
Citation: Diakakis, M.; Mavroulis, S.;

Filis, C.; Lozios, S.; Vassilakis, E.;

Naoum, G.; Soukis, K.; Konsolaki, A.;

Kotsi, E.; Theodorakatou, D.; et al.

Impacts of Medicanes on

Geomorphology and Infrastructure

in the Eastern Mediterranean, the

Case of Medicane Ianos and the

Ionian Islands in Western Greece.

Water 2023, 15, 1026. https://

doi.org/10.3390/w15061026

Academic Editor: Achim A. Beylich

Received: 3 February 2023

Revised: 1 March 2023

Accepted: 4 March 2023

Published: 8 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Impacts of Medicanes on Geomorphology and Infrastructure in
the Eastern Mediterranean, the Case of Medicane Ianos and the
Ionian Islands in Western Greece
Michalis Diakakis 1,* , Spyridon Mavroulis 1 , Christos Filis 1, Stylianos Lozios 1 , Emmanuel Vassilakis 2 ,
Giorgos Naoum 3, Konstantinos Soukis 1 , Aliki Konsolaki 2 , Evelina Kotsi 1 , Dimitra Theodorakatou 1,
Emmanuel Skourtsos 1, Haralambos Kranis 1 , Marilia Gogou 1 , Nafsika Ioanna Spyrou 1,
Katerina-Navsika Katsetsiadou 1 and Efthymios Lekkas 1

1 Department of Dynamic Tectonic and Applied Geology, Faculty of Geology and Geoenvironment,
National and Kapodistrian University of Athens, 15784 Panepistimioupoli Zografou, Greece

2 Department of Geography and Climatology, Faculty of Geology and Geoenvironment,
National and Kapodistrian University of Athens, 15784 Panepistimioupoli Zografou, Greece

3 Civil Protection Department, Region of Ionian Islands, Sp. Samara 13, 49100 Corfu, Greece
* Correspondence: diakakism@geol.uoa.gr

Abstract: Despite being relatively rare, Mediterranean tropical-like cyclones, also known as Medi-
canes, induce significant impacts on coastal Mediterranean areas. Under climate change, it is possible
that these effects will increase in frequency and severity. Currently, there is only a broad understand-
ing of the types and mechanisms of these impacts. This work studied Medicane Ianos (September
2020) and its effects on the Ionian Islands, in Greece, by developing a database of distinct impact
elements based on field surveys and public records. Through this archive, the study explored the
range of Ianos’ impacts to develop a systematic categorization. Results showed different types of
effects induced on the natural and the built environment that can be grouped into 3 categories and
39 sub-categories in inland and coastal areas, indicating an extensive diversity of impacts, ranging
from flooding and geomorphic effects to damages in various facilities, vehicles and infrastructure.
The systematic description of the typology of Medicanes’ effects presented in this study is a contribu-
tion to a better understanding of their consequences as means to improve our ability to prepare for,
respond to, and recover from them, a necessary stepping stone in improving the overall preparedness
of both the general public and relevant authorities.

Keywords: Medicanes; flooding; storm surge; landslides; debris flows; Mediterranean; storm;
extreme events; Ionian Islands

1. Introduction

Mediterranean tropical-like cyclones, often referred to as Medicanes, although rel-
atively rare, induce a variety of catastrophic impacts on Mediterranean coastal regions,
including flooding of low-lying areas [1], large amounts of precipitation [2], storm surges
and erosion [3], mass movement phenomena triggered by intense rainfall [4], damages due
to strong winds and high waves [5–8], as well as loss of life and injury [9]. These effects
and the subsequent hazards induced have the potential to cause disruption in various
aspects of socioeconomic activities, creating important economic impacts [9,10], damaging
infrastructure, and inducing power outages and structural damages to buildings [10,11]
and transportation facilities [12], and it has become a threat to coastal communities [9].

In the Eastern Mediterranean region, these effects can occur on high-value land [13–16],
hosting expensive and elaborate infrastructure [17], as well as complex socioeconomic
processes that are critical to economic development [15,18–20] and the safety of individuals.
In particular, coastal areas are home to a large portion of the population [21] and to critical
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activities such as trade, tourism, recreation, fishing, and transportation, making them
particularly exposed to disruptions from extreme events [22]. The extensive effects of
previous events, although not recorded in detail, have shown that local communities
experienced significant setbacks and provided indications that local authorities were not
prepared for the diversity and the extent of impacts [9].

