Ambientale) 166 

and in Porto Palo di Capo Passero (property of INGV, Istituto Nazionale di Geofisica e Vulcanologia) and 167 

observed in the video recorded at the Maddalena Peninsula by a surveillance camera of the Marine Protected 168 

Area of Plemmirio (Scicchitano et al., 2020).  169 

 170 

 171 

http://www.idromare.com/
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Tab. 1 – Features of the coastal areas affected by Medicane Zorbas during the 28th September 2018. 172 



9 
 

3. Material & Methods  173 

In order to describe the effects of Zorbas, we performed post-surveys through the use of Global Positioning 174 

System Real-Time Kinematic (GPS RTK) techniques. This allowed us to assess, with centimetric accuracy, the 175 

flooding limits reached by marine inundation on seven coastal areas of south-eastern Sicily (Fig. 1C). Flooding 176 

limits have been identified in the field, soon after the impact of Zorbas, detecting: i) debris and deposits 177 

carried out inland by waves, ii) erosion effects on the beaches, iii) overwashed sediments inside coastal 178 

lagoons, iv) effects on civil structures located along the coast.  179 

In order to monitor the effects of common seasonal storms, systematic surveys were performed between 180 

2015 and 2019 in two specific areas located along the coast of south-eastern Sicily, Arenella and Fontane 181 

Bianche (Area 3 and 5, respectively, Fig. 1C). Field evidence was integrated with video acquired by 182 

surveillance cameras or by people that observed the impact of Medicane Zorbas. In addition, interviews were 183 

conducted among the witnesses in order to detect reference points in the field, submerged by the flooding, 184 

which were subsequently measured through the GPS RTK. From the analyses of the videos, it was possible, 185 

in the same case, to detect the rise of the water column determined by tide height and storm surge on the 186 

coastal landscapes. Tide height and storm surge were assessed considering the elevation of reference points, 187 

as in the case of the temporary submersion of Milocca and Ognina Islands and Marzamemi square (Tab. 1). 188 

Where it was not possible to perform a survey through GPS RTK, the elevation of reference points was 189 

measured using orthophotos and Digital Terrain Model (DTM) provided by Regional Authority and surveyed 190 

by means of airborne photogrammetric and LiDAR (Light Detection And Ranging, 2x2 m cell width) 191 

techniques. The video frames showed wave inundation enhanced by the combined effect of storm surge and 192 

wave propagation, determining gradually inland flooding and involving the back-dune and residential areas. 193 

To assess and compare the wave heights of storm and Medicane events, wave data were recorded by satellite 194 

altimetry (AVISO CNES, “MSS: Aviso+,” 2020), in off-shore for Medicane events (e.g., Zeo 2005, Qendresa 195 

2014, Zorbas 2018, Trudy 2019, Ianos 2020) and main seasonal storms (e.g., events occurred in December 196 

2009, October 2015, October 2016, December 2017). These data were used to reconstruct the wave 197 
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propagation along the near-shore zone in Delft3D environment. Coupled simulations have been performed 198 

by means of Delft3D‐WAVE with Delft3D-FLOW to incorporate wave-current interaction. Delft3D‐FLOW was 199 

used to assess the hydrodynamic flow, and Delft3D‐WAVE was used to simulate the wave propagation, based 200 

on the SWAN (Simulating WAves Nearshore) model (Lyddon et al., 2019; Whitham G.B., 1974).  201 

With the aim to modelling the wave propagation in Delft3D, we reconstructed morpho-topography and 202 

morpho-bathymetry of the seven studied areas. LiDAR data and orthophoto (0.3 m resolution), provided by 203 

Regione Sicilia and acquired in 2008-2009, have been used to define the morpho-topography. Bathymetric 204 

data have been extracted by Istituto Geografico Militare (IGM) nautical maps or, as in the case of the Ognina 205 

site, surveyed through Multi-Beam Echosounder System (MBES) techniques in previous studies (Scicchitano 206 

et al., 2016). Topographic and bathymetric data were interpolated following different grid resolutions in 207 

order to homogenize the different data sources. Grids were built with a resolution of 2x2 m cell width on the 208 

shoreface and a resolution of 8x8 m cell width on the near-shore zone.  209 

Temporary sea-level rise induced by storms and Medicanes was assessed through records of the tide gauges 210 

located in Catania (property of ISPRA – Istituto Superiore per la Protezione e Ricerca Ambientale, time-series 211 

1987-2020), Porto Palo di Capo Passero (property of INGV – Istituto Nazionale di Geofisica e Vulcanologia, 212 

time-series 2015-2020), and Malta (property of University of Malta, time-series 2019-2021). A spectral 213 

analysis was performed on tidal signals through a Continuous Wavelet Transform (CWT), using the Wavelet 214 

“Morlet” (Bogusz and Klos, 2010; Cohen, 2019), to identify the frequency of occurrence of storm surges, and 215 

to filter the tide phases during the recorded events reported in Tab. 2. 216 

The spectral analysis (Fig. 4) reports the tidal signals together with the scalograms. The scalograms represent 217 

the percentage of energy for each wavelet coefficient. The highest percentage of energy is attributed to the 218 

surge that occurred during the Medicane and storm events. Based on the frequencies reported in the 219 

scalograms, a high-pass filter was applied to highlight the surge values in Tab.3. 220 

 221 

Fig. 4 – Spectral analysis performed through CWT on the tidal signals; colour bar on the scalograms represents the 222 

percentage of energy for each wavelet coefficients; cones of influence of the scalograms are reported in white lines. 223 
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4. Results 224 

Flooding due to the Medicane Zorbas was assessed for seven specific areas located along the coast of south-225 

eastern Sicily: Thapsos Peninsula, Siracusa, Arenella, Ognina, Fontane Bianche, Avola and Marzamemi. Each 226 

one of these sites, mainly represented by beaches, marsh environments and low-lying rocky coasts (Tab. 1), 227 

was affected by the impact of Zorbas in different ways. 228 

In the Thapsos Peninsula (Area 1 – Fig. S1 Supplementary Material), characterized by a low-lying sandy beach 229 

protecting a lagoon in the back, flooding showed minimum value (about 30 ± 2 m) in correspondence of the 230 

isthmus and maximum one (about 95 ± 2m) in correspondence of the lagoon. However, the flooding did not 231 

reach the marsh probably because the dried season sensibly decreased its level. All along the sandy beach, 232 

several bathhouses were active during the period of impact of Medicane Zorbas; alongside, a power plant is 233 

connected to the sea through a pipeline pumping saltwater in special pools for cooling purpose. Zorbas surge 234 

flooded the main road all along the coastal area depositing, at the border wall of the power plant, a coarse 235 

sand deposit up to 30 cm thick (Fig. S2 Supplementary Material). 236 

Interviews performed with several employees and managers of the bathhouses, revealed that during the 237 

occurrence of the largest flooding (28th September 2018 at 14:33 UTC), the tidal level appeared to be 0.6 – 238 

0.8 m higher than under normal weather conditions (estimated along with specific structures of the 239 

bathhouses such as walls or tiled track). This value was constrained and better defined by the witnesses of 240 

several professional fishermen. They reported that, during the occurrence of the storm-induced by Medicane 241 

Zorbas, sea level was raised for about three hours, submerging the concrete structures posed to protect the 242 

pipelines of the power plant, up to a height of 0.8 ± 0.1 m above the msl. Wave propagation modelling 243 

performed by Delft3D, shows that during the Zorbas occurrence, waves impacted the south-eastern corner 244 

of the Thapsos Peninsula with greater energy than in the northern part, not directly exposed to the waves. 245 

On the other hand, wave heights modelled at the shore of the southern sector range between 0.8 m and 1.2 246 

m (Area 1, Fig. S1-S2 Supplementary Material), not explaining the wide flooding reached by the Medicane 247 

Zorbas. 248 
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The Area 2 is located inside the natural harbour of Siracusa and it is mainly represented by a marshy coastal 249 

environment protected by the Natural Reserve of Ciane River and Siracusa Saline (Fig. S3 Supplementary 250 

