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the source of major geohazard events in Mediterranean coastal and inland areas. Medicane Ianos that
hit Greece during 17-19 September 2020 caused widespread damage, with numerous landsides and

Farmakis, I; Zalachoris, G.; floods being the most prominent. Following the landfall of Medicane Ianos, a series of field surveys
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were launched together with rapid response through satellite imagery. We focused on two of the
areas most affected by Medicane Ianos, Cephalonia island and Karditsa, Thessaly, both in Greece. A
rapid landslide inventory for the Karditsa region was prepared using Copernicus Sentinel-2 satellite
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imagery, the first of its kind for a severe weather event in Greece. The mountainous area of Karditsa
region in western Thessaly experienced the unprecedented number of 1696 landslides, mapped
through satellite imagery and examined in the field. Cephalonia Island experienced a smaller number
of landsides but damaging debris flows and severe structural damages. The rapid landside inventory
Academic Editors: was then compared to new methods of automated landslide mapping through change detection of
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y 1. Introduction

with regard to jurisdictional claims in L . . . . . .
As a distinctive part of the geomorphic evolution of active mountain belts, landslides

play an important role in gradually changing the landscape. The triggering of landslides
is related to earthquake, meteorological and human-induced factors. The former cases
are reported in active tectonic zones and are characterized by the sudden occurrence of
co-seismic landslides covering large areas close to the earthquake fault rupture. As it has
been demonstrated by [1], fault rupture geometry and kinematics plays a significant role to
the spatial distribution and density of the coseismic landslides. On the other hand, most
of the landslide-related phenomena are generated by intense rainfalls. It is well known
that long periods of low intensity rainfall can trigger deep-seated landslides while short
duration heavy intensity rainfall is mostly related to shallow mass movements [2]. Climate
change, caused by global warming in the recent years, is expected to lead to an increase of
the rate of landslide phenomena in the near future [3].

published maps and institutional affil-

iations.

Copyright: © 2022 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/).

Appl. Sci. 2022, 12, 12443 https:/ /doi.org/10.3390/app122312443 https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app122312443
https://doi.org/10.3390/app122312443
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-0003-2902
https://orcid.org/0000-0001-6720-9683
https://orcid.org/0000-0002-5253-7972
https://orcid.org/0000-0001-9907-3362
https://orcid.org/0000-0002-6514-7789
https://doi.org/10.3390/app122312443
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app122312443?type=check_update&version=2

Appl. Sci. 2022,12, 12443

2 of 20

One of the outcomes of climate change is a more frequent occurrence of tropical-like
cyclones in areas of dry climate and relatively shallow seas. The Mediterranean Basin is one
of the most cyclogenetic regions worldwide as a result of its characteristic morphology [4].
Medicanes, a concatenation of Mediterranean Sea with hurricanes, resemble tropical cy-
clones but present certain differences. The formation of Medicanes is highly controlled by
the air-sea interaction [5]. Generally, high sea surface temperatures favor their formation
especially when the air temperature is relatively low [6]. Tropical cyclones emerge when
the temperature of the sea surface exceeds 26 °C. Nevertheless, the correspondent tempera-
tures in the Mediterranean range between 18 to 23 °C [7,8], much lower than the threshold
required for the tropical cyclone formation. Moreover, the expected lifespan of Medicanes
is shorter than that of tropical storms.

The return period of Medicanes is higher in the central and western Mediterranean
Sea [9] despite the fact that the eastern basin is warmer (a favorable factor for the de-
velopment of tropical-like cyclones). This phenomenon is probably related to the fact
that the central and western Mediterranean is prone to cold upper-air intrusions from
north and central Europe [6]. A Medicane usually carries enough energy to travel large
distances (sometimes hundreds of kms) causing torrential rains and strong winds until its
deterioration. Its environmental and socioeconomic impact can be devastating.

One of these meteorological events is Medicane “lanos” that occurred in September
2020 and formed as a result of a cluster of convection off the Libyan coast on 14 September
2020 [10-13]. Over the following days, it moved to the north and intensified before making
landfall over Greece on 17 September 2020. After impacting western and central Greece, it
changed its course and reached south Crete island by 20 September 2020. Medicane Ianos
triggered intense rainfall at the central and southwestern part of Greece (Figure 1), including
the two areas focused in this study; western Thessaly and Ionian Islands. Accumulated
rainfall peaked at 769 mm for 17-18 September in Cephalonia island in the Ionian Sea, while
Pertouli and Mouzaki stations in western Thessaly peaked at 317 mm and 268 mm [12].
This natural phenomenon induced thousands of mostly shallow landslides, debris flows
and floods mainly at Central Greece and particularly at the area of Karditsa, Thessaly,
Central Greece [14-16]. Landslides blocked most of the narrow mountainous roads and
damaged numerous bridges [15,17]. This resulted in the isolation of communities located
in higher elevations and delayed emergency response and recovery [14,17].
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Figure 1. (a) Medicane Ianos over Greece, Sentinel-3 OLCI true color image acquired on 18 September
2020, one day after Medicane landing. (b) Satellite precipitation (NASA IMERG) of 18 September 2020.
Overview boxes show the location of the two studied areas; 1—Cephalonia island, 2—western Thessaly.
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2. Medicane Ianos-Induced Landslides