Recent studies find that the literature does not contain a systematic assessment of the
impacts, including only a broad description of the diversity of effects of Medicanes, as
acknowledged, for instance, by Nastos et al. [7] and Hochman et al. [23], despite the large
number of works focusing on their characteristics and formation [8,24–28]. Previous works
such as that of Bakkensen [10], Flaounas et al. [29], and Nastos et al. [7] stressed the lack of
systematic recording of Medicane impacts.

In this sense, a better understanding of the range of potential impacts of Medicanes is
particularly useful in enhancing preparedness and recovery capabilities for both authorities
(from a civil protection standpoint), risk professionals, and engineers (considering the
sustainable design of infrastructure), as well as the general public [30,31].

To understand the magnitude and criticality of the problem, one should also take
into account the following three key issues. First of all, recent research indicates that
high-intensity Medicanes are expected to become more frequent and more severe [32–35].
Secondly, the Mediterranean region is one of the most sensitive to climate change [36,37],
and therefore the increase of Medicane-associated phenomena and hazards (i.e., floods,
landslides, debris flows) can be a threat in rise as well. Finally, the recent increase in
seasonal population and a large number of visitors, along with the fact that tourism is
increasingly a larger part of the local economy, is increasing the overall vulnerability of the
region, making climate change one of the main challenges for its sustainability [38–41].

Taking into account all the above, it becomes evident that a deeper understanding of
the potential effects of Medicane events would benefit the current practice and knowledge
of the expected impacts and enhance the efforts to mitigate risk. In this context, and
given that to the best of the authors’ knowledge, there is no systematic recording of the
types of effects of Medicanes in the Eastern Mediterranean; this work studied the case
of Ianos Medicane and its impacts on the Ionian Islands in western Greece. This study
aimed to explore and classify the types of effects and examine their spatial distribution on
this characteristic example of a coastal region of the Mediterranean, which is the Ionian
Islands. The objective of the study was to contribute to the understanding of Medicane
consequences in the region by providing a more systematic categorization, currently lacking
in the literature.

2. Study Area

The Ionian Islands are located along the coast of western Greece and span the Ionian
Sea from north to south (Figure 1). The islands are situated roughly at the boundary between
the Western and Eastern Mediterranean, making them a passageway for many weather
systems coming from the west into the Eastern Mediterranean region. Weather systems
coming from the main cyclogenetic areas [42], including the Northwestern Mediterranean
basin (Gulfs of Lions and Genoa, Adriatic and Balearic Seas) and the Southwest (Gulfs
of Gabes and Sidra) [7,42–44], reach the Ionian Sea and the islands moving eastwards
towards mainland Greece, and eventually Turkey and Cyprus [45]. Intensified by the warm
Mediterranean waters, these systems often produce large amounts of precipitation. The
islands have a very diverse Mediterranean climate characterized by hot, dry summers and
mild, wet winters (Tables S1 and S2 in Supplementary Materials according to the Hellenic
National Meteorological Service [46]), with occasional strong winds, especially during the
winter months. The islands have experienced a range of extreme events [47].
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Figure 1. Location map of the study area, showing the central and south Ionian Islands (Lefkada,
Ithaki, Cephalonia, and Zakynthos), along with certain important locations. Map source: ESRI, Maxar,
GeoEye, Earthstar Geographics.

On different occasions in the recent past, the area has been hit by high-intensity storms
and at least four Medicane events [43,48], inducing important damages as well as various
hydro-geomorphic phenomena (most commonly slope failures and flooding).

The geomorphology of the islands is largely characterized by mountainous terrain,
accompanied by narrow valleys and small plains, such as the Vassiliki plain in Lefkada
and the Pylaros basin in Cephalonia. The coastline is generally rugged, with many coves,
bays, and inlets. The islands are relatively small in size, with Cephalonia being the largest
(780.6 km2), followed by Zakynthos (405.3 km2), Lefkada (300.5 km2), and Ithaki (96.7 km2).
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In terms of hydrology, the islands are home to a number of small ephemeral mountain
torrents with little or no water at all for most of the year. Their catchments are relatively
small in size ranging from 0.05 km2 to 89.5 km2 (average size: 6.05 km2), and are character-
ized by high slope inclination. In Zakynthos, the torrent network (average size: 4.5 km2)
is split into roughly two groups draining Vrachion Mt. towards the west-southwest and
towards the east and northeast. The latter group consists of larger catchments (up to
65.4 km2) and has a history of flooding episodes, inundating the low-elevation areas of the
central and southeastern parts of the island. In Lefkada, mostly small watersheds (average
size: 4.9 km2) drain the mountainous central part of the island (Elati Mt.), with the larger
Katourlou river basin (66.2 km2) that flows southwards through the Vassiliki plain in the
south part of the island that has a history of flooding [49]. The Ithaki drainage network
consists of very small catchments (ranging from 1.0 to 11.0 km2), draining the hilly central
axis of the island. In Cephalonia, the local torrents (average basin size: 9.6 km2) drain
mostly the mountainous area of the Ainos and Agia Dynati mountains, as well as the hilly
areas of the Paliki and Erisos peninsulas. The island has a history of flooding, debris flow,
and landslide events that have caused significant impacts in the past [50,51].