Material). The abundant remains of Posidonia oceanica significantly contribute to the formation of a sandy 251 

coastal barrier system that has isolated the lagoon from the sea. In this area, Zorbas flooding was surveyed 252 

the day after the impact, when we also collected some interviews with local professional fisherman. Flooding 253 

values ranged between 15 ± 2 m, mostly in the areas where the reeds were particularly dense, and 123 ± 2m, 254 

measured in the proximity of Ciane River mouth. Flooding overwashed the marsh in several areas depositing 255 

a wide layer of marine sediments up to 40 ± 5 cm thick (Fig. S4 Supplementary Material). Employees and 256 

managers of a boat storage centre located on the mouth of Ciane river reported a msl raising of 0.7 – 1 m. 257 

The seawater flooded their mooring structures for about 3 hours, on 28th September 2018 at 16:20 UTC. 258 

The Delft3D modelling showed the refraction of the waves, evident in the proximity of the entrance of the 259 

harbour, and a strong decrease of the wave height values inside the natural bay (Fig. S4 Supplementary 260 

Material). Along the coastal area, Delft3D modelled waves approaching the shore with a height value ranging 261 

between 0.65 ± 0.2 m and 0.42 ± 0.2 m. In the proximity of the Ciane river mouth, the coastal topography 262 

and bathymetry probably determined an interaction between refracted and diffracted waves. 263 

Area 3 is located about 6 km south of the Siracusa harbour, between the Milocca Island and the Asparano 264 

Promontory (Fig. 5 and Fig. S5 Supplementary Material), and it is represented by a low-lying rocky coast, in 265 

its north-eastern sector, and a long sandy beach in the south-western sector. 266 

 267 

Fig. 5 - Map of Marine Protected Area of Plemmirio, between Milocca Island and Asparano Promontory (Area 3) 268 

showing: the reconstructed limit of flooding during the Medicane Zorbas (blue line), points surveyed in the field (red 269 

Points), locations of the points for which witnesses reported in the interviews (yellow points); A) and B) tiles displaced 270 

by storm waves; C) reeds bordering the lagoon damaged by the storm. 271 

 272 

The worst effects in terms of flooding occurred in the south-western sector, where it reached values of 120 273 

± 2 m heavily hitting the bathhouse located alongside the Arenella beach, in the proximity of the Asparano 274 

Promontory (Fig. S5 Supplementary Material). In this site a tiled track was present, connecting the bathhouse 275 

with a beach resort located about 2 km to the south, composed of singular tiles of about 5 kg. Zorbas flooding 276 
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was able to displace several tiles inside a small lagoon present at about 120 m from the beach towards the 277 

hinterland (Fig. S6 A-B Supplementary Material). Reeds bordering the marsh have been heavily damaged by 278 

the storm (Fig. S6 C Supplementary Material) that deposited sediments and garbage inside the lagoon. 279 

In the northern sector of Area 3, technicians of the Marine Protected Area of Plemmirio reported that on 280 

28th September 2018 the Milocca Island (Fig. S5 Supplementary Material), which reaches an elevation of 1.5 281 

± 0.3 m above msl, resulted totally submerged for about 3 hours, from 15:00 UTC to 18:00 UTC. This 282 

temporary rise in sea level has been also confirmed by videos collected by a surveillance camera of the 283 

Marine Protected Area of Plemmirio (Scicchitano et al., 2020) and by interviews with employees and 284 

managers of the bathhouse located in the southern sector, who described a water level increase of 1.2 – 1.5 285 

m along the coast. Although, the Delft3D wave propagation highlights a continuous impact of waves along 286 

the eastern portion of the Arenella beach, again the waves were too small to produce flooding effects.  287 

Area 4 (Ognina area, Fig. S7 Supplementary Material) is formed by a small promontory that delimits a bay 288 

where a channel harbour about 600 m long occurs. In front of the harbour entrance, there is a flat island that, 289 

in historical times, was connected to the mainland by a narrow rocky isthmus, which is now submerged 290 

(Scicchitano et al., 2016). A detailed survey was performed the day after the impact of Zorbas and integrated 291 

with interviews conducted among the owners of the houses damaged by the storm and the owners of a 292 

Diving Center located on a side of the harbour channel.  293 

In the northern sector of the area, the flooding induced by Medicane Zorbas overtopped the rocky coast, 294 

reaching the main road, and pulled a border wall located about 55 m from the shoreline (Fig. S8 A 295 

Supplementary Material). In some cases, the water broke down property gates depositing coarse sands and 296 

pebbles in the backyards (Fig. S8 B Supplementary Material). Close to the harbour entrance, the waves hit 297 

the Guard of Finance barracks causing severe damages (Fig. S9 Supplementary Material). Along the channel 298 

harbour, the flooding eradicated an ancient milestone transporting it further inland (Fig. S9 Supplementary 299 

Material). In the inner part of the channel, on 27th September 2018 at 05:30 UTC, the surveillance camera 300 

of the Diving Center recorded for about 3 hours a sea level of about 0.8 – 1.0 m above the msl, measured 301 

along the dock.  302 
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The Delft3D wave propagation modelling for the Ognina area highlights the interference of the waves and an 303 

increase of wave height at the distal extremity of the channel. Along the channel axis, wave height becomes 304 

higher and faster than in the near-shore zone, determining extended flooding at the entrance of the channel, 305 

according to field evidence. 306 

Area 5 (Fontane Bianche, Fig. S9 Supplementary Material) is located about 5 km southward of the Ognina 307 

site and it is mainly represented by a long sandy beach often bordered on the back by large housing 308 

complexes, bathhouses and beach resorts. In this area, Zorbas flooding ranged between a minimum value of 309 

15 ± 2 m and a maximum of 125 ± 2 m, as reconstructed by a post-event survey performed the day after the 310 

event, interviews with house owners and bathhouse managers and analyses of media reports. In the 311 

southern sector of the area, Zorbas generated wide flooding that caused damages on the wall of a drainage 312 

artificial channel (Fig. S10 A Supplementary Material) and displacements of several wood structures of the 313 

bathhouse up to 125 ± 2 m inland (Fig. S10 B Supplementary Material). In the central part of the area, the 314 

flooding pulled down a property wall located about 65 m from the coastline (Fig. S10 C Supplementary 315 

Material). Interviews and media reports documented that, during the stroke of Zorbas, the sea level 316 

increased up to 0.9 -1.2 m with respect to the msl.  317 

About 30 km south of Siracusa, along the Avola seafront (Area 6, Fig. S11 Supplementary Material), several 318 

docks were flooded by the marine ingression, as reconstructed by interviews and by the analyses of videos 319 

uploaded on social media by witnesses (https://youtu.be/easN5yFIwic) (Fig. S12 Supplementary Material). 320 

In the harbour of Marzamemi (Area 7, Fig. S13 Supplementary Material), the main effect of storm impact, 321 

reconstructed by several media reports and by the analysis of several interviews, was a sudden and durable 322 

storm surge that flooded most of the structures.  323 

Analyses of video uploaded on youtube (https://youtu.be/XvKfWczzqr8) and recorded by news media 324 

allowed us to accurately reconstruct a storm surge of about 0.85 m (Fig. S14 Supplementary Material) that 325 

hit all the natural embayment of Marzamemi, flooding the infrastructures along the seafront. 326 

The model shows an effect of diffraction due to the harbour and to the islet “Isola Piccola”, determining a 327 

wave propagation able to rapidly reach the coast and to flood the emerged surface up to 66 m landward. 328 

https://youtu.be/easN5yFIwic
https://youtu.be/XvKfWczzqr8
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In order to compare wave heights on the shoreface related to Medicanes and storms, Delft3D has been 329 

applied to model the wave propagation for all the events reported in Tab 2. Results show a reduction in 330 

height of about 83% between the waves recorded in the off-shore (by satellite altimetry and buoy) and those 331 

estimated on the shoreline by the model, both during the Medicanes and the common storms. Wave heights 332 

reconstructed in the proximity of the coastline for the area of Arenella (Area 3) and Fontane Bianche (Area 333 

