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Abstract: Over the preceding decades, climate change has affected precipitation, the most common
factor triggering landslides. The aim of this study is to highlight this impact by examining the
precipitation trends in the Chania regional unit, Greece, with the help of the precipitation time series
provided by 21 local meteorological stations covering a period from 1955 to 2020. The analysis
also focuses on the extreme precipitation events of February 2019, where the monthly cumulated
precipitation amount reached 1225 mm, one of the highest ever recorded in Greece. Moreover, an
inventory of past and recent landslides was created and the intensity–duration landslide precipitation
thresholds were evaluated. Daily simulations of precipitation from three state-of-the-art regional
climate models were used to analyze precipitation patterns under two representative concentration
pathways (RCPs), 4.5 and 8.5, for the period 2030–2060. The application of the estimated precipitation
thresholds on the daily future precipitation projections revealed an increase in the following decades
of the precipitation events that can activate a landslide and, therefore, highlighted the climate change
impact. Moreover, the mean annual precipitation of the preceding 10 years was evaluated and used
along with local hydro-geological data and the recent landslide inventory, providing approximately a
5% more effective landslide susceptibility map compared with the relative maps produced by using
the mean annual precipitation evaluated for the control period (1976–2005) and for the preceding
30 years. Thus, landslide susceptibility emerges as a dynamic process and the landslide susceptibility
map needs to be regularly updated due to the significant and ongoing changes in precipitation
because of climate change.

Keywords: landslides; climate change; susceptibility mapping; heavy rainfall; field investigations;
remote sensing; landslide precipitation thresholds; early warning system

1. Introduction

Due to climate change, the weather patterns around the world have changed dramati-
cally, causing extreme precipitation events in some regions and prolonged drought periods
in others [1]. These changes significantly affect the landslide mechanism since precipitation
is the most common triggering factor [2,3]. Especially for Greece, precipitation has proved
to be not just the main activation factor [4–6] but also responsible for the activation of more
than 90% of the recorded landslides [7].

In a landslide susceptibility assessment (LSA) with a multicriteria decision analysis
method, hydrological and geomorphological data are identified as the most critical landslide
causal factors and are usually combined in a geographical information system (GIS) to create
a relevant susceptibility map [8]. In this framework, usually, the mean annual precipitation
(MAP) of the study region is used as a causal factor to correlate precipitation with other land-
slide causal factors. For example, the GEOspatial global LANdslide Database (GEOLAND) [8]
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includes more than 25 relative research studies that use the MAP as a causal factor. In most
of these cases, the MAP is the average value of long time series (e.g., 1950–2016 in [9]) and
sometimes refers to a past period (e.g., 1950–1974 in [10]). In some of these cases, the produced
susceptibility maps are being validated by using an inventory of landslides that occurred
during the same period as the precipitation time series or a similar one.

However, radical changes in the meteorological patterns due to climate change can
render the MAP partially outdated and the relevant LSA sometimes less effective in iden-
tifying recent landslide events. There is a negative trend in the MAP recorded in several
Mediterranean areas [11,12], while a higher occurrence of extreme precipitation events
is projected in many subregions of the Mediterranean, such as Sobral de Monte Agraco
and Santa Marta de Penaguiao in Portugal [13] and Athens, Greece [14]. On the basis of
precipitation measurements for over a century in Athens, Maheras [15] provided evidence
that extreme precipitation events are increasing despite a decline in total precipitation.
Despite the reduced MAP, an increasing trend in landslide events has also been recorded
in Europe and has been attributed to the increasing frequency of extreme precipitation
events [16]. Apart from increased frequency, the high intensity of extreme precipitation
events is also sometimes correlated with landslide activation [17,18] Therefore, changes
in the intensity of the landslide events due to climate change are a critical parameter that
need to be further examined.

The Chania regional unit is in the western part of Crete Island, Greece, and has notable
economic and cultural activity. During the last few years, many extreme precipitation
events have occurred in Chania, activating a series of devastating landslide events. Some
examples of such events are the storms Chioni and Oceanis (as named by the National
Observatory of Athens (NOA)), which occurred in February 2019 [19]. Their intensity
was so high that the average monthly cumulated precipitation recorded at the Askyfou
meteorological station (1255 mm) was the highest ever recorded at that location and one of
the highest ever in Greece [19]. The resulting landslides caused many fatalities, and there
was considerable damage to the local infrastructure [20–22].