The first step for understanding the mechanism of the cyclones-induced landslides and
to mitigate in near future similar types of catastrophes is to rapidly document them. This can
be achieved by immediately organizing a field survey after the event to acquire perishable
field data before it disappears. Landslide debris and rockfalls are commonly cleaned
out of the road network as part of the recovery operations, but their removal obscures
critical information used to analyze the triggers for slope failures. Furthermore, physical
processes such as weathering and erosion could additionally alter the landslide-formed
landscape after the landslide event, especially concerning small size shallow landslides.
Data recovered from landslide studies are essential to understanding landslide mechanisms
and the associated risks, which greatly aids in identifying susceptible zones, augmenting
emergency response, and mitigating potential property damage and loss of life. This
research applies a mixed-method approach, primarily consisting of a desk study followed
by a detailed post-event field survey aiming to report the failures in order to compile a
landslide-event inventory map.

In this study, the landslide phenomena triggered in the area of Thessaly and Ionian
Islands are presented and preliminary analyzed with the aim to relate their spatial distri-
bution with some basic geological and geomorphological parameters, i.e., geology, aspect,
slope and elevation. Although large parts of central and western Greece were affected
by Medicane Ianos, Karditsa and Cephalonia island are presented here in detail, as they
experienced the most dense and severe landslide phenomena. In order to achieve this, we
used information obtained during extensive field work and data provided by rapid satellite
imagery mapping captured a few hours and days after the event.

Satellite-derived precipitation (e.g., Global Precipitation Measurement-GPM) enables
monitoring of rainfall amount and patterns in near real-time (Figure 1b), and precipitation
maps can be derived for forecasting or study of landslide events such as hurricanes and
Medicanes [18,19]. However, results from Medicane lanos satellite-derived precipitation
showed an inconsistency with ground station measurements, with significantly lower
values measured from the satellite sensors [12]. This, in addition to the poor coverage of
the affected area (mountainous western Thessaly) by ground stations does not permit us to
recreate an accurate map of precipitation during Medicane Ianos.

2.1. Landslides in Thessaly
2.1.1. Geologic Setting

Thessaly is the largest plain of central Greece surrounded by mountain ranges, most
notably Pindos mountains in the west. The study area is part of the western Karditsa
Prefecture and a smaller part of Evritania to the southwest. It includes Plastira dam
lake at the center, and the high-elevation Agrafa Mountains (part of Pindos range) in the
western part.

The oldest post-alpine sediments in the area are the Molassic formations of the Meso-
hellenic trench [20,21]. The majority of the area is covered by the flysch formation of
the Pindos geotectonic unit [21-23]. Flysch formation consists of alternations of shales,
sandstones, and limestones that are highly susceptible to slope failures. Bedrock for-
mations of the Alpine units also include limestones and cherts of Pindos, Koziakas and
Sub-Pelagionian zones, while ophiolites can be found in the eastern and southwestern
border of the area [21,23,24].

2.1.2. Remote Sensing-Based Landslide Inventory

To investigate and map the distribution of landslides in the Karditsa, Thessaly area,
we used post-event acquisitions of Copernicus Sentinel-2 optical satellite imagery. Sentinel-
2A/B multispectral imagery has a ground resolution of 10-60 m and covers wide swaths,
thus enabling the rapid imaging of the affected area. Multiple Sentinel-2 frames were
selected for the post-event period, and acquired 20, 25 and 30 September 2020, as large
parts of the area were covered by clouds in the 20 and 25 September frames. Images
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acquired before the event, on 5, 10 and 15 September 2020, were used as references in
order to visually identify and map landslides (Figures 2 and 3). The minimum size of
landslides mapped was limited by the satellite imagery resolution (10 m for Sentinel-2),
and consequently smaller-sized slides or rockfalls were not possible to identify and were
not included. In addition, it was not feasible to classify most of the landslides into different
types based on this remote sensing procedure. A small portion of slope failures was
classified by the field surveys as presented in following section, validating the outcome of
the statistical analysis presented in Figure 4.

] LT T
Sentinel-2 TCI 05 September 2020 Sentinel-2 TCI 30 September 2020
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Figure 2. Example of manually mapping landslides within the study area using Sentinel-2 imagery.
Pre- and post-event true color Sentinel-2 images (a,b) and an overlay (c) of mapped landslide points
with red color (mostly headscarp points). Change detection MAD processing (d,e) assisted visual
picking of headscarp points (f).