Regarding geodynamic location, the study area of the central and southern Ionian
Islands is located at the northwestern part of the Hellenic Arc, an area where the subduction
of the Eastern Mediterranean lithosphere beneath the Aegean one terminates against the
Cephalonia–Lefkada transform fault zone [52].

The islands are composed of alpine formations belonging to the Paxi and Ionian geotec-
tonic units and post-alpine deposits, which lay uncomfortably on the alpine bedrock [53,54].
The main lithology that built the largest part of the Ionian Islands comprises limestones,
with the clastic sequence and evaporites covering smaller areas. The clastic formations
include flysch deposits with a variety of lithologies such as marls, clays, and mudstones,
and the evaporites sequence comprises a limited occurrence of gypsum beds and limestone
breccia [53,54].

As far as the tectonic structure is concerned, the study area evolves under the in-
fluence of the Cephalonia–Lefkada Transform fault zone [55–57]. It constitutes the most
active fault zone in Greece and one of the most active in the Eastern Mediterranean re-
gion. It is the causative structure of many strong earthquakes in the study area [58] with
destructive impact on the population and elements of the natural and built environment,
including buildings and infrastructure [59] and extensive earthquake environmental effects
(Lekkas et al. [59] for Lefkada, Lekkas, and Mavroulis [60], for Cephalonia and Ithaki and
Mavroulis et al. [61] for Zakynthos).

The onshore tectonic structure is characterized by large fault blocks, mostly bounded
by active faults, which not only adversely affect the geotechnical characteristics of the
geological formations but also form extended zones of increased instability, particularly
susceptible to slope failures when a triggering factor occurs. In the case of recent earth-
quakes that have affected the central and southern Ionian Islands (the Mw = 6.1 and
Mw = 5.9 Cephalonia earthquakes in early 2014, the Lefkada Mw = 6.5 earthquake in
November 2015, and Zakynthos Mw = 6.8 earthquake in October 2018), slope failures
comprising mainly rockfalls, debris flows, and slides were triggered along fault scarps
and steep slopes [59,60,62–64] and formed zones of high and critically high landslide
susceptibility [51].

The economy of the Ionian Islands is primarily based on tourism, agriculture, and
fishing, as they have become popular tourist destinations, attracting visitors from all over
the world to their scenic coastal areas and beaches and their historical sites. With regard
to the population, the majority is situated in towns and villages near the coast, reaching
approximately 200,000 [65]. The most populous island is Corfu, with a population of 97,464,
followed by Zakynthos (40,508), Cephalonia (34,924), Lefkada (21,759), Ithaki (2774), and
Paxi (2383) [65]. However, the islands experience an influx of seasonal population and
visitors due to the tourism industry.
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3. Medicane Ianos

On 16 September 2020, a depression developed in the northwest of the Gulf of Sidra,
near the Mediterranean coast of Libya, and moved towards the Ionian Sea, forming a
Mediterranean cyclone (Medicane) (Figure 2). On 18 September, the system, named “Ianos”,
made landfall reaching the Ionian Islands and caused widespread impacts on property and
infrastructure, as well as human casualties, throughout much of the country, including
the islands and the mainland [4,48,66]. High-intensity precipitation, strong winds, flash
flooding, and wave action led to a diversity of effects, costing approximately € 700 million
in damages and an additional € 31 million in insured losses (2453 insured vehicles, boats,
and buildings) [67].

Figure 2. Approximate path of the core Medicane Ianos in the Mediterranean between 16 and 20
September 2020, starting near the Libyan coast, through the Ionian Sea and the study area [68].

