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Abstract: Assessment of landslide hazard across mountains is imperative for public safety. Preand post-earthquake landslide mapping envisage that landslides show significant size changes
during earthquake activity. One of the purposes of earthquake-induced landslide investigation is
to determine the landslide state and geometry and draw conclusions on their mobility. This study
was based on remote sensing data that covered 72 years, and focused on the west slopes of the
Skolis Mountains, in the northwest Peloponnese. On 8 June 2008, during the strong Movri Mountain
earthquake (Mw = 6.4), we mapped the extremely abundant landslide occurrence. Historical
seismicity and remote sensing data indicate that the Skolis Mountain west slope is repeatedly affected
by landslides. The impact of the earthquakes was based on the estimation of Arias intensity in the
study area. We recognized that 89 landslides developed over the last 72 years. These landslides
increased their width (W), called herein as inflation or their length (L), termed as enlargement.
Length and width changes were used to describe their aspect ratio (L/W). Based on the aspect ratio,
the 89 landslides were classified into three types: I, J, and ∆. Taluses, developed at the base of the
slope and belonging to the J- and ∆-landslide types, are supplied by narrow or irregular channels.
During the earthquakes, the landslide channels migrated upward and downward, outlining the
mobility of the earthquake-induced landslides. Landslide mobility was defined by the reach angle.
The reach angle is the arctangent of the landslide’s height to length ratio. Furthermore, we analyzed
the present slope stability across the Skolis Mountain by using the landslide density (LD), landslide
area percentage (LAP), and landslide frequency (LF). All these parameters were used to evaluate the
spatial and temporal landslide distribution and evolution with the earthquake activity. These results
can be considered as a powerful tool for earthquake-induced landslide disaster mitigation
Keywords: earthquake-induced landslides; inventory; remote sensing; aerial photographs; arias
intensity; Greece

1. Introduction
A common approach for studying slope failure by an earthquake or cumulative earthquakes is the
inventory of the induced landslides. Landslide inventory, according to Cruden [1] and Fell et al. [2]
is the record of the location, classification, volume, activity, and date of occurrence, where known,
of individual landslides in an area as inventory maps. Although inventory maps have received
particular attention for landslide susceptibility, landslide maps cover less than 1% of the slopes in
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the landmasses, and systematic information on the type, abundance, and distribution of landslides
is lacking. [3]. There are many criteria for long-term inventory maps depending on the purpose
or the extent or the available remote sensing data (i.e., aerial photographs or satellite images) that
contribute to its temporal completeness [4,5]. Furthermore, in the case of earthquake-induced landslides,
the completeness of the records of local seismicity are also very important. Thus, it is necessary to have
a consecutive time series of remote sensing and earthquake data to determine the reactivation and
appearance of old and new landslides, respectively. According to Xu [6], landslide inventories based
on remote sensing data can avoid missing a large number of small scale landslides and can obtain
detailed and comprehensive earthquake-triggered landslide inventories.
Beginning in 1984, syntheses of worldwide and national data on earthquake-induced landslides
have defined their general characteristics and relations between their occurrence and various geologic
and seismic parameters [7]. For these reasons, the need to create databases that include parameters
and landslide characteristics has become more intense. The latter led to the production of landslide
inventories, which were associated with an isolated severe seismic event or the cumulative effects
of events as trigger factors [8]. While most early workers have highlighted the importance of the
inventories [9–13], the first well-known digital inventory map for earthquake-triggered landslides
was compiled by Harp and Jibson [14]. Since then, many landslide inventories have been prepared in
relation with moderate or strong earthquakes [3,6,7,14–21].
Three main techniques are used to correlate the landslide hazard to earthquakes. Inventory of
landslide evolution over time is based on the geometrical characteristics of the earthquake-induced
landslides [3,8,19,22–25], historical seismicity, and consideration of the Arias empirical intensity [26–28].
Since these three techniques involve a large amount of data, the mapping and analysis were implemented
in a geographic information system (GIS). Furthermore for the qualitative and quantitative analysis of
landslide distribution across a bluff, the estimation of the landslide density (LD), the landslide area
percentage (LAP), and the landslide frequency (LF) over time is of particular importance. The LD
expresses the number of landslides per square kilometer, the LAP is defined as the percentage of
the area affected by landslides, and the LF is calculated by dividing the density of landslides by the
analyzed time interval.
The work in this paper builds on the past work of Koukouvelas et al. [29], which presents abundant
and isolated landslides induced during the 2008 Movri Mountain earthquake on the Skolis Mountain
west slope. In [29], the authors examined the effect of different factors such as the morphology of
the Skolis Mountain, the climate, the pre-existing faults, and the seismicity as triggering factors for
landslides. The result was that slope angle and earthquakes are directly controlling the induced slope
failures. Other slope factors like gradient, direction, length, and shape are slightly changing along
the mountain, while factors like drainage density, rock types, structural data, etc. are not crucially
significant factors.
In this work, we analyzed the landslides detected from aerial photographs or satellite images
in a 72 year period as well as tried to highlight the role of seismicity on their temporal evolution.
Our datasets comprise orthorectified aerial photographs and satellite images covering the period
1945–2017. In addition, we considered the Arias empirical relationships of all earthquake events
with magnitudes above 4.0 in the NW Peloponnese to refine the events affecting the Skolis Mountain.
A regression analysis was performed by correlating the number of landslides and their area, in order
to consider if these two parameters have evolved over time. To improve the reliability of our landslide
evolution model, we applied statistical analysis of the landslide evolution and quantitative analysis of
the geometric characteristics of the landslides. This inventory, across a 10-km-long slope, is presented
for the first time in Greece. Finally, we applied the length–width (aspect ratio) and height–length ratio
(reach angle) of landslides when trying to introduce the future mobility of landslides in this study area.
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Overall, for the landslide inventory, we used ten (10) sets of remote sensing data. Geometric
distortions, caused by viewing geometry and platform instability, are common in remotely sensed
imagery. All aerial photographs were rthorectified to correct all possible geometric distortions
following the methodology as described in Litoseliti et al. [40] and Koukouvelas et al. [29]. The
digital orthomosaic and the digital surface model (DSM) from the National Greek Cadaster and
Mapping Agency used as reference base maps for the selection of 84 ground control points for the
orthorectification of all the other datasets.
Table 1. Seismicity and spatial resolution of the analogue aerial photographs (AAP), digital aerial
photographs (DAP), and satellite images (SI) datasets used and their sources. Orange color represent
periods of available aerial photographs and light green the lack of aerial photographs.
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Rainfall data in the Skolis Mtn area for half a century indicates that the period from April to
September is almost dry with the high raining season concentrated from October to March.
Testimonies of local people indicate strong consensus that landslide reactivation is a rather
uncommon phenomenon, except at the beginning of the humid period (i.e., each October). The
monthly precipitation varies from 8–60 mm in the dry period to 78–150 mm in October–March. Since
the area is not prone to heavy rainfalls and floods, rainfall as a triggering factor appears to be less
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Overall, for the landslide inventory, we used ten (10) sets of remote sensing data. Geometric
distortions, caused by viewing geometry and platform instability, are common in remotely sensed
imagery. All aerial photographs were rthorectified to correct all possible geometric distortions following
the methodology as described in Litoseliti et al. [40] and Koukouvelas et al. [29]. The digital orthomosaic
and the digital surface model (DSM) from the National Greek Cadaster and Mapping Agency used as
reference base maps for the selection of 84 ground control points for the orthorectification of all the
other datasets.
Table 1. Seismicity and spatial resolution of the analogue aerial photographs (AAP), digital aerial
photographs (DAP), and satellite images (SI) datasets used and their sources. Orange color represent
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Date *
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1988
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Data Type
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HMGS 2
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SEISMICITY
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2015
2016
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Photos
Number
2
2
1
4