5), during the impact of Medicanes and storm events (see Tab.2), show very similar values for both 334 

typologies. The highest wave height value is about 0.72 ± 0.1 m and it is related to the Medicane Zeo (2005) 335 

and to the storm occurred in February 2015. Medicanes Zorbas (2018) and Trudy (2019) produced wave 336 

heights of 0.65 ± 0.2 m and 0.6 ± 0.05 m, respectively, as well as the 2017 seasonal storm. 337 

 338 

Tab. 2 – Wave heights for the Medicanes and storm events over the last decades. 339 

 340 

Tidal signals recorded by the gauges of Catania and Porto Palo di Capo Passero showed a significant rise of 341 

the water column during all the events reported in Tab 2. We performed a spectral analysis of the tide gauge 342 

data to define the storm surge contribution filtering the tidal excursion. Results show that greater surge 343 

values were observed during Medicanes rather than common storms (Tab. 3, Fig 6). This analysis 344 

reconstructed for Medicane Zorbas a storm surge of 0.23 ± 0.03 m and a tide height of about 0.42 ± 0.02 m. 345 

On the other hand, field evidence, video and reports allow us to reconstruct a significant rise of the water 346 

column during Zorbas of 1 ± 0.3 m, resulting in a surge value much higher than those defined by tidal analysis 347 

(applying the tide excursion previously calculated).  348 

 349 

Tab. 3 – Rise of the water column observed in the tide gauge and values of storm surge obtained by filtered tidal signal. 350 

 351 

Fig. 6 - Filtered tidal signals of the storm events, dark blue indicates the Medicanes while light blue indicates the common 352 

storms. 353 
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6. Discussions 354 

The impact of extreme marine events determined significant flooding along the coastal stretches of south-355 

eastern Sicily. Two main kinds of flooding were observed over the last decades: (ì) coastal flooding related to 356 

the common storm events and (ìì) coastal flooding related to the Medicanes. Medicane Zorbas impacted 357 

along the coasts of south-eastern Sicily determining extensive flooding that were reconstructed through a 358 

joint analysis of direct surveys, interviews and videos reported on social media. In order to compare flooding 359 

extension during Medicanes and storm events, we selected two specific areas of the seven studied: Area 3, 360 

including the Arenella beach, and Area 5, including the Fontane Bianche beach (Fig. 7). These two areas have 361 

been subject to intense monitoring since 2014, when, after the storm-related to Medicane Qendresa (see 362 

Tabs. 2 and 3), post surveys have been performed with the aim of reconstructing the flooding limits. Other 363 

surveys were performed over these years also after the impact of the strongest seasonal storms (occurred in 364 

2015, 2016, 2017, 2019). 365 

 366 

Fig. 7 – Flooding limits surveyed in two specific areas during different Medicanes and storm events; A – flooding on 367 

Arenella beach (Area 3); B- flooding on Fontane Bianche (Area 5). 368 

 369 

In Fig. 7 the flooding limits surveyed in Area 3 and Area 5 after the impact of Medicane Qendresa (2014) and 370 

Zorbas (2018) and after the impact of the seasonal storms that occurred between 2015 and 2019 are showed. 371 

Results show that the flooding related to Medicane events are wider than those related to the storms. Zorbas 372 

and Qendresa generated flooding that penetrated up to 120 – 130 m landward, while storms normally did 373 

not exceed 50 - 60 m of inland inundation. Flooding generated by Medicanes seems to be characterized by 374 

high energy flows able to destroy and dislocate structures located along the coastal area. Flooding connected 375 

to extreme marine events is commonly conditioned by the tide phase, storm surges, and storm waves.  376 

In order to verify if the difference between Medicanes and seasonal storms flooding extension may be 377 

connected to a different wave setting along the coast, we modelled in Delft3D the wave propagation for all 378 

the events reported in Tab.2. Results show a general homogeneity in wave height values (Tab. 3): the highest 379 

value measured in the proximity of the coastline, of about 0.96 m, was reached by Medicane Zeo in 2005 and 380 

by a storm occurred in 2015. A storm occurred in 2017 reached a wave height of about 0.86 m that resulted 381 
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to be higher than those modelled for Medicane Qendresa and Zorbas. This result highlights that the wider 382 

flooding generated by Medicanes cannot be explained by the largest values of wave height impacting the 383 

coastal areas, and it should be attributed to the effects of surge and tide. The combined effect of tide height 384 

and storm surge determines a rise of the water column, which enhances the storm wave ingression 385 

throughout the coastal landscape (Chaumillon et al., 2017; Höffken et al., 2020; Holman, 1986; Stockdon et 386 

al., 2006; Woodruff et al., 2013). Considering that the coasts of south-eastern Sicily are characterized by 387 

microtidal excursion (Anzidei et al., 2018; Braitenberg et al., 2011; Palma et al., 2020; Tsimplis et al., 1995), 388 

it is reasonable to consider storm surge as a major component of water level rise. 389 

In the studied events, storm surge is defined as a positive deviation from the sea level (see also Carter, 1997) 390 

and it can be assessed by filtering the raw tidal signals. During a storm event, raw signals in the tide gauges 391 

are conditioned by components of the tide height and perturbation of water level due to the storm surge. 392 

Our analyses of the tide gauges of Catania and Capo Passero during the propagation of Medicane Zorbas, 393 

provided a storm surge value of about 0.23 ± 0.03 m that appears very low with respect to that obtained by 394 

analyses of field evidence, which suggest a surge value of about 0.60 m. This difference can be probably 395 

attributed to local amplification processes that, in areas particularly exposed to the storm impact, can 396 

generate a strong effect of flooding along the coasts. 397 

This study shows that the Medicanes generated stronger effects, especially in terms of flooding, than 398 

common seasonal storms along the coast of south-eastern Sicily. This difference is probably attributed to a 399 

higher raising in water level column that Medicanes can induce along the coastline, and imply that coastal 400 

hazard of areas prone to Medicanes occurrence should be better assessed maybe throughout the definition 401 

of specific numerical modelling. Furthermore, in the near future, other processes could increase the 402 

Medicane effects, such as i) the relative sea-level rise and vertical land movements (Antonioli et al., 2020, 403 

2017; Anzidei et al., 2018; 2021¸ Aucelli et al., 2018, 2017; Vecchio et al., 2019), ii) changing in sedimentary 404 

balance and annexed shoreline movements (Brunel and Sabatier, 2009; Rosskopf et al., 2018; Sabatier et al., 405 

2009; Scardino et al., 2020), iii) anthropogenic influence along the coasts (Anthony et al., 2019; Caldara et 406 

al., 2006; Di Stefano et al., 2013). 407 
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7. Conclusions 408 

Medicane Zorbas impacted along the coasts of south-eastern Sicily determining extensive flooding that has 409 

been reconstructed, for seven areas, by coupling analysis of direct surveys, interviews and videos reported 410 

on social media. Comparing the flooding limits reached by two distinct Medicanes (Qendresa and Zorbas) 411 

and several seasonal storms in two specific areas (Area 3 and Area 5) and analyzing wave propagation models 412 

and tidal gauge data, we reached the following conclusions: 413 

 Medicanes generally are able to generate wider flooding than to the seasonal storm. Although the 414 

models of wave storm propagation provide similar values of wave height for both typologies of event, 415 

surface flooded by Medicanes is double to those flooded by common storms. 416 

 The difference in flooding between Medicanes and storms have to be attributed to the combination 417 

of storm surge and tide height. Analyses of the raw signal recorded by tide gauges of Catania and 418 

Capo Passero, revealed that high rise of the water column were detected during the passage of the 419 

Medicanes. 420 

 Storm surges reconstructed from tide gauge data analyses appear underestimates when compared 421 

with field evidence detected during the impact of Medicane Zorbas along the coast of south-eastern 422 