Due to the small size of the majority of the identified landslides (most having a
size of 2—4 pixels in Sentinel-2 imagery), landslide polygons were not digitized in this
preliminary inventory. Digitizing was focused on marking the initiation point/headscarp
(long avalanches or earthflows) or the approximate center of the landslide feature when
the former was not possible due to small size and image resolution. For assistance during
manual picking of landslides, we used additional analysis products, such as change analysis
rasters (MAD-Multivariate Alteration Detection Transformation [25]) and multi-temporal
single band RGB composites (Figure 2). Co-registration issues present between Sentinel-2
frames were resolved using GeFolki registration algorithm [26].

This preliminary inventory (Figure 3) includes 1697 landslides, limited to a narrow
mountainous area of Karditsa and part of Evritania regions. Examination of Sentinel-2
imagery over the Pindos mountain region showed no or few sparse landslides, outside
this area. The largest concentration of landslides was found around Amarantos village,
southeast of Plastira lake, with up to 15 landslides per square kilometer (Figure 3).
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Figure 3. (a) Mapped landslides (black dots) triggered by Medicane Ianos during 17-19 September
2020, and simplified lithology of the area (see text for references). (b) Density map of Ianos landslides
(using a radius of 1000 m); two major concentrations of landslides west of Lake Plastira and around
Amarantos village.



Appl. Sci. 2022,12, 12443

6 of 20

0
PSS LSS

30 4

No of landslides

1 u Area %

1 = Landslides %

P 270

il L,Lwhi i ,..‘..,.-— - 225
5 10 15 20 25 30 35 40 45 50 55

. .
Elevation 8 i = Geology b

" Area %
u Landslides %

e
Elevation (m)

Slope c

315,

"o & w
Slope angle (degrees) 180
Figure 4. Statistical correlation of the spatial distribution of Ianos slope failures with: (a) elevation
(histogram with area covered by each class in km? with a black line), (b) geology, (c) slope angles and
(d) histogram of slope aspect values.

2.1.3. Statistical Analysis of Slope Failures

The spatial distribution of the slope failures was correlated with topographic param-
eters e.g., slope angle, aspect and elevation and the geologic characteristics of the study
area, as provided by the relevant 1:50,000 scale geological maps. In particular, information
related to the spatial distribution of the geological formations acquired by the official geo-
logical map sheets in 1:50,000 scale available from the Institute of Geological and Mineral
Exploration [27-32]. Afterwards, we combined those formations into a smaller number of
generalized groups based on similar lithological features (Table 1). The topographic param-
eters were extracted from a digital elevation model (DEM) of 5 m resolution, provided by
the Hellenic Cadastre.

As shown in Figure 4, about 40% of the generated landslides were mapped on elevation
ranging from 400 to 800 m; approximately 21% of the total number of landslides was
documented from 400 to 600 m and 19% was reported on areas located between 600
and 800 m elevation. On higher elevation areas, the percent of slope failures was 13.91%
between 800 and 1000 m, 15.26% between 1000 and 1200 m, and 10.49% for areas at
elevation from 1200 and 1400 m. A lower percentage of slope failures has been identified
at an elevation higher than 1400 m while a sharp decrease of landslides is related to areas
located higher than 1800 m and lower than 400 m elevation. These statistics make sense as
the areas located at high elevation are limited, while the latter outcome is due to the spatial
distribution of geological units. More specifically, the lower parts of the study areas are
mostly flat and covered by Quaternary sediments (loose clays, gravel and sand) and not by
the flysch formation, which as it is demonstrated next is the predominant unit for landslide
triggering among the geological units, along with slope gradient and relief.

The largest part of the study area is covered by the flysch formation (Fo), a generally
weak, complex, and of variable rock mass quality unit. Flysch is composed by different
rhythmic alternations of competent/strong sandstone layers and is incompetent, of gener-
ally low-strength siltstone/clayey schist beds, while it is associated with intensive folding
and fracturing. At the mountainous area, Cretaceous carbonates are mapped (K7-9.k),
while Quaternary deposits (Q) are concentrated mostly in the basin of Thessaly. These three
geological units cover almost 81% of the study area. In particular, the flysch and K7-9.k
cover 63% and 9.41%, respectively, and the quaternary deposits 8.5%. As it was expected,
most of the landslides, approximately 79%, were reported in the area that is geologically
covered by the flysch formation, followed by the geological units of K7-9.k and K9.Pc with
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5.6% and 4.37%, respectively. To facilitate the reader, only the geological affected by slope
failures are plotted in the relevant diagram.

Table 1. Description of geological formations (based on [26-31]).