Spatial
Resolution
1m
1m
1m
1m
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SI
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Orangeshading
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is for
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3 SI = satellite images; 4 GE = Google Earth; 5 DAP = Digital aerial photographs;
Military
Geographical
Service;
3 SI = satellite images; 4 GE = Google Earth; 5 DAP = Digital
Hellenic
Military
Geographical
Service;
6 NGCMA = National Greek Cadaster and Mapping Agency; 7 High resolution-imagery provided by satellite
6
7 High
aerial photographs;
National
constellation
of DigitalGlobeNGCMA
Tables may=have
a footer. Greek Cadaster and Mapping Agency;

resolution-imagery provided by satellite constellation of DigitalGlobe Tables may have a footer.

The base map orthomosaic has a spatial resolution of 0.5 m, while the respective DSM has a
The base map orthomosaic has a spatial resolution of 0.5 m, while the respective DSM has a
spatial resolution of 5 m and a nominal vertical accuracy better than 2 m. We also used Google Earth
spatial resolution of 5 m and a nominal vertical accuracy better than 2 m. We also used Google Earth
(GE) scenes as an additional tool for the spatial distribution of landslides. Note that although the
(GE) scenes as an additional tool for the spatial distribution of landslides. Note that although the
horizontal positional accuracy of the GE data has questioned (i.e., [41,42]), the data of the GE scenes are
horizontal positional accuracy of the GE data has questioned (i.e., [41,42]), the data of the GE scenes
used in many studies to produce landslide maps or landslide archives (e.g., [3,43–45]). Additionally,
are used in many studies to produce landslide maps or landslide archives (e.g., [3,43–45]).
Hu et al. [46] proved that GE imagery provides similar classification results compared to the original
Additionally, Hu et al. [46] proved that GE imagery provides similar classification results compared
Quickbird satellite images. In a recent study [47], it was proven that vectors derived from the GE
to the original Quickbird satellite images. In a recent study [47], it was proven that vectors derived
images presented negligible differences in length derived from the orthorectified images. Characteristic
from the GE images presented negligible differences in length derived from the orthorectified
images. Characteristic examples are presented in Figure 2. The onscreen mapping of each landslide
site on the remote sensing data was finally performed at the 1/1000 scale. First, the perimeter of each
landslide was digitized and then isolated trees or tree stands were also digitized. Specific attention
was paid during the landslide limits of digitization to exclude the canopy shadow into the tree
stands and the bedrock into each slide area. Finally, the areas of the trees or tree stands were
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examples are presented in Figure 2. The onscreen mapping of each landslide site on the remote sensing
data was finally performed at the 1/1000 scale. First, the perimeter of each landslide was digitized and
then isolated trees or tree stands were also digitized. Specific attention was paid during the landslide
limits of digitization to exclude the canopy shadow into the tree stands and the bedrock into each slide
area. Finally, the areas of the trees or tree stands were subtracted from the landslide polygon area.
A detailed discussion on the whole methodology is described in Koukouvelas et al. [29].
In specific areas, the mapping completed by data given from the extra fieldwork. The fieldwork
was focusing on mapping the outline of the borders of the landslide sites, particularly in areas of dense
vegetation. The data stored in a GIS environment (ArcGIS 10.1). Considering the mentioned methods,
Tables 2 and 3 summarize the landslide data in the studied area. In specific cases, we also used our
laboratory archive photos and photos collected during the fieldwork after the 2008 earthquakes.
Table 2. Statistical parameters of the studied landslide sites on the west bluff of Skolis Mountain.
Density of
New
Landslides
(N/km2 )

Affected
Area
(m2 )

Landslide
Area
Percentage
(%) **

Landslide
Density
(N/km2 )