Sicily. This is probably due to the local effects of amplification. 423 

 424 

Acknowledgments 425 

This study has been partially funded by I-STORMS Project from DISTEGEO— University of Bari Aldo Moro 426 

and Regione Puglia Civil Protection (Scientific Coordinator G. Mastronuzzi) and developed within the 427 

activities of the Research Agreement stipulated between the University of Bari Aldo Moro and the Marine 428 

Protected Area of Plemmirio (SR, Italy) (Scientific Coordinator G. Scicchitano). Many thanks are due to 429 

Marcello Bianca Ph.D. and Geol. Massimo Gerace for their contribution to field surveys.  430 



19 
 

Data Availability 431 

Datasets related to LiDAR data were provided by WMS service of Regione Sicilia at 432 

https://sif.regione.sicilia.it (accessed on 21 January 2021). 433 

Datasets related to tide gauge for the sea-level station are freely available at www.mareografico.it 434 

(accessed on 21 January 2021) and http://www.ioc-sealevelmonitoring.org/ (accessed on 21 January 2021). 435 

References  436 

Anthony, E.J., Almar, R., Besset, M., Reyns, J., Laibi, R., Ranasinghe, R., Abessolo Ondoa, G., Vacchi, M., 437 
2019. Response of the Bight of Benin (Gulf of Guinea, West Africa) coastline to anthropogenic and 438 
natural forcing, Part 2: Sources and patterns of sediment supply, sediment cells, and recent 439 
shoreline change. Continental Shelf Research 173, 93–103. 440 
https://doi.org/10.1016/j.csr.2018.12.006 441 

Antonioli, F., Anzidei, M., Amorosi, A., Lo Presti, V., Mastronuzzi, G., Deiana, G., De Falco, G., Fontana, A., 442 
Fontolan, G., Lisco, S., Marsico, A., Moretti, M., Orrù, P.E., Sannino, G.M., Serpelloni, E., Vecchio, A., 443 
2017. Sea-level rise and potential drowning of the Italian coastal plains: Flooding risk scenarios for 444 
2100. Quaternary Science Reviews 158, 29–43. https://doi.org/10.1016/j.quascirev.2016.12.021 445 

Antonioli, F., Falco, G.D., Presti, V.L., Moretti, L., Scardino, G., Anzidei, M., Bonaldo, D., Carniel, S., Leoni, G., 446 
Furlani, S., Marsico, A., Petitta, M., Randazzo, G., Scicchitano, G., Mastronuzzi, G., 2020. Relative 447 
Sea-Level Rise and Potential Submersion Risk for 2100 on 16 Coastal Plains of the Mediterranean 448 
Sea. Water 12, 2173. https://doi.org/10.3390/w12082173 449 

Anzidei, M., Lambeck, K., Antonioli, F., Furlani, S., Mastronuzzi, G., Serpelloni, E., Vannucci, G., 2014. Coastal 450 
structure, sea-level changes and vertical motion of the land in the Mediterranean. Geological 451 
Society, London, Special Publications 388, 453–479. https://doi.org/10.1144/SP388.20 452 

Anzidei, M., Scicchitano, G., Scardino, G., Bignami, C., Tolomei, C., Vecchio, A., Serpelloni, E., De Santis, V., 453 
Monaco, C., Milella, M., Piscitelli, A., Mastronuzzi, G., 2021. Relative Sea-Level Rise Scenario for 454 
2100 along the Coast of South Eastern Sicily (Italy) by InSAR Data, Satellite Images and High-455 
Resolution Topography. Remote Sensing 13, 1108. https://doi.org/10.3390/rs13061108 456 

Anzidei, M., Scicchitano, G., Tarascio, S., de Guidi, G., Monaco, C., Barreca, G., Mazza, G., Serpelloni, E., 457 
Vecchio, A., 2018. Coastal retreat and marine flooding scenario for 2100: A case study along the 458 
coast of Maddalena peninsula (southeastern Sicily). Geografia Fisica e Dinamica Quaternaria 41, 5–459 
16. https://doi.org/10.4461/GFDQ.2018.41.9 460 

Aucelli, P.P.C., Di Paola, G., Incontri, P., Rizzo, A., Vilardo, G., Benassai, G., Buonocore, B., Pappone, G., 461 
2017. Coastal inundation risk assessment due to subsidence and sea level rise in a Mediterranean 462 
alluvial plain (Volturno coastal plain – southern Italy). Estuarine, Coastal and Shelf Science, ECSA 55 463 
Unbounded boundaries and shifting baselines: estuaries and coastal seas in a rapidly changing 464 
world 198, 597–609. https://doi.org/10.1016/j.ecss.2016.06.017 465 

Aucelli, P.P.C., Di Paola, G., Rizzo, A., Rosskopf, C.M., 2018. Present day and future scenarios of coastal 466 
erosion and flooding processes along the Italian Adriatic coast: the case of Molise region. Environ 467 
Earth Sci 77, 371. https://doi.org/10.1007/s12665-018-7535-y 468 

Bakkensen, L.A., 2017. Mediterranean Hurricanes and Associated Damage Estimates. J. of Extr. Even. 04, 469 
1750008. https://doi.org/10.1142/S2345737617500087 470 

Bamber, J.L., Oppenheimer, M., Kopp, R.E., Aspinall, W.P., Cooke, R.M., 2019. Ice sheet contributions to 471 
future sea-level rise from structured expert judgment. PNAS 116, 11195–11200. 472 
https://doi.org/10.1073/pnas.1817205116 473 

Barbano, M.S., Pirrotta, C., Gerardi, F., 2010. Large boulders along the south-eastern Ionian coast of Sicily: 474 
Storm or tsunami deposits? Marine Geology 275, 140–154. 475 
https://doi.org/10.1016/j.margeo.2010.05.005 476 

https://sif.regione.sicilia.it/
http://www.ioc-sealevelmonitoring.org/


20 
 

Bianca, M., Monaco, C., Tortorici, L., Cernobori, L., 1999. Quaternary normal faulting in southeastern Sicily 477 
(Italy):a seismic source for the 1693 large earthquake. Geophysical Journal International 139, 370–478 
394. https://doi.org/10.1046/j.1365-246x.1999.00942.x 479 

Biolchi, S., Denamiel, C., Devoto, S., Korbar, T., Macovaz, V., Scicchitano, G., Vilibić, I., Furlani, S., 2019a. 480 
Impact of the October 2018 Storm Vaia on Coastal Boulders in the Northern Adriatic Sea. Water 11, 481 
2229. https://doi.org/10.3390/w11112229 482 

Biolchi, S., Furlani, S., Antonioli, F., Baldassini, N., Causon Deguara, J., Devoto, S., Di Stefano, A., Evans, J., 483 
Gambin, T., Gauci, R., Mastronuzzi, G., Monaco, C., Scicchitano, G., 2016. Boulder accumulations 484 
related to extreme wave events on the eastern coast of Malta. Natural Hazards and Earth System 485 
Sciences 16, 737–756. https://doi.org/10.5194/nhess-16-737-2016 486 

Biolchi, S., Furlani, S., Devoto, S., Scicchitano, G., Korbar, T., Vilibic, I., Sepic, J., 2019b. The origin and 487 
dynamics of coastal boulders in a semi-enclosed shallow basin: A northern Adriatic case study. 488 
Marine Geology 411, 62–77. https://doi.org/10.1016/j.margeo.2019.01.008 489 

Bogusz, J., Klos, A., 2010. Wavelet Analysis for Investigation of Precise Gnss Solutions’ Credibility. Artificial 490 
Satellites 45, 163–173. https://doi.org/10.2478/v10018-011-0005-3 491 