The aim of this study is to examine the impacts of climate change, and the related changes
in precipitation, on the susceptibility to landslides on a regional basis. The Chania regional
unit was selected as a case study because of the abundance of meteorological, geological,
and geotechnical data, as well as a rich landslide inventory data set. Chania is of great
geomorphological interest as it combines an extensive coastline with plains and mountains of
low and high altitudes. Due to its complex landscape and geological structure, it is expected
to provide useful indications for the relative impact of climate change on the landslide
phenomenon for many regions, especially in the Mediterranean area.

2. Study Area

The Chania regional unit is the western regional unit of Crete (Figure 1), the largest
island of Greece and the fifth largest in the Mediterranean Sea [17]. The capital of the regional
unit is the homonymous, Chania city. According to the 2021 census of the Hellenic Statistical
Authority (ELSTAT), although overall, the population of Greece has decreased, the population
of the Chania regional unit has increased [23]. This population growth, with the resulting
necessity for authorities to urgently identify new residential regions with low susceptibility to
landslides, highlights the value of an effective and updated LSA of that area.
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Figure 1. Spatial distribution of the meteorological stations used during this research study.

2.1. Geomorphology

The geomorphology of the examined area is mainly divided into three zones: the
mountainous zone, with an elevation of 800 m to 2453 m; the semi-mountainous zone, with
an elevation of 400 m to 800 m; and the lowland zone, with an elevation of less than 400 m.
The mountainous zone covers the central and southern parts of Chania, and the steep slopes
on its south reach the sea (Libyan Sea). The highest mountainous range is the Lefka Ori, in
the southeast, with a maximum elevation of 2453 m. It is one of the highest mountains in
Crete, and in Greece in general. The lowland zone is located between the northern part
of Chania (reaching the Aegean Sea) and the central part. The semi-mountainous zones
lie between the mountainous zone and the lowland zone in the central part of Chania and
between the main mountain masses in the south. In the northern part of Chania are three
peninsulas, over 10 km long. Two of them, the Gramvousa and the Rodopos peninsulas,
are in the western part of Chania, while the Acrotiri peninsula is in the eastern part. The
hydrographic network is rather dense, with large and small rivers that end either in the
Aegean Sea in the north or in the Libyan Sea in the south. In Chania is also located the
Kournas lake, the only natural lake on Crete Island. Moreover, the long gorges across the
area indicate the intense geological activity of the past. Among the most impressive gorges
are the Samaria gorge, which is in the south and is 18 km long; the Agia Irini gorge, which
is in the south and is 7.5 km long; the Imbros gorge, which is in the south and is 7 km long;
and the Therissos gorge, which is in the north and is 6 km long. Considering that, as per
local research studies, the elevation and the unfavorable angles and aspects of the slopes
are among the most critical causal factors of landslides [8], a significant part of the landslide
activity is expected to be identified in the central and southern parts of the area.

2.2. Climate

Chania has a temperate Mediterranean climate, characterized by warm to hot dry sum-
mers and mild to cool wet winters. The precipitation events are unevenly distributed across
the year and usually occur from mid-autumn to mid-spring [11]. A great number of landslide
events are activated during this period as the augmented precipitation leads to fluctuations in
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groundwater levels and the subsequent instability of slopes [24]. During summer, precipita-
tion events are rare but when they occur, they usually produce a substantial amount of water
in a short duration [11]. Because of the high intensity–duration (ID) ratio of these events, the
local ID threshold can be exceeded, activating a series of landslide events.

2.3. Geology

Crete Island is characterized by an extremely complicated geological structure with in-
tensive tectonic fragmentation. Geological formations from four geotectonic zones (Pindos,
Tripoli, Phyllite–Quartzite series, and Ionian) participate in the geological structure of the
western part of the Crete prefecture. In detail, the study area is composed of:

1. Fine-grained to coarse-grained, loose quaternary formations (clayey sandy materials,
unconsolidated clay material, and carbonate and phyllitic rubble), as well as weath-
ered products of older formations, mainly along the northern coastline and at the
south of the Chania city.

2. Neogene sediments (thick-bedded to unbedded marly limestones; clayey–marly
formations with silt and sand intercalations; conglomerates and rubbles from Tripoli
and Pindos zone formations, strongly consolidated with calcific cement).