Unit Name Symbol Area km? Landslides % Age Description
Quaternary Alluvial and fluvial sediments, scree, debris
deposits Q 111.38 14 Quaternary and terrace deposits
Molassic . . . Conglomerates, marls, sandstones, Limestone
formations Mi.m 40.81 0.5 Oligocene-Miocene (Mi.m and Mi.K)
The formation consists of alternations of
Flysch Fo 829.64 79 sandstone, shales, siltstones (fo.st) and more
seldom conglomerates (fb)
. Cretaceous- Alternations of limestones, sandstones, shales
Transition Beds K9-Pc 48.08 44 Paleocene and marls (K9-Pc, K7-Pc)
Cretaceous K7-9.k 12321 56 Cretaceous- Limestones
carbonates Paleocene
. Plf}dos K1-7.f 20.05 27 Cretaceous Older flysch formation; red cherts, shales,
First” Flysch conglomerates and sandstones
Mafic and ultra-mafic igneous rocks;
- . peridotites, serpentinites, dunites, basalts.
Ophiolites @) 5.54 0.1 Jurassic-Cretaceous ) -
Also contain syn-sedimentary shales,
limestones and conglomerates
Jurassic J11-K.k 17.61 1.8 Jurassic-Cretaceous Thin bedded limestones and cherts
carbonates
Jurassic Ji-sk 429 0.3 Jurassic Limestones
carbonates
Jurassic . . .
Jm.sch 35.68 1.6 Jurassic Alternations of cherts, limestones and shales
carbonates
Iriassic T-J.kh 14.41 2.3 Triassic-Jurassic Limestones, cherts, sandstones
carbonates
Iriassic Ts.k 14.20 0.3 Upper Triassic Limestones
carbonates
Triassic Tm-Jm.k 2.15 0 . Mlddle . Limestones, cherts, sandstones
carbonates Triassic-Jurassic
Triassic Basal Tms.fl 233 01 Middle Triassic Flysch formation, tI}m beds of cherts, shales
Beds and limestones

A strong correlation with landslide occurrence exists for the areas where the slope
angle ranges between 25° and 40° (Figure 4c). In these areas, the identified cases of slope
failures are 1167, which is approximately 69% of the total failures. On lower (20-25°) and
higher (40-45°) slope angle areas, the reported landslides are 139 and 151, respectively
and rapidly decrease for slope angles higher than 45° and lower than 20°. The median
slope angle of the landslides is approximately 32°, which is in agreement with the one
documented by [32] for the slope failures triggered by Hurricane Maria, Puerto Rico 2017.

Analyzing the spatial distribution of slope failures with respect to the aspect of the
slopes, a correlation between east-faced slopes and triggering of slope failures is observed
(Figure 4d). In particular, considering the slopes with an aspect between 45° and 135°,
it was found that 587 (34.5%) cases are identified. A high number of failures (294) was
additionally reported on slopes with aspects ranging from 135° to 180°, while the lowest
percentage of landslides (5.6%) was identified on areas oriented from 270° to 315°.

2.1.4. Types of Landslides and Induced Phenomena

Few days after the landfall and occurrence of Medicane Ianos, several teams of engi-
neering geologists and engineers participated in field surveys aiming to map and document
as many as possible slope failures, and validate the preliminary inventory produced based
on remote sensing techniques [17]. This combination of desktop studies, remote sensing
and field survey was also applied for documenting earthquake-induced secondary effects
few kilometers to the east of the here study area, triggered by a seismic sequence, which
occurred in March 2021 [33].

A total number of 73 landslides were documented during these field reconnaissance
surveys in Karditsa Prefecture, which mainly caused partial or total damage to the roads
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and in some cases caused failures of riverbanks. This remote area is characterized by a
combination of weak sedimentary sequences, high elevation deviations and steep slopes,
as described in the previous section. The majority of remotely mapped landslides were
found away from the local road network or in inaccessible areas, and thus the relative small
number of field-surveyed landslides.

The documented landslides were mostly found in flysch formations, validating the out-
come of the remote sensing approach, as it was earlier presented. Following the information
obtained by these surveys, the failure mechanisms are strongly related to the heterogeneity
degree of the flysch formation (siltstone-sandstone participation), the intensity of tectonic
disturbance and the weathering degree.

In particular, the main types of landslides that were detected were:

1.  Rotational and translational landslides formed mainly in siltstone flysch and silt-
stone and sandstone flysch in alternations. Those landslides are characterized by a
complex geometry with their lower part frequently consisting of a slump that follows
the geometry of a stronger underlying bed. In many cases, the accumulated material
covered the road without resulting in a complete failure.

2. Debris flows in fractured limestones, scree, sandstone/conglomerate flysch. These
were encountered in areas with steep morphology with deep gullies where mass
transport of rock pieces and boulders was favored. These failures, i.e., debris flows,
heavily impacted the road network and some villages located at higher elevations.