33,496

0.86

10.77

36,741
36,657
38,096
95,699

0.94
0.94
0.98
2.45

12.05
12.05
12.56
18.46

1.28
0.00
0.51
5.90

15
13
14
9

0.80
0.93
0.90
2.05

3

118,021

3.03

19.23

0.77

11

1.75

89

14

242,198

6.21

22.82

3.59

1

22.82

89

0

269,109

6.90

22.82

0.00

1

22.82

89

0

278,969

7.15

22.82

0.00

6

3.80

89

0

292,918

7.51

22.82

0.00

2

11.41

89

47

292,918

7.51

New
Landslides
(N)

Date

Number of
Landslides
(N)

1945

42

1960
1973
1987
1996
2007 (13
August)
2008 (15
May, 10
July)
2009 (20
July)
2015 (5
May)
2017 (12
August)

47
47
49
72

Reference
datum
5
0
2
23

75

Total

Landslide
Frequency
(N/km2 *yr)

Interval
(yr)

Reference datum

72

** The percentage of landslide area is calculated with respect to the total area covered by landslides for the
period 1945–2017.

Table 3. Temporal and spatial characteristics of the landslide sites from visual interpretation.
Landslide Area (m2 )

Inventory
Age

Number of
Landslides (N)

Affected
Area (m2 )

Min

Max

Mean

Std. Dev.

1945
1960
1973
1987
1996
2007 (13 August)
2008 (15 May, 10 July)
2009 (20 July)
2015 (5 May)
2017 (12 August)

42
47
47
49
72
75
89
89
89
89

33,496
36,741
36,657
38,096
95,699
118,021
242,198
269,109
278,969
292,918

50.64
58.62
58.62
58.62
58.78
58.80
128.10
141.02
141.02
148.07

5456.27
5499.67
5499.67
5500.12
8197.59
8197.89
17,344.91
19,937.89
22,692.95
23,827.59

957.02
918.52
916.41
917.06
1519.04
1639.17
2984.51
3293.21
3170.11
3328.62

1108.21
1121.23
1118.71
1119.26
1864.45
1896.02
2990.01
3321.11
3716.50
3902.32

Total

89

292,918

The spatial distributions of the landslides are presented as LD and LAP within the different
orthomosaics. The qualitative analysis includes the geometrical characteristics of the landslide sites,
and quantitative analysis focuses on their aspect ratio.
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The landslides in the Skolis Mtn are classified as fragmental rock falls, a term describing the movement
of individual fragments that move as independent rigid bodies interacting with the substrate during
episodical impacts [48]. These landslides are transitionally classified between rock falls and rock avalanching
following Hungr et al. [49] and include individual fragments that descend slopes, bounce, and roll, while at
a mean slope of <30◦ finally stop [50]. The continued occurrence of rock fragments produces a deposition
zone of rock fall taluses or clusters of boulders downslope (Figures 2 and 4a). However, as rock falls,
rock slides, and rock avalanches are sometimes difficult to distinguish one from the other, therefore,
for simplicity, we will use the general term landslide in this study. These landslides are elongated showing
(a) narrow rectilinear or (b) curvilinear paths, thus classified for brevity as I- or J-, respectively. The third
type of landslides is classified as ∆-shaped includes the elongate path and fan-shaped deposition area
(Figure 4a). ∆-shaped landslides are in common characterized by more than one landslide paths. In our
case, these three types of landslides usually involve volumes smaller than 105 m3 .
Rainfall data in the Skolis Mtn area for half a century indicates that the period from April to
September is almost dry with the high raining season concentrated from October to March. Testimonies
of local people indicate strong consensus that landslide reactivation is a rather uncommon phenomenon,
except at the beginning of the humid period (i.e., each October). The monthly precipitation varies
from 8–60 mm in the dry period to 78–150 mm in October–March. Since the area is not prone to
heavy rainfalls and floods, rainfall as a triggering factor appears to be less significant in comparison
with the earthquakes. This suggestion is following the landslide mapping (Figures 2 and 3) where
the post-2008 landslides are remaining dormant or stable for long after the Movri Mtn earthquake.
In some cases, earthquakes act as predisposing factors while rainfall is considered the main trigger of
landslides [51]. However, the Skolis case appears to be the opposite, where earthquakes are the main
triggering factor [29] (see also Figures 4d and 5). In particular, in Figure 4d, it can be observed that the
number of landslides increased abruptly just after the 2008 earthquakes.
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Figure 5. The evolution of the 21 landslides mapped from the orthomosaics during the 1945–2017

Figure 5. The evolution of the 21 landslides mapped from the orthomosaics during the 1945–2017 close
close to the Santomerion Village.
to the Santomerion Village.
4. Landslide Inventory
In total, across the Skolis Mtn over the 1945–2017 time intervals, we mapped 89 landslides
affecting an area of 3.9 km2 (Figure 1). The affected area covers elevations from 350 m to 970 m
(Figure 4b) with their length and width appearing in Figure 4c. These parameters, together with the
height of the landslides, are primary data that consist of 267 measurements; 89 values for each
parameter, as derived in 2017 orthophotomaps. Moreover, the diagram in Figure 4b delineates the
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4. Landslide Inventory
In total, across the Skolis Mtn over the 1945–2017 time intervals, we mapped 89 landslides affecting
an area of 3.9 km2 (Figure 1). The affected area covers elevations from 350 m to 970 m (Figure 4b)
with their length and width appearing in Figure 4c. These parameters, together with the height of
the landslides, are primary data that consist of 267 measurements; 89 values for each parameter,
as derived in 2017 orthophotomaps. Moreover, the diagram in Figure 4b delineates the slope height as
an important physical parameter that affects landslide occurrence. Additionally, 65% of the landslides
were concentrated in the elevation range of 600–800 m. To determine the rate of qualitative and
quantitative landslide evolution, we composed ten inventory maps showing the interpretative landslide
distribution during isolated earthquake events or their cumulative effects due to many earthquakes
that left identifiable traces (Figures 5 and 6). For brevity, we present in Figure 5 ten maps analytically
showing the evolution of 21 landslides for a 1500 m long part of the Skolis Mtn. This part of the
mountain is the most significant since this is close to the Santomerion village.
ISPRS Int. J. Geo-Inf. 2020, 9, x FOR PEER REVIEW