3. Sediments of the Pindos zone (allochthonous series), flysch (sandstones; calcareous
sandstones; and shales, i.e., thin, lenticular conglomerate intercalations, were locally
observed), and limestones (carbonates), mainly in the southeast of the Chania prefecture.

4. Sediments of the Tripoli zone (Tripoli zone tectonic nappe), flysch (shales and sand-
stones alternating with small intercalations of calcareous turbidites), limestones,
dolomites, and dolomitic limestones. The lower part of the Tripoli zone consists
of the Tripolion carbonates, which are mainly exposed to the Acrotiri peninsula and
at the center of the examined area.

5. Phyllite–Quartzite series, which lies overthrusted on the Ionian formations (Phyllite–Quartzite
series tectonic nappe). It is strongly folded and foliated. It consists of ortho and para rocks
metamorphosed into HP-LT conditions during upper Oligocene–lower Miocene.

6. Sediments of the Ionia zone (Autochthonous series). In Crete, it is known as the
Plattenkalk unit and occupies the lower part. Stratigraphically, the age fluctuates from
upper Carboniferous–lower Permian up to Eocene. It consists of schists, recrystallized
limestones, dolomites, evaporites, and quartzites. Plattenkalk limestones dominate
the region of the Lefka Ori mountain, on the southeast of the examined area.

For this study, a unified geological map of the study area was created by combining
geological maps of the Hellenic Survey of Geology and Mineral Exploration (HSGME)
provided at a scale of 1:50.000 (Figure S1 ).

The Mediterranean basin is also a place of frequent earthquake activity as the tectonic
plate of Africa subducts underneath the Eurasian tectonic plate. As a result, the whole Crete
Island is an area of high seismic activity, which is also correlated with the activation of
landslide events [25]. In Chania, two main active faults are identified, in the western part [26].

2.4. Human Activity

Human activity in the study area has also rendered it susceptible to landslides. A char-
acteristic example is the rather dense road network that spatially covers almost the whole
area and consists of a main roadway in the north, some roadways along the north–south
direction, and many local primary and secondary roads. Another example is that large parts
of the area, mainly the lowland zone, are subjected to heavy irrigation during agricultural
reasons, which causes seasonal fluctuations in the aquifers.

Extensive tectonic fragmentation and repeated thrusts, intense morphological relief
with steep slopes, a dense drainage network with deep valleys, extensive human activities,
a relatively dense road network, and arable–pasture areas are some of the characteristics of
the study area particularly prone to landslide phenomena.
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3. Data and Methodology

During this research study, to investigate the potential correlation of precipitation changes
with the landslide phenomenon, meteorological data obtained from 21 meteorological stations
were used either individually or in combination with other data, as follows:

1. Individually, to evaluate the relative precipitation trends,
2. With landslide inventory, to determine the landslide precipitation thresholds,
3. With regional climate models (RCMs), to evaluate the landslide events expected in

the future,
4. With local hydro-geomorphological data to create landslide susceptibility maps

(LSMs) and evaluate the impact of climate change on landslide mechanism.

Figure 2 illustrates the steps of the methodology followed. The results in each step are
illustrated in a pink rectangle, while the arrows illustrate the direction of the following process.Land 2023, 12, x FOR PEER REVIEW 6 of 28 
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3.1. Meteorological Data
3.1.1. Precipitation Data

The effect of the changes in precipitation on the landslide mechanism was analyzed in
various stages. The MAP is usually used as a causal factor to determine the landslide suscepti-
bility of a region (e.g., more than 25 research studies are included in the [8] geodatabase).

So, local precipitation time series were analyzed to estimate the possible trends in
the mean annual precipitation (MAP). These time series concern daily precipitation data
from 21 meteorological stations and were obtained either by NOA, through the meteo
platform [27], or by other organizations or institutions, such as the Crete University and the
Crete regional unit, through the hydroscope project [28]. However, since the precipitation
measurements are from different databases, they refer to different time periods (Table S1).
Therefore, according to the requirements of each analysis that followed, specific criteria
were applied to establish a common and suitable reference period, according to data
availability. These criteria are further analyzed in the following paragraphs, along with
each data analysis that was performed.