Bonaldo, D., Antonioli, F., Archetti, R., Bezzi, A., Correggiari, A., Davolio, S., De Falco, G., Fantini, M., 492 
Fontolan, G., Furlani, S., Gaeta, M.G., Leoni, G., Lo Presti, V., Mastronuzzi, G., Pillon, S., Ricchi, A., 493 
Stocchi, P., Samaras, A.G., Scicchitano, G., Carniel, S., 2019. Integrating multidisciplinary 494 
instruments for assessing coastal vulnerability to erosion and sea level rise: lessons and challenges 495 
from the Adriatic Sea, Italy. J Coast Conserv 23, 19–37. https://doi.org/10.1007/s11852-018-0633-x 496 

Bouin, M.-N., Lebeaupin Brossier, C., 2020a. Surface processes in the 7 November 2014 medicane from air–497 
sea coupled high-resolution numerical modelling. Atmospheric Chemistry and Physics 20, 6861–498 
6881. https://doi.org/10.5194/acp-20-6861-2020 499 

Bouin, M.-N., Lebeaupin Brossier, C., 2020b. Surface processes in the 7 November 2014 medicane from air–500 
sea coupled high-resolution numerical modelling. Atmospheric Chemistry and Physics 20, 6861–501 
6881. https://doi.org/10.5194/acp-20-6861-2020 502 

Braitenberg, C., Mariani, P., Tunini, L., Grillo, B., Nagy, I., 2011. Vertical crustal motions from differential 503 
tide gauge observations and satellite altimetry in southern Italy. Journal of Geodynamics 51, 233–504 
244. https://doi.org/10.1016/j.jog.2010.09.003 505 

Brunel, C., Sabatier, F., 2009. Potential influence of sea-level rise in controlling shoreline position on the 506 
French Mediterranean Coast. Geomorphology, Coastal vulnerability related to sea-level rise 107, 507 
47–57. https://doi.org/10.1016/j.geomorph.2007.05.024 508 

Caldara, M., Capolongo, D., Damato, B., Pennetta, L., 2006. Can the ground laser scanning technology be 509 
useful for coastal defenses monitoring? Italian Journal of Engineering Geology and Environment 1, 510 
35–49. 511 

Cama, M., Lombardo, L., Conoscenti, C., Agnesi, V., Rotigliano, E., 2015. Predicting storm-triggered debris 512 
flow events: application to the 2009 Ionian Peloritan disaster (Sicily, Italy). Natural Hazards and 513 
Earth System Sciences 15, 1785–1806. https://doi.org/10.5194/nhess-15-1785-2015 514 

Carter, R.W.G., 1997. Coastal Evolution: Late Quaternary Shoreline Morphodynamics, Reprint edizione. ed. 515 
Cambridge University Press, Cambridge. 516 

Cavicchia, L., von Storch, H., Gualdi, S., 2014a. Mediterranean Tropical-Like Cyclones in Present and Future 517 
Climate. J. Climate 27, 7493–7501. https://doi.org/10.1175/JCLI-D-14-00339.1 518 

Cavicchia, L., von Storch, H., Gualdi, S., 2014b. A long-term climatology of medicanes. Clim Dyn 43, 1183–519 
1195. https://doi.org/10.1007/s00382-013-1893-7 520 

Chaumillon, E., Bertin, X., Fortunato, A.B., Bajo, M., Schneider, J.-L., Dezileau, L., Walsh, J.P., Michelot, A., 521 
Chauveau, E., Créach, A., Hénaff, A., Sauzeau, T., Waeles, B., Gervais, B., Jan, G., Baumann, J., 522 
Breilh, J.-F., Pedreros, R., 2017. Storm-induced marine flooding: Lessons from a multidisciplinary 523 
approach. Earth-Science Reviews 165, 151–184. https://doi.org/10.1016/j.earscirev.2016.12.005 524 

Cohen, M.X., 2019. A better way to define and describe Morlet wavelets for time-frequency analysis. 525 
NeuroImage 199, 81–86. https://doi.org/10.1016/j.neuroimage.2019.05.048 526 



21 
 

Cultrera, F., Barreca, G., Scarfì, L., Monaco, C., 2015. Fault reactivation by stress pattern reorganization in 527 
the Hyblean foreland domain of SE Sicily (Italy) and seismotectonic implications. Tectonophysics 528 
661, 215–228. https://doi.org/10.1016/j.tecto.2015.08.043 529 

De Martini, P.M., Barbano, M.S., Pantosti, D., Smedile, A., Pirrotta, C., Del Carlo, P., Pinzi, S., 2012. 530 
Geological evidence for paleotsunamis along eastern Sicily (Italy): an overview. Natural Hazards and 531 
Earth System Sciences 12, 2569–2580. https://doi.org/10.5194/nhess-12-2569-2012 532 

De Martini, P.M., Barbano, M.S., Smedile, A., Gerardi, F., Pantosti, D., Del Carlo, P., Pirrotta, C., 2010. A 533 
unique 4000year long geological record of multiple tsunami inundations in the Augusta Bay 534 
(eastern Sicily, Italy). Marine Geology 276, 42–57. https://doi.org/10.1016/j.margeo.2010.07.005 535 

Di Grande, A., Raimondo, W., 1982. Linee di costa pliopleistoceniche e schema litostratigrafico del  536 
Quaternario siracusano. Geologica Romana 21, 279–309. 537 

Di Stefano, A., De Pietro, R., Monaco, C., Zanini, A., 2013. Anthropogenic influence on coastal evolution: A 538 
case history from the Catania Gulf shoreline (eastern Sicily, Italy). Ocean & Coastal Management 539 
80, 133–148. https://doi.org/10.1016/j.ocecoaman.2013.02.013 540 

Dietrich, J.C., Bunya, S., Westerink, J.J., Ebersole, B.A., Smith, J.M., Atkinson, J.H., Jensen, R., Resio, D.T., 541 
Luettich, R.A., Dawson, C., Cardone, V.J., Cox, A.T., Powell, M.D., Westerink, H.J., Roberts, H.J., 542 
2010. A High-Resolution Coupled Riverine Flow, Tide, Wind, Wind Wave, and Storm Surge Model 543 
for Southern Louisiana and Mississippi. Part II: Synoptic Description and Analysis of Hurricanes 544 
Katrina and Rita. Mon. Wea. Rev. 138, 378–404. https://doi.org/10.1175/2009MWR2907.1 545 

Doodson, A.T., 1923. Meteorological Perturbations of Sea-Level. Nature 112, 765–766. 546 
https://doi.org/10.1038/112765a0 547 

Dutton, A., Scicchitano, G., Monaco, C., Desmarchelier, J.M., Antonioli, F., Lambeck, K., Esat, T.M., Fifield, 548 
L.K., McCulloch, M.T., Mortimer, G., 2009. Uplift rates defined by U-series and 14C ages of serpulid-549 
encrusted speleothems from submerged caves near Siracusa, Sicily (Italy). Quaternary 550 
Geochronology 4, 2–10. https://doi.org/10.1016/j.quageo.2008.06.003 551 

Emanuel, K., 2005. Genesis and maintenance of “Mediterranean hurricanes,” in: Advances in Geosciences. 552 
Presented at the 6th Plinius Conference on Mediterranean Storms (2004) - 6th Plinius Conference 553 
on Mediterranean Storms, Mediterranean Sea (on board), 17&ndash;24 October 2004, Copernicus 554 
GmbH, pp. 217–220. https://doi.org/10.5194/adgeo-2-217-2005 555 

Ferranti, L., Antonioli, F., Mauz, B., Amorosi, A., Dai Pra, G., Mastronuzzi, G., Monaco, C., Orrù, P., 556 
Pappalardo, M., Radtke, U., Renda, P., Romano, P., Sansò, P., Verrubbi, V., 2006. Markers of the last 557 
interglacial sea-level high stand along the coast of Italy: Tectonic implications. Quaternary 558 
International, Quaternary sea-level changes: contributions from the 32nd IGC 145–146, 30–54. 559 
https://doi.org/10.1016/j.quaint.2005.07.009 560 