3. Rockfalls and structural failures (planar and wedges) mainly in limestone forma-
tions. Structurally controlled slides were recorded, under favorable kinematic condi-
tions of the persistent bedding planes and their low shear strength due to the clayey
nature. Such slides and rock falls were not very large in volume (few m?®) but resulted
in road closure and in some cases minor to moderate structural failures.

Based on the information obtained, the majority of landslides are classified as rotational
(Figures 5 and 6), causing the most severe damage to the human-made environment in the
wider investigated area. As it has been previously mentioned, these slides occurred mainly
in the weathered flysch mantle and the siltstone flysch formation, due to their overall low
rock mass strength.

Types of landslides

80%

70% 71%

60%
50%
40%
30%
21%

20%

10% 8%

0% .

Rotational slides Debris Rockfalls - structural

Figure 5. Types of landslides identified in the field reconnaissance surveys.
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Regarding the rotational landslides, most of them had a depth ranging between 10
and 15 m while a significant portion of failures was relatively shallow (<5 m). Their width
ranges between 20 to 80 m, while the smaller slides have a width between 5 and 20 m. The
width of the largest landslides was up to 200 m. Debris flows in most cases affected road
sections with limited width, between 10 and 20 m, except a few cases where the affected
width is almost 300 m.

The most severe landslide-induced failures in Karditsa Prefecture were around Ama-
rantos village, located to the south-east of Plastira lake. In Figure 7a, a landslide that
occurred in siltstone flysch causing the road failure is shown. In particular, the road was
totally covered by slipped material across a length of 200 m, while its depth was estimated
at about 15 m. Its height is approximately 70 m. The slide failure plane was probably
constrained by the presence of a deeper stronger flysch layer downslope. In Figure 7b, a
rotational slide in the weathered mantle of siltstone flysch is also shown. This landslide
resulted in the collapse of the road pavement for a length of 10 m.

Figure 7. Characteristic rotational failures around Amarantos area. (a) large failure in siltstone flysch
west of Itamos village and (b) failure in weathered flysch mantle material causing damage to the road.

Extensive debris flows were mapped in Livadia and between the communities of
Pefkofito and Vlassi (Figure 8). Specifically, the thickness of the debris at the road level is
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5 m while the impacted area is 300 m long in the former case. The debris flow material
mainly consisted of limestone fragments and clay materials (Figure 8a).

g T——

Figure 8. (a) Characteristic debris flow at Livadia village; (b) extensive debris flows in gullies in the
area between Pefkofito and Vlassi.

Regarding the second case, located in the area between Pefkofito and Vlassi (Figure 8b),
it should be pointed out that this area is characterized by steep morphology while the
extensive amounts of debris have been transported via deep gullies from higher elevations.

Moreover, the erosion and flooding of the Karitsiotis River damaged and blocked the
road crossing south of Belokomiti village, Plastira Lake, as shown in Figure 9. Although the
bridge itself did not collapse, road embankments on both sides were partially or completely
washed out. The intersection of the roads west of the bridge was the most damaged
part, blocking road traffic towards communities to the south and west of Lake Plastira.
Riverbank erosion also caused several slope failures, while the flooding of the river caused
slope undercutting that resulted in road failures (Figure 9).

. Damaged/Missing sections iy a3 ’ DamagedMissing sections

of roads & embankment “ ; of roads & embankment

0 10 20 30m

Figure 9. Damaged bridge crossing of Karitsiotis River near Belokomiti. Ground (a) and vertical
aerial (b) images of the damaged bridge undergoing repairs on 1 October 2020. UAS orthophoto
(c) and digital surface model (d) of the Karitsiotis River bridge area (surveys 1 October 2020).
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3. Landslides in Cephalonia Island
3.1. Geologic Setting

Cephalonia is part of the Ionian Islands and is located at the westernmost part of
Greece. Geologically, the island is within the outermost edge of the ongoing subduction of
the African plate under the Eurasian plate [34]. The bedrock of the island consists of two
main formations: (i) the Pre-Apulian unit, which covers most of the island and consists
mainly of a thick sequence of limestone and dolomite, overlain by a much thinner sequence
of marl and pelite, and (ii) the Ionian unit, which covers part of the southeastern coastal
areas and consists of limestone, shale, and breccia [35-37]. The basement is overlain by
extensive sedimentary deposits in the southern and eastern part of the Paliki peninsula
and the south part of the main island. These deposits consist of alluvial fans, mainly
deposited along the stream channels (Figure 10). The dominance of carbonate rocks in
combination with favorable climate conditions have facilitated the formation of karst units
especially in the north and central part of the island. In particular, the Erissos Peninsula is
dominated by an extensive, and partially karstified, planation surface. Cephalonia island
is also characterized by steep slopes, especially along its western shoreline. Ridges are
arranged in a NNW-SSE direction. The principal water divide has a NW-SE direction,
with the main flow directions towards Sami Bay in the NE, and Poros in the SW.