10 of 26

Figure 6. Map of length and width evolution of the 21 landslides appeared in Figure 5, in the

Figure 6.Santomerion
Map of length
and show
width
evolution
of the 21 landslides
appeared
in Figure
area. Crosses
dimensions
of pre-earthquake
landslide and
their evolution
over 5, in the
Santomerion
Crossescrosses
show dimensions
pre-earthquake
landslide double
and their
evolution
time. area.
Asymmetrical
represent theirofinflation
and/or enlargement,
crosses
indicate over time.
coalescence
of two
or more landslides
due to and/or
earthquake
activity: (a) The
orange
rectangles
show the
Asymmetrical
crosses
represent
their inflation
enlargement,
double
crosses
indicate
coalescence
landslides.
green rectangles
show
landslides;
(b) formed
of two ornewly
more formed
landslides
due toThe
earthquake
activity:
(a)the
Theevolved
orangepre-earthquake
rectangles show
the newly
Mapping of the inflation and/or enlargement of 2008 earthquake triggered or reactivated landslides.
landslides. The green rectangles show the evolved pre-earthquake landslides; (b) Mapping of the
The dark color indicates inflated and/or enlarged landslides after the 2008 earthquake, while the blur
inflationsuggests
and/or more
enlargement
oflandslides.
2008 earthquake triggered or reactivated landslides. The dark color
or less stable
indicates inflated and/or enlarged landslides after the 2008 earthquake, while the blur suggests more or
5. Use of
Randomly Acquired Aerial and Satellite Photographs for Landslide Inventory
less stable
landslides.
A common problem with past landslide inventories is that the aerial photographs were
acquired at irregular time intervals commonly not for landslide inventory. In our case, from 1945 to
2007, the aerial photographs were acquired at time intervals ranging from 9 to 15 years in a random
way (Table 1 and Figure 4d). Thus, our inventory periods are imposed by the acquired remote
sensed data and so the proposed inventory does not cover isolated events, but rather a cluster of
events. As aerial photography data are non-repeatable, it is a real challenge to try to study landslides
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Apart from the qualitative and quantitative landslide evolution, Figure 6 indicates that even
without seismic events, there is a slight increase in landslide area. In particular, high seismicity periods
with enormous landslide increase are followed by a small landslide increase. A detailed example of
the latter is depicted in Figure 6a,b in landslide number 16. The estimated values of length and width
relative to acquisition date were 45 and 44 m from 1945–1987, 85 and 71 m in 1996, 106 and 94 m in
2007, while they were 151 and 113 m in 2008, and 154 and 117 m from 2009–2017, respectively. Results
showed an error of less than 2%.
5. Use of Randomly Acquired Aerial and Satellite Photographs for Landslide Inventory
A common problem with past landslide inventories is that the aerial photographs were acquired at
irregular time intervals commonly not for landslide inventory. In our case, from 1945 to 2007, the aerial
photographs were acquired at time intervals ranging from 9 to 15 years in a random way (Table 1
and Figure 4d). Thus, our inventory periods are imposed by the acquired remote sensed data and
so the proposed inventory does not cover isolated events, but rather a cluster of events. As aerial
photography data are non-repeatable, it is a real challenge to try to study landslides with biased data.
Furthermore, this challenge is more complicated when the aerial photographs are intercalated in a time
series with earthquakes that trigger landslides. As an example in the case of the earthquake events
from 1989–1993, the closest aerial photographs were acquired during 1996, and thus our analysis is
not detailed enough. Thus, for the cluster of the 1989–1993 earthquakes, we used an orthophoto map
during 1996. In the same period between 1993 and 1996, there was no earthquake activity, so we
considered that the orthophoto map of 1996 was interpretative of the slope failures from 1989–1993.
However, there is a question posed, of what happens when earthquakes and seismic quiescence
are repeated every second year like in the period from 2010–2017? Trying to address this question,
there are two orthophoto maps during 2008 and 2009. These maps show that even in these two years,
the seismic activity was intensive and the landslide evolution was rather limited. This suggestion
indicates that either our method was not detailed enough to monitor the landslide evolution annually,
or the recorded landslides have slowly been evolved. Nevertheless, if this result is correct, then it is
highly possible to consider that the orthophoto map of 1996 is more or less interpretative of slope
failures during the period from 1989–1993, and similarly, the orthophoto map of 2007 showed the role
of the seismicity during the 2003 seismic period on the landslides across the Skolis Mtn. In particular,
our landslide inventory included two well defined periods of seismic quiescence from 1945–1987 and
1994–2002. The rest of the 72 years was discriminated in seismic periods. The 2010–2017 landslide
inventory period was characterized by an overall progressive decrease in seismicity in a stepwise
manner. Therefore, we considered this alternation of earthquakes and seismic quiescence as a third
motif affecting the evolution of the Skolis Mtn slope failures. This motif includes a seismicity decrease
in a stepwise manner with an earthquake every second year or so, that lasts for eight years. At present,
the seismicity in the area is absent. Summarizing, within the 72 years, we recognized two well defined
periods of seismic quiescence in the order of eight and 42 years. Each seismic quiescence, followed by
three short periods of seismicity, outlasting 5, 4, and 2 years. During the last seven-year-long period,
the seismicity occurred almost every second year or so (Figures 5 and 6 and Table 1). Based on these
data, the herein presented inventory can be considered as an event(s)-based one.
5.1. Seismic Quiescence Period 1945–1987
Over the first 42-years of the landslide inventory period, only an earthquake was recognized in
reasonable distance and magnitude from Skolis Mtn during 1960 (Figure 5 and Figure 8). Consequently,