Ferrarin, C., Valentini, A., Vodopivec, M., Klaric, D., Massaro, G., Bajo, M., Pascalis, F.D., Fadini, A., Ghezzo, 561 
M., Menegon, S., Bressan, L., Unguendoli, S., Fettich, A., Jerman, J., Ličer, M., Fustar, L., Papa, A., 562 
Carraro, E., 2020. Integrated sea storm management strategy: the 29 October 2018 event in the 563 
Adriatic Sea. Natural Hazards and Earth System Sciences 20, 73–93. https://doi.org/10.5194/nhess-564 
20-73-2020 565 

Fita, L., Romero, R., Luque, A., Emanuel, K., Ramis, C., 2007. Analysis of the environments of seven 566 
Mediterranean tropical-like storms using an axisymmetric, nonhydrostatic, cloud resolving model. 567 
Natural Hazards and Earth System Sciences 7, 41–56. https://doi.org/10.5194/nhess-7-41-2007 568 

Gambino, S., Barreca, G., Gross, F., Monaco, C., Krastel, S., Gutscher, M.-A., 2020. Deformation pattern of 569 
the northern sector of the Malta Escarpment (offshore SE-Sicily, Italy); fault dimension, slip 570 
prediction and seismotectonic implications. Front. Earth Sci. 8. 571 
https://doi.org/10.3389/feart.2020.594176 572 

Giorgi, F., Lionello, P., 2008. Climate change projections for the Mediterranean region. Global and Planetary 573 
Change, Mediterranean climate: trends, variability and change 63, 90–104. 574 
https://doi.org/10.1016/j.gloplacha.2007.09.005 575 

Grasso, M., Lentini, F., 1982. Sedimentary and tectonic evolution of the eastern Hyblean Plateau 576 
(southeastern Sicily) during late Cretaceous to Quaternary time. Palaeogeography, 577 
Palaeoclimatology, Palaeoecology 39, 261–280. https://doi.org/10.1016/0031-0182(82)90025-6 578 



22 
 

Höffken, J., Vafeidis, A.T., MacPherson, L.R., Dangendorf, S., 2020. Effects of the Temporal Variability of 579 
Storm Surges on Coastal Flooding. Front. Mar. Sci. 7. https://doi.org/10.3389/fmars.2020.00098 580 

Holman, R.A., 1986. Extreme value statistics for wave run-up on a natural beach. Coastal Engineering 9, 581 
527–544. https://doi.org/10.1016/0378-3839(86)90002-5 582 

Inghilesi, R., Corsini, S., Guiducci, F., Arseni, A., 2000. Statistical analysis of extreme waves on the Italian 583 
coasts from 1989 to 1999. Bollettino di Geofisica Teorica ed Applicata 41, 315–337. 584 

IPCC, 2019. Special Report on the Ocean and Cryosphere in a Changing Climate. [H.-O. Pörtner, D.C. 585 
Roberts, V. Masson-Delmotte, P. Zhai, M. Tignor, E. Poloczanska, K. Mintenbeck, A. Alegría, M. 586 
Nicolai, A. Okem, J. Petzold, B. Rama, N.M. Weyer (eds.)] In press. 587 

Jevrejeva, S., Moore, J.C., Grinsted, A., Matthews, A.P., Spada, G., 2014. Trends and acceleration in global 588 
and regional sea levels since 1807. Global and Planetary Change 113, 11–22. 589 
https://doi.org/10.1016/j.gloplacha.2013.12.004 590 

Karim, M.F., Mimura, N., 2008. Impacts of climate change and sea-level rise on cyclonic storm surge floods 591 
in Bangladesh. Global Environmental Change, Globalisation and Environmental Governance: Is 592 
Another World Possible? 18, 490–500. https://doi.org/10.1016/j.gloenvcha.2008.05.002 593 

Lin-Ye, J., García-León, M., Gràcia, V., Ortego, M.I., Lionello, P., Conte, D., Pérez-Gómez, B., Sánchez-Arcilla, 594 
A., 2020. Modeling of Future Extreme Storm Surges at the NW Mediterranean Coast (Spain). Water 595 
12, 472. https://doi.org/10.3390/w12020472 596 

Lionello, P., 2012. The Climate of the Mediterranean Region: From the Past to the Future. Elsevier. 597 
Lionello, P., Bhend, J., Buzzi, A., Della-Marta, P., Krichak, S., Jansa, A., Maheras, P., Sanna, A., Trigo, I., Trigo, 598 

R., 2006. Chapter 6 Cyclones in the Mediterranean region: Climatology and effects on the 599 
environment. Developments in Earth and Environmental Sciences 4. 600 
https://doi.org/10.1016/S1571-9197(06)80009-1 601 

Lionello, P., Sanna, A., 2005. Mediterranean wave climate variability and its links with NAO and Indian 602 
Monsoon. Climate Dynamics 25, 611–623. https://doi.org/10.1007/s00382-005-0025-4 603 

López-Dóriga, U., Jiménez, J.A., 2020. Impact of Relative Sea-Level Rise on Low-Lying Coastal Areas of 604 
Catalonia, NW Mediterranean, Spain. Water 12, 3252. https://doi.org/10.3390/w12113252 605 

Lyddon, C.E., Brown, J.M., Leonardi, N., Saulter, A., Plater, A.J., 2019. Quantification of the Uncertainty in 606 
Coastal Storm Hazard Predictions Due to Wave-Current Interaction and Wind Forcing. Geophysical 607 
Research Letters 46, 14576–14585. https://doi.org/10.1029/2019GL086123 608 

Marcos, M., Jordà, G., Gomis, D., Pérez, B., 2011. Changes in storm surges in southern Europe from a 609 
regional model under climate change scenarios. Global and Planetary Change 77, 116–128. 610 
https://doi.org/10.1016/j.gloplacha.2011.04.002 611 

Marsico, A., Lisco, S., Presti, V.L., Antonioli, F., Amorosi, A., Anzidei, M., Deiana, G., Falco, G.D., Fontana, A., 612 
Fontolan, G., Moretti, M., Orrú, P.E., Serpelloni, E., Sannino, G., Vecchio, A., Mastronuzzi, G., 2017. 613 
Flooding scenario for four Italian coastal plains using three relative sea level rise models. Journal of 614 
Maps 13, 961–967. https://doi.org/10.1080/17445647.2017.1415989 615 

Meschis, M., Scicchitano, G., Roberts, G.P., Robertson, J., Barreca, G., Monaco, C., Spampinato, C., Sahy, D., 616 
Antonioli, F., Mildon, Z.K., Scardino, G., 2020. Regional Deformation and Offshore Crustal Local 617 
Faulting as Combined Processes to Explain Uplift Through Time Constrained by Investigating 618 
Differentially Uplifted Late Quaternary Paleoshorelines: The Foreland Hyblean Plateau, SE Sicily. 619 
Tectonics 39, e2020TC006187. https://doi.org/10.1029/2020TC006187 620 

Miglietta, M.M., Laviola, S., Malvaldi, A., Conte, D., Levizzani, V., Price, C., 2013. Analysis of tropical-like 621 
cyclones over the Mediterranean Sea through a combined modeling and satellite approach. 622 
Geophysical Research Letters 40, 2400–2405. https://doi.org/10.1002/grl.50432 623 

Moatti, J.-P., Thiébault, S. (Eds.), 2018. The Mediterranean region under climate change : A scientific 624 
update, The Mediterranean region under climate change : A scientific update, Synthèses. IRD 625 
Éditions, Marseille. 626 

Moscatello, A., Miglietta, M.M., Rotunno, R., 2008. Observational analysis of a Mediterranean “hurricane” 627 
over south-eastern Italy. Weather 63, 306–311. https://doi.org/10.1002/wea.231 628 

MSS: Aviso+ [WWW Document], 2020. URL https://www.aviso.altimetry.fr/en/data/products/auxiliary-629 
products/mss.html (accessed 5.4.20). 630 