® Rockfalls

@ Collapsed bridge
Landslides

@ Debris flows

F Shales & Limestones

Ik Breccia & Limestones

PI-Pt  Sandstone & Conglomerates

Pt.cl-c Conglomerates & brecciated Limestones
Px Limestones & Dolomites

Qal Holocene - alluvial

Qsc  Holocene - sand & clay

T Alluvial deposits

Figure 10. Lithological map of Cephalonia Island with observed landslides and related phenomena
following Medicane Ianos. Modified from [35,37].

3.2. Types of Landslides and Induced Phenomena

Cephalonia Island was heavily impacted by Medicane Ianos. Ianos was the most
damaging natural hazard event for Cephalonia island, since the earthquakes of 2014
that caused building damages, widespread landslides, rockfalls and liquefaction over the
island [38—41]. Severe rainfall at Cephalonia peaked at 759 mm (17-18 September 2020)
during the passing of Medicane lIanos from the Ionian Sea islands [12]. In particular, the
highest severity of the Medicane-induced phenomena was reported at the northern-central
part of the island towards Erissos peninsula, between Sami and Fiskardo. Debris flows
and landslides occurred in several locations across the island (Figures 10 and 11). Often
the debris flows covered wide areas (~40-70 m in width), while typically the average size
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of debris blocks reached 20-50 cm (Figure 11d). Moreover, the earth flows were often
associated with road embankment failures (Figure 11c). The latter was also observed in
cases of severe riverbank erosion/scour. The road network of the island was damaged
and/or obstructed in several locations due to landslides, while a critical simple-span
reinforced concrete bridge near the village of Agkonas collapsed due to scour of the west
pier foundation by extensive gully flooding and debris (Figure 11e), heavily impacting the
transportation network of the island.

Figure 11. Characteristic damages in Cephalonia Island following Medicane Ianos: (a) Riverbank
erosion, (b) debris flow within a rural community, (c) road embankment failure, (d) extensive debris
flow, and (e) bridge collapse.

Debris flows appeared to be the most common feature of the effect of Medicane
Ianos across Cephalonia. Debris, collected or still in place, was present along gullies and
riverbeds, across the island. Most notably, Assos village, situated in the north-west of the
island, was severely impacted by a major debris flow, as it was covered by approximately
1.5 m of earth/debris material (Figure 11b). The source of the debris was traced to the hills
east of the village, where significant surface erosion and ground cracking were observed.
At places, eroded zones reached several meters in width. Eroded limestone boulders and
residual soil material were present along the entire path of the flow. UAS-enabled mapping
of the entire area indicates the change along the sea-shore due to material deposition
(Figure 12). An initial, rough, estimation of the debris flow volume is 20,000 m3.
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Elevation
‘ 176

Figure 12. UAS-enabled mapping of Assos village debris flow and surrounding area (3D model can
be viewed at: https:/ /skfb.ly/6WyTT (accessed on 2 July 2022)): (a) orthophotomap and (b) digital
surface model (surveyed on 30 September 2020).

Similar to Assos, just outside of the village of Fiskardo (Figure 13), which is situated
at the northern part of Erissos peninsula, a debris flow was documented. The debris flow
had a lesser extent than the one that occurred in Assos, but was still significant, with the
flow reaching a run-out distance of approximately 400 m. Significant erosion features were
observed near the source of the debris flow. Eroded zones reached, at places, a depth of
2 m. The debris flow is also visible in Sentinel-2 satellite imagery, as shown in the pre-
and-post-event images (Figure 13). Moreover, several rotational landslides were identified
along the steep central coastline, particularly near Myrtos beach. Sentinel-2 pre-and-post
event images of landslides and debris flows near Myrtos beach, and the collapsed bridge at
Agkonas village are shown in Figure 14.

Sentinel-2 Multi-temporal RGB Sentinel-2 True Colour RGB432 2020-09-20

0 200 400 m

A

»

-«

g
g
)

) Debris flows

Figure 13. (Left): Sentinel-2 multi-temporal composite (Band 4) Fiskardo, Cephalonia. (Right): Sentinel-
2 true color composite (Bands 4-3-2). Red colors mark the location of debris flows upstream of Fiskardo.
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Figure 14. Sentinel-2 multi-temporal composites (Band 4) of central Cephalonia. (Left): Mirtos beach
area; (Right): Site of collapsed bridge on the E.O. Argostoliou-Fiskardou (38.3195° N, 20.5081° E).
Red colors mark the location of debris flows, landslides and deposition of debris along the coast.