the inventory maps of the landslides showed remarkable stability in their number and dimensions.
This 42 year period shows that the majority of the landslides (86%) were inactive, while 14% showed
minor changes. The LAP over this period displayed values of 0.86% during 1945 and 0.98% during
1987. The LD has increased from 10.77 to 12.56 landslides/km2 , over these 42 years (Table 2).
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5.2. Seismic Period 1988–1993
Five earthquake events above 4.6 inflicted the study area from 1988–1993 with three of the
earthquakes above 5.2 (Figure 8 and Table 1). These events triggered 23 new landslides appeared in
the 1996 orthomosaic (Table 2 and Figure 5). In this time period, the LAP increased by 150% and the
occupied area increased from 38.096 to 95.699 m2 (Tables 2 and 3; Figures 4d and 5). Therefore, in the
1987–1993 time-interval, landslide triggering appears to have occurred under a cluster of seismic events
within epicentral distances in the order of 5–10 km. In this time interval, LD increased proportionally
with the increase in LAP from 12.56 to 18.46 landslides/km2 and from 0.98 to 2.45%, respectively
(Table 2).
5.3. Seismic Quiescence 1994–2002
The chronological gap in our data was due to the lack of available aerial photographs and
coincided with the observed absence of seismicity (Figure 8c). Recognizing this limitation, the analysis
of this period has processed concerning possible biases. Since the next seismic sequence appeared in
2003, we cannot assert a change in landslide area during 1994–2002.
5.4. Seismic Period 2003–2007
As discussed earlier, the slope failures of the multiple events of 2003 were mapped in the
orthophoto map of 2007 (Figure 8c). More specifically, the 2007 orthomosaic landslide activity was
recognized as moderate when compared to those of the previous period. Particularly, the affected area
changed from 95.699 to 118.020m2 , showing an increase of 23% (Tables 2 and 3).
5.5. Seismic Period 2007–2009
The analysis of this period is represented by three orthomosaics composed of several GE scenes
in a high seismicity period (Table 1 and Figure 5). Furthermore, the use of 2007 and 2008 aerial
photographs, and the orthophoto maps of this year was completed by field data. Regarding this period,
two conclusions have been made: (i) after the Movri Mtn earthquake, a significant increase of the
number of landslides is recognized, accounting for nearly one-quarter of new landslides developed in
the Skolis Mtn; and (ii) a dramatic increase in the affected area from 118.020 to 242.198 m2 . Moreover,
the LAP and the LD showed an increase of 109% and 19%, respectively (see Table 2). We also concluded
that the Mw = 6.4 event was, beyond any doubt, a severe series of earthquakes that triggered 14 new
landslides in the Skolis Mtn (Table 2).
5.6. Seismic Period 2010–2017
Observations of the 2010–2017 period show that a minor increase in landslide distribution in
the order of 5% indicate the positive correlation between seismicity and landslides (Figures 5 and 8b
and Table 2). This was possibly due to moderate earthquakes (Figure 8b). The LAP increased by 9%,
while the LD remained stable.
6. Results
6.1. Geometric Parameters of Skolis Landslides—Aspect Ratio
The geometric analysis of the measured landslides is based on their length (L) equal to the maximum
distance from the toe to the crown and the width (W) as the maximum amplitude perpendicular to
their length (L). Another parameter that characterizes landslides is their height (H), defined as the
elevation difference between the landslide crown and the toe [52]. We used GIS software to obtain the
L, W, and H parameters. From this perspective, we calculated the aspect ratio and the reach angle of
the landslides. The aspect ratio is defined as the landslide length to width (L/W). The reach angle is
the arctangent value of the height–length ratio (H/L). To estimate the aspect ratio (L/W), we created a
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minimum bounding rectangle that enclosed the corresponding values of length and width for each
landslide site along the direction of movement [52,53] (Figure 4a).
Two significant results are outlined by aspect ratio analysis. First, the aspect ratio is changing over
time. Second, each type of landslide has quite a discrete aspect ratio (Figure 4c). Overall, the aspect
ratios vary in the range of 0.4 ≤ (L/W) ≤ 5.2, with a mean value of 1.8. In particular, the 89 landslides
based on the aspect ratio are classified as I-, J-, or ∆-type, indicating the following ratios, I-type
landslide 2.2 ≤ (L/W) ≤ 5.2, and J-type landslides 1.2 ≤ (L/W) < 2.2 (see Table in Figure 7). I- and
J-type landslides start at high elevation steep slopes of the mountain, also indicating the longer runout
distances. The ∆-type landslide shows the ratio (L/W) < 1.2 at moderately inclined slopes. I- and J-type
landslides correspond to 64% (N = 57) and are the dominant type identified near the Santomerion
village, the most important area in terms of hazard (Figure 8a).
At the Santomerion area, the aspect ratio increased over time from 1996–2017, primarily in the
I- and J-type landslides (Figures 6 and 7b). The I-type landslide shows primarily a length increase
in the order of 13–30%. In contrast, the J-type landslides, over the same time period, are bimodal,
characterized either by predominant length or width increase (Figure 7b). Particularly important is
that the J-type landslide shows significant mobility and increase in their length or width in the order of
100–500% (Figure 7b).
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6.2. Estimation of Arias Intensity for Historical Events
The Arias intensity is a measure of the total seismic energy that is ground absorbed and is based
on instrumental records. A large number of empirical attenuation relationships have been tested and
evaluated in recent years with the one developed by Danciu and Tselentis [54] to incorporate data
primarily from the Greek territory. Events that appeared in Figure 8 are those suggested as capable
of causing slope failures in the Skolis Mtn following the Arias intensity (Ia) according to the Danciu
and Tselentis [54] equation:
log 𝐼𝑎 = 𝑎 + 𝑏𝑀 − 𝑐 log(√𝑅2 + ℎ2 ) + 𝑒𝑆 + 𝑓𝐹 + 𝜀,