23 
 

Nastos, Karavana-Papadimou, K., Matsangouras, I.T., 2015. Tropical-like cyclones in the Mediterranean: 631 
Impacts and composite daily means and anomalies of synoptic conditions. Proceedings of the 14th 632 
International Conference on Environmental Science and Technology. 633 

Palma, M., Iacono, R., Sannino, G., Bargagli, A., Carillo, A., Fekete, B.M., Lombardi, E., Napolitano, E., 634 
Pisacane, G., Struglia, M.V., 2020. Short-term, linear, and non-linear local effects of the tides on the 635 
surface dynamics in a new, high-resolution model of the Mediterranean Sea circulation. Ocean 636 
Dynamics 70, 935–963. https://doi.org/10.1007/s10236-020-01364-6 637 

Portmann, R., González-Alemán, J.J., Sprenger, M., Wernli, H., 2019a. Medicane Zorbas: Origin and impact 638 
of an uncertain potential vorticity streamer. Weather and Climate Dynamics Discussions 1–30. 639 
https://doi.org/10.5194/wcd-2019-1 640 

Portmann, R., González-Alemán, J.J., Sprenger, M., Wernli, H., 2019b. Medicane Zorbas: Origin and impact 641 
of an uncertain potential vorticity streamer. Weather and Climate Dynamics Discussions 1–30. 642 
https://doi.org/10.5194/wcd-2019-1 643 

Rahmstorf, S., 2007. A Semi-Empirical Approach to Projecting Future Sea-Level Rise. Science 315, 368–370. 644 
https://doi.org/10.1126/science.1135456 645 

Rahmstorf, S., Perrette, M., Vermeer, M., 2012. Testing the robustness of semi-empirical sea level 646 
projections. Clim Dyn 39, 861–875. https://doi.org/10.1007/s00382-011-1226-7 647 

Rosskopf, C.M., Di Paola, G., Atkinson, D.E., Rodríguez, G., Walker, I.J., 2018. Recent shoreline evolution and 648 
beach erosion along the central Adriatic coast of Italy: the case of Molise region. J Coast Conserv 649 
22, 879–895. https://doi.org/10.1007/s11852-017-0550-4 650 

Sabatier, F., Samat, O., Brunel, C., Heurtefeux, H., Delanghe-Sabatier, D., 2009. Determination of set-back 651 
lines on eroding coasts. Example of the beaches of the Gulf of Lions (French Mediterranean Coast). 652 
J Coast Conserv 13, 57. https://doi.org/10.1007/s11852-009-0062-y 653 

Scardino, G., Sabatier, F., Scicchitano, G., Piscitelli, A., Milella, M., Vecchio, A., Anzidei, M., Mastronuzzi, G., 654 
2020. Sea-Level Rise and Shoreline Changes Along an Open Sandy Coast: Case Study of Gulf of 655 
Taranto, Italy. Water 12, 1414. https://doi.org/10.3390/w12051414 656 

Scicchitano, G., Antonioli, F., Berlinghieri, E.F.C., Dutton, A., Monaco, C., 2008. Submerged archaeological 657 
sites along the Ionian coast of southeastern Sicily (Italy) and implications for the Holocene relative 658 
sea-level change. Quaternary Research 70, 26–39. https://doi.org/10.1016/j.yqres.2008.03.008 659 

Scicchitano, G., Berlinghieri, E.F.C., Antonioli, F., Spampinato, C.R., Monaco, C., 2016. Sacred Landscapes 660 
and Changing Sea Levels: New Interdisciplinary Data from the Early Neolithic to the Present in 661 
South-Eastern Sicily, in: Bailey, G.N., Harff, J., Sakellariou, D. (Eds.), Under the Sea: Archaeology and 662 
Palaeolandscapes of the Continental Shelf, Coastal Research Library. Springer International 663 
Publishing, Cham, pp. 233–253. https://doi.org/10.1007/978-3-319-53160-1_16 664 

Scicchitano, G., Costa, B., Di Stefano, A., Longhitano, S.G., Monaco, C., 2010. Tsunami and storm deposits 665 
preserved within a ria-type rocky coastal setting (Siracusa, SE Sicily). Zeitschrift für 666 
Geomorphologie, Supplementary Issues 54, 51–77. https://doi.org/10.1127/0372-667 
8854/2010/0054S3-0019 668 

Scicchitano, G., Monaco, C., Tortorici, L., 2007. Large boulder deposits by tsunami waves along the Ionian 669 
coast of south-eastern Sicily (Italy). Marine Geology 238, 75–91. 670 
https://doi.org/10.1016/j.margeo.2006.12.005 671 

Scicchitano, G., Pignatelli, C., Spampinato, C.R., Piscitelli, A., Milella, M., Monaco, C., Mastronuzzi, G., 2012. 672 
Terrestrial Laser Scanner techniques in the assessment of tsunami impact on the Maddalena 673 
peninsula (south-eastern Sicily, Italy). Earth, Planets and Space 64, 889–903. 674 
https://doi.org/10.5047/eps.2011.11.009 675 

Scicchitano, G., Scardino, G., Tarascio, S., Monaco, C., Barracane, G., Locuratolo, G., Milella, M., Piscitelli, A., 676 
Mazza, G., Mastronuzzi, G., 2020. The First Video Witness of Coastal Boulder Displacements 677 
Recorded during the Impact of Medicane “Zorbas” on Southeastern Sicily. Water 12, 1497. 678 
https://doi.org/10.3390/w12051497 679 

Scicchitano, G., Spampinato, C.R., Antonioli, F., Anzidei, M., Presti, V.L., Monaco, C., 2018. Comparing 680 
ancient quarries in stable and slowly uplifting coastal area located in Eastern Sicily, Italy. Geografia 681 
Fisica e Dinamica Quaternaria 41, 81–92. https://doi.org/10.4461/GFDQ.2018.41.14 682 



24 
 

Shimozono, T., Tajima, Y., Kennedy, A.B., Nobuoka, H., Sasaki, J., Sato, S., 2015. Combined infragravity wave 683 
and sea-swell runup over fringing reefs by super typhoon Haiyan. Journal of Geophysical Research: 684 
Oceans 120, 4463–4486. https://doi.org/10.1002/2015JC010760 685 

Smedile, A., De Martini, P.M., Pantosti, D., Bellucci, L., Del Carlo, P., Gasperini, L., Pirrotta, C., Polonia, A., 686 
Boschi, E., 2011. Possible tsunami signatures from an integrated study in the Augusta Bay offshore. 687 
Marine Geology 281, 1–13. https://doi.org/10.1016/j.margeo.2011.01.002 688 

Spampinato, C.R., Costa, B., Di Stefano, A., Monaco, C., Scicchitano, G., 2011. The contribution of tectonics 689 
to relative sea-level change during the Holocene in coastal south-eastern Sicily: New data from 690 
boreholes. Quaternary International, Tectonic Contribution to Relative Sea Level Change 232, 214–691 
227. https://doi.org/10.1016/j.quaint.2010.06.025 692 

Spampinato, C.R., Scicchitano, G., Ferranti, L., Monaco, C., 2012. Raised Holocene paleo-shorelines along 693 
the Capo Schisò coast, Taormina: New evidence of recent co-seismic deformation in northeastern 694 
Sicily (Italy). Journal of Geodynamics 55, 18–31. https://doi.org/10.1016/j.jog.2011.11.007 695 

Stockdon, H.F., Holman, R.A., Howd, P.A., Sallenger, A.H., 2006. Empirical parameterization of setup, swash, 696 
and runup. Coastal Engineering 53, 573–588. https://doi.org/10.1016/j.coastaleng.2005.12.005 697 

Tous, M., Romero, R., 2013. Meteorological environments associated with medicane development. 698 
International Journal of Climatology 33, 1–14. https://doi.org/10.1002/joc.3428 699 

Tsimplis, M.N., Proctor, R., Flather, R.A., 1995. A two-dimensional tidal model for the Mediterranean Sea. 700 
Journal of Geophysical Research: Oceans 100, 16223–16239. https://doi.org/10.1029/95JC01671 701 