Medicane Ianos affected the central and southern parts of the Ionian Islands (Cephalo-
nia, Lefkada, Ithaki, and Zakynthos). Local weather stations showed that the maximum
rainfall in Western Greece was recorded in Cephalonia and Zakynthos Islands, recording a
value of 769 mm and 250 mm, respectively, in 48 h [48,69]. The higher rainfall values ap-
peared in the area between northern Cephalonia and Ithaki and southern Lefkada, whereas
Zakynthos, northern Lefkada, and southern Cephalonia received smaller amounts [48].
Indicatively, these values are higher than the maximum 24 h rainfall accumulation recorded
ever in Cephalonia (that is 192.6 mm in a period of 63 years of continuous measurements)
and in Zakynthos (that is 184.8 mm in a period of 43 years of measurements) [70]. The value
recorded in Cephalonia is, in fact, close to the average yearly precipitation of the island,
calculated at 812.3 mm (Argostoli Station [46]). Ianos also exhibited hurricane-level winds
with gusts reaching 54.2 m/s and 42.0 m/s in Cephalonia and Zakynthos, respectively,
when all-time records in the area reached a value of 47 m/s [48], showing that both in terms
of precipitation and wind speed Ianos was a rare event.

The impacts of Ianos heavily disrupted many aspects of socio-economic and everyday
activities, including but not limited to transportation, trade, industrial production, agricul-
tural activities, recreation, tourism, education, services, and others. Ianos also caused four
fatalities and multiple cases of injuries, mostly in mainland Greece, while hundreds were
left homeless and remained stranded or trapped in flooded buildings [48,66].
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4. Data and Methods

The study exploited different systematic records of the impacts of Medicane Ianos
created by local authorities, the central government, international initiatives, and scientific
publications. The table below shows the diverse sources used and the types of data
contained in them (Table 1). In addition to the available impact records, we carried out four
field surveys in Cephalonia, Lefkada, Ithaki, and Zakynthos after the storm to record and
classify the types of impacts, including identifying the type of mass movement phenomena.
The visits took place in September, shortly after the event, as well as in October and
November 2020. In addition, we developed a database containing descriptions, as well as
detailed visual material for every distinct impact of the event, accompanied by information
on the exact location and the timing of occurrence. We used Geographical Information
Systems software to gather, systematize, and display the collected data to explore their
spatial distribution on the islands. Finally, we categorized the recorded effects in groups
based on their characteristics, drawing from existing research in the field of natural disaster
impact typology and impact severity mapping [71,72].

Table 1. Sources and detailed description of the data used.

Dataset Description Sources

Regional authorities of the
Ionian Islands

Detailed description of the phenomena, and their impacts, detailed imagery, as
well as information on exact location and timing [73–75]

Scientific publications
and reports

Description of the forcing phenomena and impacts, as well as information on
location, with visual material depicting the effects [66,76,77]

Local and National Press Visual material of phenomena and impacts, with information on location, and
details of the timeline of events [78,79]

Field work Detailed description of the phenomena, the types of effects, the exact location and
timeline of events, as well as detailed visual material from multiple angles

5. Results

Overall, we identified 331 distinct impact locations/elements of various types. We cat-
egorized them into three groups, namely (a) impacts on the built environment, (b) impacts
on the natural environment, and (d) impacts on mobile objects/vehicles.

With regard to impacts on the built environment, we identified three categories of
damages: (i) the road infrastructure and its various elements, (ii) infrastructure and facilities
not related to the transportation network, and (iii) private or public buildings. In each of
the three categories, we identified different types of effects that were split into different
sub-groups, as shown in Figure 3. The map below presents the spatial distribution of the
impacts of Ianos Medicane on the built environment on the Lefkada, Cephalonia, Ithaki,
and Zakynthos islands (Figure 4), while Figure 5 provides characteristic imagery of these
impacts. Most impacts on the built environment appeared near and around the Pylaros
basin in northern Cephalonia, but also along the road network that was constructed around
the steep slopes of Ainos and Agia Dynati mountains at the southeastern part of the island.
Smaller clusters appeared in the lowlands of Zakynthos (near Zakynthos town and at
Laganas in the south) and in the south part of Lefkada (along the Vassiliki plain), which
suffered heavy flooding as well as near Syvros village. In addition, at the Paliki and
Erisos peninsulas in the western and northern Cephalonia and along the eastern coast of
Ithaki, the coastal road network and the villages of Frikes and Vathy suffered extensive
damages (Figure 4).
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Figure 3. Types of effects on various elements of the man-made environment, regarding road-related
infrastructure, buildings, and other facilities.