4. Discussion
4.1. Comparison with Automated Mapping Methods

Rapid response to a major landslide event, such as hurricanes or earthquakes, is
nowadays feasible due to the abundance of open remote sensing data available shortly
after an event, from satellite imagery (e.g., Sentinel-1 & Sentinel-2, Landsat 8/9). The
first satellite images available during or shortly after a meteorological event can provide a
fast and comprehensive map of significant slides and effects, as described in the previous
section. During the period that follows first response and early reconstruction, there is the
need for more thorough and detailed landslide inventories. While this can be performed
by manually digitizing landslides and effects using very high-resolution satellite imagery
or other remote sensing data such as UAS surveys, new tools and a wealth of open satellite
data can automate this workflow [42]. The ability to have access and process huge amounts
of satellite imagery on the cloud through Google Earth Engine [43] and similar platforms
has revolutionized remote sensing in geohazard response and analysis.

We present a comparison of our manual rapid mapping using Sentinel-2 images, with
a series of recent workflows and codes that use the multi-temporal analysis of satellite
imagery in Google Earth Engine [44—47]. While this comparison is not straightforward due
to the different workflow, data and time frame used by either rapid manual mapping or
automated multi-temporal analysis, this is an interesting case study to compare them. The
wide extent and large number of landslides in the area of Karditsa, Thessaly is suitable for
this use and comparison (Figure 15).

We selected four change detection techniques, that use multi-temporal analysis of open
satellite data (Sentinel-1, Sentinel-2, Landsat); (a) method from [46] that calculates relative
difference in the normalized difference vegetation index (rdNDVI) calculated from cloud-
free composites of Sentinel-2, (b) HazMapper code by [44] that is based on the normalized
difference vegetation index (ANDVI) calculated from cloud-free composites of Sentinel-
2 [48], (c) ALDI, automated landslide detection index algorithm based on normalized
difference vegetation index (NDVI) differencing of Landsat time series within Google
Earth Engine taking into account seasonality [47] and (d) a SAR backscatter and amplitude
change approach that uses multi-temporal stacks of Copernicus Sentinel-1 images [45].
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Figure 15. Change detection results from HazMapper [44,48] utilizing multi-temporal Sentinel-2
imagery. Red colors show negative rdNDVI changes that correspond to land cover changes due to
landslides and debris flows. Results were in par with manual mapping in the area of high-density
landslides southeast of Plastira Lake (a), while in most areas change detection was more successful in
depicting the major debris flows such as the ones upstream of Mouzakiotikos River (b).

Treshold values for positive and negative landslide and debris flow identification was
determined for each method results based on proposed values and also local conditions after
cross comparing with mapped landslides and imagery (Table 2 and Figure S2). Examining
the different change detection results we obtained from these four methods, we can observe
that all methods captured the large debris flows that occurred along the mountainous
watersheds such as Mouzakiotikos river (Figure 15) and Megalos river in Filakti, near Lake
Plastira (Figure 16). Large landslides with significant dimensions and/or long run-out
distance were also identified. As the majority of landslides triggered during Medicane
Ianos were of small dimensions (less than 20-30 m), these were mostly missed or were
undifferentiated from the background scatter noise.

Table 2. Positive and negative detection of mapped landslides by the different change detection methods.

Method Positive Negative Success % Threshold Value
rdNDVI [46] 872 800 52.15 —0.1<
HazMapper [44] 911 786 53.68 —10<
ALDI [47] 659 1037 38.85 >0.025

SAR backscatter .
change by [45] 837 851 49.58 —1<Iratio>1

A quick estimate of the positive or negative detection was performed by extracting
pixel values on the mapped landslide inventory from the various methods. Table 2 presents
the final percentage and number of positively and negatively detected landslides.

Histograms of the detection results of Table 2 are presented in Figure 17. The highest
success ratio is achieved by the methods of [44,46] with almost comparable results, as
expected due to the similarities in the calculated change detection data (Sentinel-2 10 m) and
parameters (time-series of normalized difference vegetation index). The worst percentage
was achieved by ALDI [47], probably due to the lower resolution data used (Landsat
multispectral bands with 30 m resolution instead of 10 m for Sentinel-2). SAR backscatter
change [45] was close to the first two method results, with the difference attributed to the
coarser pixel resolution of Sentinel-1 SAR imagery (20 x 4 m, translated into >15 m ground
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resolution when geometrically corrected to terrain) and the challenging oblique scanning
of SAR satellites that can lead to terrain shadows.