Valle‐Levinson, A., Olabarrieta, M., Valle, A., 2013. Semidiurnal perturbations to the surge of Hurricane 702 
Sandy. Geophysical Research Letters 40, 2211–2217. https://doi.org/10.1002/grl.50461 703 

Vecchio, A., Anzidei, M., Serpelloni, E., Florindo, F., 2019. Natural Variability and Vertical Land Motion 704 
Contributions in the Mediterranean Sea-Level Records over the Last Two Centuries and Projections 705 
for 2100. Water 11, 1480. https://doi.org/10.3390/w11071480 706 

Whitham G.B., 1974. Linear and Nonlinear Waves, Wiley, New York. ed. 707 
Wolf, J., Flather, R. a, 2005. Modelling waves and surges during the 1953 storm. Philosophical Transactions 708 

of the Royal Society A: Mathematical, Physical and Engineering Sciences 363, 1359–1375. 709 
https://doi.org/10.1098/rsta.2005.1572 710 

Woodruff, J.D., Irish, J.L., Camargo, S.J., 2013. Coastal flooding by tropical cyclones and sea-level rise. 711 
Nature 504, 44–52. https://doi.org/10.1038/nature12855 712 

www.idromare.com [WWW Document], 2009. . idromare. URL (accessed 4.1.15). 713 
 714 

 715 

  716 



Fig.1 Click here to access/download;Figure;Figure_1.jpg

https://www.editorialmanager.com/margo/download.aspx?id=96026&guid=c557ff52-de46-4d31-95da-8b36e28e24d2&scheme=1
https://www.editorialmanager.com/margo/download.aspx?id=96026&guid=c557ff52-de46-4d31-95da-8b36e28e24d2&scheme=1


Fig.2 Click here to access/download;Figure;Figure_2.jpg

https://www.editorialmanager.com/margo/download.aspx?id=96027&guid=8ada90e9-da94-447a-8df2-5f74aedc20ad&scheme=1
https://www.editorialmanager.com/margo/download.aspx?id=96027&guid=8ada90e9-da94-447a-8df2-5f74aedc20ad&scheme=1


Fig.3 Click here to access/download;Figure;Figure_3.jpg

https://www.editorialmanager.com/margo/download.aspx?id=96028&guid=a2bfad9b-000b-4376-bf85-2eed9b4d1982&scheme=1
https://www.editorialmanager.com/margo/download.aspx?id=96028&guid=a2bfad9b-000b-4376-bf85-2eed9b4d1982&scheme=1


Fig.4 Click here to access/download;Figure;Figure_4.jpg

https://www.editorialmanager.com/margo/download.aspx?id=96029&guid=74dc602a-ca98-4744-8a1c-697cd204d30f&scheme=1
https://www.editorialmanager.com/margo/download.aspx?id=96029&guid=74dc602a-ca98-4744-8a1c-697cd204d30f&scheme=1


Fig.5 Click here to access/download;Figure;Figure_5.jpg

https://www.editorialmanager.com/margo/download.aspx?id=96030&guid=0dce8f12-130d-4fbd-9a01-8714c0f1fc1c&scheme=1
https://www.editorialmanager.com/margo/download.aspx?id=96030&guid=0dce8f12-130d-4fbd-9a01-8714c0f1fc1c&scheme=1


Fig.6 Click here to access/download;Figure;Figure_6.jpg

https://www.editorialmanager.com/margo/download.aspx?id=96031&guid=822fe791-a016-49a9-880f-63106739c0c6&scheme=1
https://www.editorialmanager.com/margo/download.aspx?id=96031&guid=822fe791-a016-49a9-880f-63106739c0c6&scheme=1


Fig.7 Click here to access/download;Figure;Figure_7.jpeg

https://www.editorialmanager.com/margo/download.aspx?id=96032&guid=6b1ed06a-50fa-4c38-9d91-bd424b690759&scheme=1
https://www.editorialmanager.com/margo/download.aspx?id=96032&guid=6b1ed06a-50fa-4c38-9d91-bd424b690759&scheme=1


Declaration of interests 
 

☒ The authors declare that they have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper. 
 

☐The authors declare the following financial interests/personal relationships which may be considered 
as potential competing interests:  
 

 

 

 
 

 

Conflict of Interest



  

Fig.S1

Click here to access/download
Supplementary File

Figure_S1.jpeg

https://www.editorialmanager.com/margo/download.aspx?id=96034&guid=97b9545d-5d65-4eac-806d-980eb324a54d&scheme=1


  

Fig.S2

Click here to access/download
Supplementary File

Figure_S2.jpg

https://www.editorialmanager.com/margo/download.aspx?id=96035&guid=b9e44203-a723-433e-acda-2372049679cd&scheme=1


  

Fig.S3

Click here to access/download
Supplementary File

Figure_S3.jpeg

https://www.editorialmanager.com/margo/download.aspx?id=96036&guid=941a00d6-3134-4e8d-ae50-3142fbcecf9d&scheme=1


  

Fig.S4

Click here to access/download
Supplementary File

Figure_S4.jpg

https://www.editorialmanager.com/margo/download.aspx?id=96037&guid=6a4c4514-099d-4a52-a968-8e8f372ec43d&scheme=1


  

Fig.S5

Click here to access/download
Supplementary File

Figure_S5.jpeg

https://www.editorialmanager.com/margo/download.aspx?id=96038&guid=a2453f34-8ba5-4aaa-b4b6-565614acac1f&scheme=1


  

Fig.S6

Click here to access/download
Supplementary File

Figure_S6.jpg

https://www.editorialmanager.com/margo/download.aspx?id=96039&guid=ceac37b4-d9c8-4777-ad81-ed2f2d521c40&scheme=1


  

Fig.S7

Click here to access/download
Supplementary File

Figure_S7.jpeg

https://www.editorialmanager.com/margo/download.aspx?id=96040&guid=41d1ed73-60a7-4564-9588-1800937c5038&scheme=1


  

Fig.S8

Click here to access/download
Supplementary File

Figure_S8.jpg

https://www.editorialmanager.com/margo/download.aspx?id=96041&guid=058c6d69-5a6b-47f0-8097-7d9db1a47cce&scheme=1


  

Fig.S9

Click here to access/download
Supplementary File

Figure_S9.jpeg

https://www.editorialmanager.com/margo/download.aspx?id=96042&guid=953be2bc-38e7-4763-a5fa-7b5846faa46c&scheme=1


  

Fig.S10

Click here to access/download
Supplementary File

Figure_S10.jpg

https://www.editorialmanager.com/margo/download.aspx?id=96043&guid=40adc048-01d8-44cb-96c9-ad24a402488a&scheme=1


  

Fig.S11

Click here to access/download
Supplementary File

Figure_S11.jpeg

https://www.editorialmanager.com/margo/download.aspx?id=96044&guid=75a92db4-cbbb-4a6c-932e-c8f4cc09360f&scheme=1


  

Fig.S12

Click here to access/download
Supplementary File

Figure_S12.jpg

https://www.editorialmanager.com/margo/download.aspx?id=96045&guid=f2f27fcd-7ed9-4b71-b6d6-206cc5dc3124&scheme=1


  

Fig.S13

Click here to access/download
Supplementary File

Figure_S13.jpeg

https://www.editorialmanager.com/margo/download.aspx?id=96046&guid=8d5427c8-264a-4ba6-88c1-4a5a5f950511&scheme=1


  

Fig.S14

Click here to access/download
Supplementary File

Figure_S14.jpg

https://www.editorialmanager.com/margo/download.aspx?id=96047&guid=724b83c6-baf5-4390-a017-5650ee329118&scheme=1


  

Supplementary Figures Captions

Click here to access/download
Supplementary File

Supplementary Material Figures Captions.docx

https://www.editorialmanager.com/margo/download.aspx?id=96048&guid=094eeef5-3983-426f-a6f4-f9db1ff13606&scheme=1