Figure 4. Map of impacts of Ianos Medicane on the built environment of Ionian Islands, including
road-related infrastructure, buildings, and other facilities or a combination of them.
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Figure 5. Characteristic images of impacts on infrastructure including (a,b) collapsed
bridges in Cephalonia, (c,d) road embankment scouring, undercutting and erosion in Ithaki,
(d–f) road embankment collapses in Cephalonia, (g) road subsidence and slope failure, and
(h) building structural damages.
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With regard to impacts on the natural environment, we identified 14 distinct types
of geomorphic impacts mass movement phenomena in the interior, as well as the coastal
zones of the islands, as shown in the following figure (Figure 6). Figure 7 shows the spatial
distribution of these impacts in the study area and their basic categories, while Figure 8
provides imagery showing typical examples of the said types. The vast majority of impacts
were clustered around the Pylaros basin, near Agia Efimia and in the northern and western
slopes of Agia Dynati Mt., whereas smaller numbers of impacts gathered in the Paliki
peninsula, around Ainos Mt. Smaller clusters appeared in Vassiliki plain as well as between
Syvros, Poros, and Nydri villages in the south and southeast Lefkada. Fewer impacts were
identified in the plain of Zakynthos, mainly near Katastari village and around Zakynthos
town (Figure 7).

With regard to coastal erosion, due to the sharp relief of many of the coastal cliffs in
the Ionian Islands, we identified phenomena of wave cutting off the base of the cliff that
resulted in minor slumps, including rotational and planar slides, rock or debris falls and
slides, influenced by lithology, geological structure, and the geotechnical conditions of
the material of the cliff [80]. Apart from effects on the cliffs, we identified scouring in the
various segment of the beach, including the swash zone and the backshore (e.g., upper
berm), leading in some cases to shoreline recession. Figures 9 and 10 provide characteristic
imagery of the impacts on coastal zones and vegetation across the study area.

Further, we identified various man-made mobile objects of different sizes and types
that were impacted, washed away, and damaged from different phenomena during Ianos
Medicane (Figure 11). In detail, near ports around the Ionian Islands, there was a significant
number of boats of various sizes that were sunk, suffered damages in the hull, suffered
broken masts, or were washed ashore by wave action and/or the wind. These damages
appeared all around the studied islands but mainly around Cephalonia (Assos, Lixouri,
Argostoli, and Agia Efimia ports) and Ithank (Frikes and Vathy ports). In addition, mostly
near basin outlets to the sea, we identified road vehicles buried under debris, washed
away into the sea, and suffered extensive damages (characteristic imagery in Figure 12). In
addition, there were numerous instances of household items, building materials, trash bins,
and other objects of various sizes that were transported by water (Figure 13).

Figure 6. Types of impacts of Ianos Medicane on the natural environment, including geomorphic
effects and vegetation.
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Figure 7. Map of impacts of Ianos Medicane on the natural environment of Ionian Islands, including
geomorphic effects and effects on vegetation.
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Figure 8. Characteristic images of different types of geomorphic impacts of Ianos Medicane, including
(a) rotational slides in the western part of Cephalonia, (b) debris flows in Assos, (c) rock slides,
(d) debris floods in Pylaros basin of Cephallonia, (e) debris slides, (f) debris falls, and (g) rockfalls
along the road network of Lefkada, Zakynthos, and Cephalonia, as well as (h) complex landslides
near Myrtos beach in the western part of Cephalonia.
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Figure 9. Characteristic images of the geomorphic impacts of Ianos Medicane on coastal zones of
Ithaki, Cephalonia, and Zakynthos showing (a–e) scouring segments of the beach, (f) beach scouring
and recession, (g) wave cutting at the base of the cliff and (h) wave undercutting a road embankment.

Figure 10. Characteristic images of the impacts of Ianos Medicane on vegetation (a–f).
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Figure 11. Map illustrating the spatial distribution of effects of Ianos Medicane on road vehicles (red)
and boats (green).
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Figure 12. Characteristic images from the impact of Ianos Medicane on road vehicles in
(a–d) (examples from Assos and Agia Efimia in Cephalonia) and boats (e–h) (examples from Agia
Efimia, Lixouri and Ithaki).

Figure 13. Characteristic images of mobile objects of various sizes transported by floodwaters (a–f).
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6. Discussion

This work focused on creating a systematic record of the impacts of Ianos Medicane
on the Ionian Islands, as a characteristic and recent example of tropical-like storms on the
Mediterranean coastal areas.