Figure 16. Debris flow and landslides along Megalos River in Filakti/Pezoula area (a). 3D view of the
Megalos River watershed with debris flows along the main river course and its exit to Lake Plastira
(red colors of ALDI change detection index values). Flooding, severe sedimentation and material
transportation from upstream was mapped at its exit (photo (b), view towards east with location
marked in (a)) and near Pezoula. Road bridges were destroyed in both locations, with positions
labeled in (a).
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Figure 17. Histograms of pixel values by automated mapping methods corresponding to mapped
landslides; (a) [46], (b) HazMapper by [44], (c) ALDI [47] and (d) SAR backscatter change by [45].
Yellow bars mark negative detections and blue bars positive detection, based on set threshold values
for each method.

In conclusion, rapid manual mapping of landslides for Ianos outperformed automated
mapping methods based on Google Earth Engine time-series change detection of satellite
imagery. The most prominent factor was the small size of the majority of landslides, which
was barely close to the ground resolution threshold of 10 m for Sentinel-2, making it
harder to identify by automated change detection algorithms. A large number of false
positives were visually identified in the various change detection results, a factor that
could negatively affect early response and mapping (Figures S1 and S2). Debris flow
and large slides were identified in most automated mapping results (Figure S1), while
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smaller and shallow landslides were difficult to positively identify due to variations in
image reflectance and terrain shadows. Surface manifestation of small shallow landslides
kept being modified in the days and weeks following the landslide event, due to erosion
and vegetation regrowth, a factor that affects the signal in the long time-series used by
automated change detection methods. It is worth mentioning that a number of landslides
occurred in the winter months following the lanos landslide event. These landslides
would be included in most automated change detection results due to the larger time
frame examined.

4.2. Older Landslides/Hazard

The mountainous area of Karditsa, Thessaly is known to be significantly affected by
numerous landslides, many affecting communities and infrastructure [44]. The Agrafa
mountain area, where the majority of landslides triggered by Medicane Ianos occurred, is
one of the most hazardous areas in Greece for landslides. Landslide occurrence is mostly
due to the factors of highly susceptible lithology (flysch and molassic sediments) and high
precipitation rates of the Pindos mountain range. We compare the landslide inventory
of Medicane Ianos with historically reported landslide locations in Figure 18. Historical
locations were retrieved from [49,50] and official reports of the Institute of Geological and
Mineral Exploration. A visual examination shows that lanos landslides occurred along
roughly the same locations of historical landslides, revealing a relation with long-term
climatic and lithological /geomorphological conditions.
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Figure 18. Comparison of (a) Medicane Ianos triggered landslides (black dots) and (b) historical
occurrences of landslides in the region (purple dots).

5. Conclusions

Medicane Ianos in September 2020 caused one of the most widespread catastrophic
events for Greece in the last few decades. While most of the areas affected were already
susceptible to geohazard occurrences, the areal extent and scale of the almost simultaneous
(within three days) occurrence of failures and damage over a large area, represent a unique
challenge for future response and mitigation. The area of western Thessaly was the hardest
hit by an unprecedent number of landslides and debris flows in the mountains, while the
low plains were covered by 475.5 km? of flood waters [14,17].

We examined in detail two of the most affected areas, Cephalonia island in the Ionian
Sea and Karditsa area in Thessaly, using early remote sensing data and post-event field
surveys. Karditsa suffered more than 1500 landsides and numerous debris flows that
caused widespread damage and disruption. Cephalonia Island did not experience the
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number of landsides of western Thessaly, but was severely hit by landslides and debris
flows in key location and settlements, destroying bridges and disrupting transportation
within the island. Assos settlement was nearly buried by a major debris flow. A dominant
factor in these effects was the heavy precipitation experienced by those two areas during
Medicane Ianos, in combination with local conditions highly susceptible to mass wasting.

The landside inventory acquired for Karditsa region is the first detailed inventory due
to a major atmospheric event in Greece and a valuable asset for studying and mitigating
future Medicane events in mainland Greece and surrounding regions. The detailed distribu-
tion of landslides can be studied along with meteorological and atmospheric observations,
with possible implementation in the hurricane impact model development and forecasting.

As more data sources (satellite imagery) and tools (UAS sensors and platforms, rapid
remote sensing big data processing, etc.) will be available to scientists in the near future, re-
sponse and rapid mapping during future landslide events will be more thorough and faster,
based on the experience that data collection from events such as Medicane Ianos provide.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app122312443 /s1, Figure S1: Comparison of field surveyed land-
slides with automatic satellite mapping results (a—g). Left: field photos (acquired 1-3 October 2020);
right; location map with automatic satellite mapping results (HazMapper). Blue dots show mapped
landslides from Sentinel-2 images and triangles with letter marking field locations of surveyed
landslides. Location map for sites a—g (h) with Sentinel-2 landslides (orange), Figure S2: Automatic
satellite mapping results. Left: method results; middle: method results with mapped landslides (blue
dots) and field survey locations (orange triangles); right: Sentinel-2 true color image, acquired on 30
September 2020.
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