(1)

where M is the magnitude; R is the epicentral distance from the event to the location; h is the
“fictitious” focal depth; and the variables S and F refer to the site classification and fault mechanism,
respectively. The soil condition coefficients, e and f, are considered independent of magnitude,
distance, and level of ground shaking. The model error is given by ε and is normally distributed
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6.3. Statistical Analysis of Landslide
log Ia =Area
a + bM
Evolution
− c log( R2 + h2 ) + eS + f F + ε,

(1)

The affected area is about 293.000 m2, occupying 7.5% of the total area (Table 3). The statistical
where M is the magnitude; R is the epicentral distance from the event to the location; h is the “fictitious”
analysis of landslide spatial and temporal distribution for the last interval indicates a minimum,
focal depth; and the variables S and F refer to the site classification and fault mechanism, respectively.
mean, and maximum value of affected area of 148, 3329, and 23,828 m2, respectively (Table 3).
The soil condition coefficients, e and f, are considered independent of magnitude, distance, and level
Furthermore, the analysis of data on the extent of area affected by long-term seismicity in the Skolis
of ground shaking. The model error is given by ε and is normally distributed with zero mean.
Mtn indicates that the 1989, 1992, and 1993 earthquake activity resulted in a 49% increase of the
maximum landslide area, while the minimum area remained stable (Table 3). In contrast, the 2008
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In order to evaluate the range of the earthquake magnitudes that possibly trigger landslides in the
Skolis Mtn, we estimated the critical epicentral distance according to Papadopoulos and Plessa [55],
which is defined by the equation:
log(Re ) = −2.98 + 0.75Ms for Ms ≥ 5.3,

(2)

where the equation uses seismic magnitudes (M) and their distance of the Skolis Mtn (R).
The calculated values of the Ia are outlined in the diagram of Figure 8 for the events in the
NW Peloponnese.
Out of the 86 recorded seismic events during the 72 year inventory period, 26 events with
magnitudes above 4.2 indicate that Ia possibly correlated with the Skolis Mtn landslides (Figure 8).
These earthquakes are located mainly to the north and west of the mountain. In Figures 4d and 8,
seismicity pre-dates the increase in the number of landslides during the three periods. In the same
period, the climatic data and rock tectonics were stable; the appearance and the aspect ratio development
of the landslides are related to the earthquakes in the table of Figure 8. In detail, this progressive
evolution of landslide sites is plotted in Figures 4d and 5.
6.3. Statistical Analysis of Landslide Area Evolution
The affected area is about 293.000 m2 , occupying 7.5% of the total area (Table 3). The statistical
analysis of landslide spatial and temporal distribution for the last interval indicates a minimum, mean,
and maximum value of affected area of 148, 3329, and 23,828 m2 , respectively (Table 3). Furthermore,
the analysis of data on the extent of area affected by long-term seismicity in the Skolis Mtn indicates
that the 1989, 1992, and 1993 earthquake activity resulted in a 49% increase of the maximum landslide
area, while the minimum area remained stable (Table 3). In contrast, the 2008 earthquake activity
showed that 118% of the minimum and 112% of the maximum landslide area has been increased
(Table 3). Although the increase of the seismically induced larger landslides is mapped (Figure 5),
the stability denotes that the 1989, 1992, and 1993 earthquake activity have not affected the smaller
landslides, in contrast to the 2008 earthquake (Figures 5 and 8 and Table 3). Therefore, the size of
smaller landslides depends primarily on the seismic magnitude for Mw ≥ 5.6, and secondarily, on the
maximum distance from the epicenter. Moreover, statistics of landslide distribution (Figures 4d and 9)
including correlation of two landslide proxies are described below (Figures 9b,c and 10).
The charts in Figure 9c represent a plot of the cumulative number of landslide area relationship
for earthquake-induced landslides from 1945 to 2017 in the Skolis Mtn. The up to now knowledge
of the effects of independent variables on dependent variables can help us understand the evolution
of the spatial distribution of landslides during a seismic event. Therefore, we created a scatter chart
showing the relationship between x and y (independent and dependent variable) for the original data
using a power regression model (Figure 9c). This model is based on the following equation:
y = αxβ ,

(3)

Thus, our dataset yields a power curve with the relationship:
y = 0.0057x0.9136 ,
with R2 = 0.85. Since the exponent is so close to one, the curve is almost a straight line.