By studying the impacts of such extreme events, this study contributed to an overall
improvement in the understanding of their consequences, which in turn is a stepping stone
to improving our ability to prepare for, respond to, and recover from them. This infor-
mation can be used to inform policies, plans, and investment decisions [81] and enhance
impact-based warnings [30], increase resilience, and reduce the risk [81,82]. Additionally,
studying the impacts can also provide insights into the level of vulnerability and adaptation
opportunities of different systems and communities, which can inform the development of
targeted and effective risk-reduction strategies.

The added value of the present analysis lies mostly in the new information gained
from these observations, which has the potential to improve our knowledge of the ty-
pology of Medicane impacts (acknowledged as a challenge in previous Medicane-related
research [7,10,29]) that can be the foundation in enhancing preparedness against such ex-
treme events. Anticipating the effects of such storms can be a useful tool in mitigating risks
through taking preventive measures (e.g., improving vulnerable infrastructure or increas-
ing vegetation management efforts). In addition, the use of GIS in impact mapping can be
a useful tool for decision-makers in observing the spatial distribution of Medicane effects
and exploring their spatial patterns in relation to various parameters (e.g., population,
geology, etc.).

From the total of 331 distinct impacts of various types and extents in Cephalonia,
Ithaki, Lefkada, and Zakynthos, Ianos’ effects were grouped into 3 categories, namely
(a) impacts on the built environment, (b) impacts on the natural environment, and (c)
impacts on mobile objects/vehicles, and 39 sub-categories that illustrated the full span of
the direct consequences of Ianos Medicane, providing a high-resolution mapping of their
typology and distribution in the area.

Certain interesting observations can be made for the spatial patterns of impacts. First,
the number and concentration of geomorphic effects follow roughly the spatial distribution
of the amount of accumulated rainfall as shown by Lagouvardos et al. [48], which recorded
high values in the north part of Cephalonia, as well as the south part of Lefkada and the
north part of Ithaki. Geomorphic effects and impacts on infrastructure were found to
be abundant, especially in the north of Cephalonia (around the Pylaros basin and Agia
Dynati Mt), as opposed to the southern and western parts of the island that experienced
far fewer damages. In a similar fashion, the plain of Vassiliki in the southern part of
Lefkada experienced extensive flooding, while in the south-central part of the island,
Syvros and Poros villages recorded significant mass movement phenomena triggered by
rainfall. On the contrary, the north side of Lefkada, despite the concentration of property
and infrastructure in and around Lefkada town, recorded limited impacts, reflecting the
lower rainfall values [48]. In Zakynthos, the higher amount of rainfall received in the south
and central part of the island was reflected in the impacts as well, with the majority of them
recorded in the low elevation area between Katastari, Zakynthos town, and Laganas at
the very south where the vast majority of the socioeconomic activities are situated. The
northern and northwestern parts of Zakynthos, which are characterized by the limited
presence of infrastructure, recorded only limited impacts.

Nevertheless, particular patterns in the distribution of impacts showed that other
factors affected the dispersion across the islands. One example is Erisos in the north of
Cephalonia, where, despite the high amounts of rainfall at the very north edge of this cape,
the geomorphic and the infrastructure effects were not distributed uniformly along the
peninsula. On the contrary, they clustered near its southern part around the Pylaros basin,
as shown in Figures 4 and 7.

This distribution of geomorphic impacts and their concentration in Cephaloniaaround
Pylaros basin and the slopes of Agia Dynati Mt and particularly (i) Agia Efimia, (ii) Assos,
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and (iii) just next to Assos in the coastal zone of Myrtos beach indicated that the particular
geological and geotectonic characteristics are an important factor in the occurrence of a
large number of mass movement phenomena in northern Cephalonia.