(4)
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The statistical analysis of landslide occurrences is described in Table 2 by using three indices:
LD, LAP, and LF. Most landslide sites in the Skolis Mtn exhibit a critical behavior, which is reflected
by a continuous increase in their number and size over the 72 year period of record, indicating a LAP

significant increase than the LD value (bars). The latter approves the considerable increase of the
landslide mass, in terms of inflation and enlargement, which affects the whole landslide body.
Therefore, the reactivated landslides of the abovementioned seismic periods, not only occurred
within the pre-existing landslide masses, but have also been fully mobilized by significantly
ISPRS
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(Figure 9c). Likewise, Figure 9b shows an accumulative curve of landslide occurrences. The slope

b = 0.9303 was positive, indicating that as the percentage of landslide number increases, the percentage
6.4. Qualitative Analysis
of landslide area also increases. In this regression analysis, the P-value was 0.00000052 (or 5.2 × 10−7 ),
less
than 0.001, which indicates that the correlation coefficient was statistically highly significant.
6.4.1. Post-Earthquake Landslide Morphological Evolution
The correlation of determination R2 = 0.96 can be considered as excellent, suggesting that the model
is valid.The post-earthquake results indicate that the deposition area corresponds to the accumulation
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LAP, and LF. Most landslide sites in the Skolis Mtn exhibit a critical behavior, which is reflected by a
length (enlargement) that affects primarily the I- and J-shaped landslides. Apart from the inflation
continuous increase in their number and size over the 72 year period of record, indicating a LAP of 7.51%,
that occurred in the deposition area of all landslides, an enlargement in most of the landslides took
a LD of 22.82 landslides per square kilometer, and a long-term average LF of 7.3 landslides·km−2 ·yr−1 .
place. It is worth mentioning that the enlargement is considered as the factor that contributes more
Calculation of the latter three parameters is advantageous in the Skolis case and in similar cases of
than the inflation to the local vulnerability due to the proximity of the Santomerion and Portes
seismically active areas.
The diagram in the following figure (Figure 10) depicts correlations between landslide occurrences
and the chronological dates of landslides and affected area (Figure 10). Particularly, Figure 10 shows
the percentage of the area occupied by a number of landslides relative to acquisition date. This plot
shows a stability from 1945 to 1987, from 1996 to 2007 (see Section 5), and from 2010 to 2017, which
corresponds to the period of seismic quiescence. Contrariwise, from the 1987 to 1996 and 2007 to 2009
seismic periods, we can notice that the LAP value (dots) demonstrates a more significant increase than
the LD value (bars). The latter approves the considerable increase of the landslide mass, in terms of
inflation and enlargement, which affects the whole landslide body. Therefore, the reactivated landslides
of the abovementioned seismic periods, not only occurred within the pre-existing landslide masses,
but have also been fully mobilized by significantly increasing their size (Figures 5 and 6 and Table 3).
Thus, apart from the appearance of new landslides, there was an even higher increase of landslide area.
More specifically, Figure 10 and the curves in Figure 9b,c indicate that apart from the appearance of
new landslides, there was an even higher increase of landslide area. The reasons for this fact are: (i) the
reactivated landslides occurred within pre-existing landslide masses, increasing their size; (ii) the larger
landslides occurred at higher elevations, where most instability phenomena take place; and (iii) the
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majority of the earthquake magnitudes in the Skolis Mtn territory affected the larger landslides more
than the smaller ones, as described earlier in this section (Table 3).
6.4. Qualitative Analysis
Post-Earthquake Landslide Morphological Evolution
The post-earthquake results indicate that the deposition area corresponds to the accumulation
zone forming new taluses. This process is mainly characterized by an increase in (i) width (inflation)
that strongly affects ∆-shaped landslides, and (ii) the main landslide body [52] shows an increase in
length (enlargement) that affects primarily the I- and J-shaped landslides. Apart from the inflation that
occurred in the deposition area of all landslides, an enlargement in most of the landslides took place.
It is worth mentioning that the enlargement is considered as the factor that contributes more than the
inflation to the local vulnerability due to the proximity of the Santomerion and Portes villages to Iand J-landslide types (Figures 5 and 6). The enlargement is the main process increasing the risk in the
Skolis communities with the increase of the I-, J-, and ∆-shaped landslides during the earthquake.
The rock fall dimension data were evaluated using ArcGIS. Hence, the estimated minimum
and maximum lengths of the I-, J-, and ∆-shaped landslides were 40, 18, and 10 m and 395, 342,
and 203 m, respectively.
7. Discussion
Landslide inventory maps are the key component of a landslide hazard or risk assessment,
particularly when they are comprised of seismic catalogs, continuous imagery, acquisition dates,
and accurate estimates of affected area (volume, area).
A multi-temporal landslide inventory of earthquake induced landslides led to the understanding
of the earthquake imposed hazards and to the development of models and methods for hazard
mapping and evaluation [7,18,56]. The information we provide with this method can be used as an
advantageous tool in hazard or risk assessment. In general, the examination of landslide behavior
is a reliable solution to estimate the future evolution and to predict its mitigation provided us with
knowledge to prevent forthcoming disasters. Since we meet the landslide inventory and mapping
criteria, described by Harp et al. [17], the inventory will be of sufficient accuracy and completeness
to accommodate seismic landslide hazard analysis. In order to make a reliable map that predicts the
landslide hazard and risk in a certain area, it is crucial to have insights in the spatial and temporal
frequency of landslides, and therefore each landslide hazard or risk study should start by making a
landslide inventory that is as complete as possible in both space and time [5,57–59].
7.1. Reach Angle
The local tectonic grain in the study area, which is mainly represented by an anticline and Skolis
Thrust Fault, has formed and shaped the characteristic natural steep slopes of Skolis Mtn [29].
In slopes covered with scree deposits, debris failures are expected to occur on slope angles
over 30◦ [60]. Dai and Lee [61] carried out a statistical analysis of landslide height–length (H/L)
ratios of 2135 landslides in Lantau Island, Hong Kong, providing the relationship of landslide H
and L as H = 0.524L + 1.257, R2 = 0.87, and the average reach angle of 27.6◦ (arc tangent 0.524).
In addition, Qi et al. [62] performed an analysis of landslide height–length ratios of 66 long
runout rock avalanches from the 2008 Wenchuan earthquake and obtained a relationship that is
H = 0.2638L + 212.4, with R2 = 0.6716 and average reach angle of 14.7◦ . Similarly, Xu et al. [63]
obtained the relationship H = 0.595L, with R2 = 0.6972 and average reach angle of 30.7◦ , based on 453
landslides from the 2010 Haiti earthquake. Thus, we used the height (H) and length (L) of 89 landslides
from the 2008 Movri earthquake to yield the regression relationship: H = 0.6645L + 3.7235, with a
coefficient of determination of R2 = 0.9209 (Figure 11). This means that the average reach angle is
about 33.6◦ , which is close to the arc tangent value of the friction coefficient of most natural rock types
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(≈30◦ ), according to Corominas [64]. Figure 11 shows the strong positive correlation (0.92) between
the horizontal length (L) and change in elevation/height (H) using a scatterplot. Figure 11 shows
the fitting lines of the H/L ratios using data from previous studies. The comparison between the
aforementioned studies and the current one indicates that the reach angles were in the range of 27.6◦
to 33.6◦ . Nevertheless, we noticed the small reach angle in the results of Qi et al. [62], which can be
explained by the fact that the larger the landslide, the smaller the angle of reach obtained [60,64], as the
rapid-moving avalanches travel a long distance.
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Figure 13. The table and the chart illustrate the results of estimated RL for each landslide site in the
Santomerion area from 1945–2017.
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The evaluation of our multi-temporal inventory indicates a periodic recurrence of earthquakeinduced landslides after critical events, thus suggesting a length-predictable earthquake recurrence
model. According to this model, it is considered that there is no significant increase in periods of
seismic quiescence. The increase takes place when an earthquake of critical magnitude occurs; each
seismic period will end when the next critical event occurs at a random time tx (yr).
Eventually, in order to enhance and improve our previous data, we created a landslide inventory
that also encompassed quantitative and qualitative data. The authors focused on the quantitative
and qualitative analysis in conjunction with the multi-temporal, spatial, and statistical analysis aimed
at presenting the results to potential users. Further developments are the use of the Skolis model:
(i) in correlation with other landslide prone anticlines with similar characteristics; (ii) to determine the
probability of potential landslide occurrence in mountainous areas; and (iii) to construct probabilistic
prediction models.
7.4. Hazard Map
This analysis can be summarized in the compilation of a large-scale landslide hazard map
(Figure 14). This map involves the probability of landslide enlargement based on (a) the shape of
landslide
atInt.
different
time9, intervals,
and (b) calculation of the assessed landslide annual evolution
rate.
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8. Conclusions
In this work, landslide events that have occurred in the Skolis Mtn were compiled as an
event-based landslide inventory comparing the pre-event and post-event landslide inventory. The
comparison between multi-temporal data displays corresponding to different periods makes it
possible to determine the enlargement and inflation of landslide sites. Geomorphological and
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According to their shape (I, J, and ∆), the landslides are classified in three categories, rated from 1
to 3. The landslides that form a ∆-shape are characterized as less dangerous and rated with value 1,
while the I-shaped landslides are the most dangerous, rated with value 3. The enlargement rate of
these landslides range between 0.5 and 4.8 m/yr. As quantitative hazard and risk acceptance criteria
are usually expressed in annual terms, the annual evolution rate of each landslide measured in m yr−1
is used in order to classify the landslide hazard. The evolution rate is classified in four categories from
1 to 4. The enumeration of the two factors (landslide shape and annual evolution rate) is presented in
Table 4. Spatial interpolation algorithm has been used in order to produce the landslide hazard map
(Figure 14).
Table 4. Weight of the landslide hazard in the study area. Green color represents the low hazard,
yellow and light orange represent moderate hazard and red and dark red color high hazard.
Rate of Increase/Type
∆
J
I

0–1.5 m yr−1
1
2
3

1.5–3 m yr−1
2
4
6

3–4.5 m yr−1
3
6
9

>4.5 m yr−1
4
8
12

Rate of increase per year: (1) = 0–1.5 m yr−1 , (2) = 1.5–3 m yr−1 , (3) = 3–4.5 m yr−1 , (4) = >4.5 m yr−1 .

8. Conclusions
In this work, landslide events that have occurred in the Skolis Mtn were compiled as an event-based
landslide inventory comparing the pre-event and post-event landslide inventory. The comparison
between multi-temporal data displays corresponding to different periods makes it possible to determine
the enlargement and inflation of landslide sites. Geomorphological and seismic analysis with data
processing in a GIS environment allowed us to define the spatial and temporal distribution and the
activity of landslides on the west slopes of the Skolis Mtn. Our results are summarized as follows:
1.

2.

3.

4.
5.

The existence of former landslides constitutes the determinant factor. The reactivated landslides
not only occurred within pre-existing landslide masses, but they have also been fully mobilized
by significantly increasing their size up to three times.
Although the proportional increase of the larger landslides resulting from the Arias intensities is
expected, the increase of the smaller landslides is subject to certain limitations such as seismic
magnitude, Mw ≥ 5.6 and distance from the epicenter, R = 11 km. The outcome of this process is
a landslide inventory map through the GIS environment showing the size and distribution of
landslides triggered by a Mw = 6.4 earthquake (Figures 5 and 14).
Increased percentages of LAP and LD negatively affect the slope stability, especially in the last two
decades (Table 2). The coincidence of the high LAP and LD with moderate to strong earthquakes
also suggests potential slope failure in an area prone to landslide phenomena.
The calculation of the rate of length is quite crucial. High RL values along with seismic activity
can be used for the evaluation of landslide hazard assessment of inhabited or unstable areas.
The proposed model of the inventory analysis is coherent with the interpretation of the temporal
and spatial distribution showing high periods of stability and short periods of rapid length
evolution during short periods of seismicity. Our method is interesting both for (i) the landslide
mapping and evolution in mountainous areas throughout time, and (ii) the significance of long
term landslide monitoring as a base for the compilation of a landslide inventory and hazard
analysis and assessment.
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