In detail, with regard to Agia Efimia, the asymmetric Pylaros Basin (Figure 14) is
controlled by the Agia Efimia oblique-slip reverse fault zone (AEF zone that separates the
Erissos Peninsula and Aenos Mt fault block) and the large-scale recumbent fold formed
between the upper part of the carbonate rocks and the lower part of the clay-clastic se-
quence, both belonging to the Paxoi unit. The narrower NE part of the basin belongs to
the hanging-wall block, characterizing a blocky and well-interlocked undisturbed rock
mass [83] consisting of separate blocks formed by two or locally three discontinuity sets
(bedding and two sets of joints). It has to be noted that debris-flow phenomena were very
limited in this NE part of the basin. In contrast to this, the significantly wider SW part of
the basin belongs to the footwall block, representing a disintegrated poorly interlocked and
heavily fractured carbonate rock mass [83] with a mixture of angular and rounded rock
pieces with a size ranging from one meter to several centimeters. The footwall block in
this area is characterized by a very high frequency of open or shear fractures because it is
neighboring to the branch point (branch line to the depth) between the AEF and KAF (a
deeper oblique-slip fault zone that separates the Erissos Peninsula and Aenos Mt from the
Paliki Peninsula) where the two faults interact and are physically linked (hard-linked). The
result is an extensive zone of intensively fractured rock mass in the footwall of the AEF
(Figure 14), giving the carbonate rock mass the form of a macro-cataclasite. These special
geological conditions of the rock mass gave the material for the extensive debris flow
phenomena along the SW and central part of the Pylaros basin during the Ianos Medicane.
This appears to be a recurring phenomenon as evidenced by the main river deposits, where
layers of loose sandy-clayey material alternate with layers of gravels, cobbles, and boulders,
indicating past flood and debris flow phenomena.

In addition, with regard to the much smaller Assos Basin (which is located on the
Erissos Peninsula of Cephalonia) and the hanging-wall block of AEF, the carbonate rocks
of Paxi Unit also occur. Although the rock mass has increased mechanical properties
(characterized as blocky or very blocky according to Marinos and Hoeck [83]), important
debris flow phenomena were also observed in this basin, but they were more localized,
mainly at the northern edge of the village and along the road leading to the small port.
Almost the entire Assos Basin is formed not in limestone (such as the also “blocky” NE part
of Pylaros Basin) but in dolomitic rocks (dolostone) (Figure 15). Dolomitization reduces
the mechanical properties, presupposes shrinkage and volume loss of the rock mass, and
seems to be the dominant factor that leads to the cataclasis of the rock mass, in this case.

Further, with regard to the coastal area of Myrtos, it is located at the NW edge of
Pylaros Basin, where the Middle–Upper Miocene clay-clastic series of the Paxi unit and
the scree mantle formation are dominant. The intense tectonic uplift along the western
coastal zone of Erissos Peninsula results in an abrupt morphology characterized by steep
slope values, which based on our field survey, exceed 50o locally. The reduced mechanical
properties of the lithology, in combination with the intense dipping morphology and
the similar dip of the bedding surfaces, generate large-scale failure phenomena, such as
landslides, rock-falls, and debris flow [50].
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Figure 14. Schematic map and cross-section of Pylaros Basin near Agia Efimia in the northeastern
part of Cephalonia, illustrating the geological conditions, as well as characteristic images of the local
geological formations.



Water 2023, 15, 1026 18 of 24

Figure 15. Schematic map of Assos village and Assos basin in the western part of Cephalonia Island,
illustrating the basic geo-environmental parameters that contributed to the debris flow, as well as
imagery from the basin’s outlet near the beach where the debris was largely deposited.

Furthermore, impacts on infrastructure are consistent with descriptions of damages
on bridges and other road infrastructure [12,84,85]. Scouring of foundations [86], erosion
of embankments, and removal of asphalt surface [87], as well as instabilities in cut slope
and road subsidence [88,89], have been associated before with large amounts of rainfall
and are prevalent in this case as well. The mechanisms of inflicting structural damages
on various elements of transportation infrastructure were found to be diverse. In some
cases, the infrastructure in question was caught in mass movement phenomena taking
place after slope failures or instabilities that occurred exactly at their location. In other
cases, a slope failure that occurred upstream (far from the said infrastructure) led to a
mass movement that crossed and damaged a road or a bridge in its path downstream
(as, for example, a debris flow). In some locations, flooding or wave action affected parts
of the infrastructure damaging critical elements through the scouring of the foundations
(e.g., eroding embankments). Finally, strong winds toppled trees or poles, damaging other
infrastructure, facilities, or objects (e.g., vehicles).

Geomorphic effects on the coastal zone identified in the present study are also consis-
tent with previous findings, indicating high energy wave action (e.g., Scicchitano et al. [90],
Foti et al. [91], Komar and Moore [80], Flaounas et al. [29]), which is considered to be rare
in the past in the study area, in terms of wave characteristics [92].

With regard to vegetation, the overall effects on the islands cannot be fully appreciated
as treefalls within the forested land were not fully surveyed, supporting the claim of
Pinna et al. [24] regarding the lack of studies on the impacts of extreme weather events on
vegetation. In this case, effects on vegetation were recorded mostly in areas with human
activities or near infrastructure, where falling trees (due to the strong winds) led to damages
in power lines and poles, that in turn led to power and telecommunication outages.

In addition, it has to be stressed that our findings suggested that damages in boats
were inflicted in 20 different ports on all sides around the four islands, indicating that in
such cases, vessels operations and anchoring, berthing, or mooring are characterized by
high risk, regardless of the port orientation.
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Overall, it should be noted that the results of this study cannot be compared di-
rectly with previous research works or reports on Medicane effects due to their differ-
ences in resolution. However, the broader types of impacts, acknowledged in previous
works [1,7,10,29,48,90], were also recorded in the present study and fall within the cate-
gories developed here. The impacts identified in this study are also similar in type to the
ones caused by tropical storms and hurricanes around the globe, although preliminary
comparison indicates that they lack in spatial extent and severity [93–95]. It would be
useful for future research to carry out a more objective and complete comparison between
these two types of systems.

Comparison with other storms in the region provides indications that Medicanes
present a higher diversity of types of effects based on the impact descriptions of other
extreme events [96–100]. For example, Lekkas et al. [98] and Lagouvardos et al. [101]
described important hydrogeomorphic effects but limited damages induced by wave action
and strong winds. The findings of Scicchitano et al. [1] on the comparison of coastal impacts
of Medicanes with those of seasonal storms are in agreement with this conclusion. This is
probably attributed to the high severity of forcing and the variety of forcing phenomena
(i.e., rainfall, strong wind, and wave action).

One of the limitations of the present work lies in the fact that it identified and recorded
types of damages within the boundaries of the landscape surface properties of the study
area. Thus, it is to be expected that the typology of impacts is influenced to a degree
by the actual exposure of assets and the landscape of the area, which has the particular
characteristics of the man-made environment and natural environment of the Ionian Islands.
However, as the Ionian Islands is a typical example of the Mediterranean coastline in both
environmental, administrational, and socioeconomic aspects, it is considered to reflect the
typology of effects of most coastal areas across the region.

Future research should enhance the efforts to explore possible associations of the
impacts’ spatial distribution to the various potential influencing factors, including accu-
mulated rainfall, rainfall intensity, geological formation, tectonics, vegetation, and others
through statistical tests. In addition, understanding the impacts of Medicane events would
benefit from further research on additional case studies and indirect effects (e.g., impacts
on trade, transportation activities, tourism, etc.). In addition, in terms of practical implica-
tions, the local and regional authorities of Mediterranean coastal areas should establish a
continuous and systematic recording of Medicane impacts (including the spatial distribu-
tion) that can be used to guide decisions about where to allocate resources for relief and
recovery efforts and to inform plans for future disaster preparedness. Systematic recording
of impacts, in the fashion carried out in the present study, can also help to inform research
on disaster-related trends, identify areas where further study is needed and highlight areas
where establishing infrastructure may be dangerous.

7. Conclusions

This study developed a systematic record of the direct impacts of Medicane Ianos on
the Ionian Islands, in Greece, as a characteristic case study illustrating the potential effects
of such an extreme event on a developed Mediterranean coastal area.

The findings showed that Mediterranean cyclones (Medicanes) have the potential
to cause significant impacts, which can compromise safety and can be dangerous and
disruptive to Mediterranean communities and their activities. Medicanes, such as Ianos,
can cause an extensive diversity of impacts requiring increased preparedness on many
fronts, including (but not limited to) safety of transportation on land and sea, maintenance
of infrastructure, competent authorities, and communication of the potential risks to the
general public. Impacts span from geomorphic effects to damages to infrastructure, dam-
ages to vehicles, buildings, and boats, and impacts on agriculture and vegetation affecting
the man-made and the natural environment.

Studying Medicanes and focusing on these impacts can help improve our understand-
ing of the risks, allowing for better predictions and planning for such events, as well as
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improved emergency management and recovery and strengthened from anticipating the im-
pacts. This information can be used by authorities to inform policies, plans, infrastructure
design, and interventions that aim to mitigate risk from extreme events.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15061026/s1, Table S1: Climatological information from Argostoli
Station in Cephalonia (1970-2010) (HNMS [46]).; Table S2: Climatological information from Zakynthos
Airport Station in Zakynthos (1982-2010) (HNMS [46]).
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