Subsequently, the available time series were used to examine the way that extreme
precipitation events are correlated with the activation and intensity of recent landslide
events. In that direction, the selected extreme precipitation events of February 2019 were
analyzed and compared with the rest of the events that had occurred in that region over the
years. To determine the precipitation thresholds of the local landslides, the precipitation
events were also used along with a landslide inventory, which can be used in the frame of
an early warning system. The final stage of the precipitation analysis included the use of
these time series for the evaluation and bias correction of simulations by regional climate
models (RCMs) applied to identify possible trends in landslide occurrence in the future.

3.1.2. Precipitation Trends

Following good practices suggested by the literature for identifying possible trends
in the MAP [29,30], only the meteorological stations that provided time series for at least
10 consecutive years (the Askifou, Chania, Emprosneros, Kalives, Kandanos, Palea Roumata,
Paleochora, Prasses, Samaria, and Strovles stations) were selected during this stage of analysis.
Analysis revealed that the relevant MAP in eight of these stations had decreased over the
years, while in two of them, there had been no significant change (Table S2).

For instance, Figure 3 shows the relative graph for the Strovles meteorological station,
where the blue bars represent the MAP (in mm) recorded every year from 1976 to 2019
(Figures S2–S10 for the rest of the stations). The blue dotted line shows the total precipitation
trend over the years, and the graph also illustrates the relative equation.
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The meteorological stations used at this stage are uniformly distributed, sufficiently covering
the study area, considering a buffer with a radius of 15 km around each station (Figure S11).

Moreover, boxplots diagrams presenting the mean monthly precipitation (MMP) were
created for the meteorological stations of Askifou, Kalives, Kandanos, Palea Roumata, and
Strovles as these stations provide data for at least 30 years. In this analysis, the precipitation
data were processed each month. Thus, the availability of precipitation data of 30 years was
considered as most suitable. As an example, Figure 4 presents the boxplots of the Askifou
meteorological station (Figures S12–S15 for the rest of the stations). In these boxplots, the
boxes include the most common values of the MMP. The top and the bottom edges represent
the quartile (1/4) values and their centers the median value. According to the median and
the quartile values, the boxes (whiskers) are designed so that their edges represent the
normal maximum and minimum values. Each value that exceeds the normal maximum
and minimum values is characterized as an outlier value and represents an extreme event.
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station from 1976 to 2020.

As can be observed from these diagrams, most of the precipitation was recorded from
mid-autumn to mid-spring, in agreement with the findings of Zerefos [11] for East Mediter-
ranean. Most of the extreme precipitation events were also recorded during this period.
Most of the recent landslide events recorded in this area by the authorities (Table S3) also
occurred in this period, showing the strong correlation between the extreme precipitation
events and the activation mechanism of landslides.

3.1.3. Extreme Precipitation Events of February 2019

As previously described, the extreme precipitation events that occurred in February
2019 activated a great number of landslide events, which caused many fatalities and
destroyed critical infrastructure in the study area. To investigate the intensity of this
phenomenon, we compared the cumulative precipitation recorded in this month with the
relative precipitation of the previous years. Figure 5 illustrates the cumulative precipitation
recorded in February from 1976 to 2019 at the Strovles meteorological station. It is observed
that the cumulative precipitation in February 2019 was considerably higher than the relative
precipitation in same period in other years. The rest of the examined stations (Askifou,
Chania, Emprosneros, Kandanos, Paleochora, and Samaria; Table S1) that provided data
for February 2019 and for at least 10 years presented similar results (Figures S16–S21).
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Figure 5. Cumulative precipitation in February from 1976 to 2019 at the Strovles meteorological station.

In addition to the cumulative amount of precipitation, it is also significant to investigate
the relative distribution of precipitation during this month.

Figure 6 illustrates the daily precipitation during February 2019 recorded at the Agioi Pantes
meteorological station. The main precipitation events were recorded in two short time periods:
13–17 February 2019 and 23–26 February 2019. The sum of the precipitation in these two periods
corresponds to 86.88% of the total precipitation recorded during the whole of February. The rest
of the examined stations presented similar results (Figures S22–S37; Table S4).
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Figure 6. Cumulative daily precipitation in February 2019 recorded at the Agioi Pantes meteorological station.

This rather high percentage, combined with the huge monthly cumulated precipitation
and the short time period that the phenomena lasted, shows the high intensity of the
phenomenon and is in accordance with the large number of landslides that occurred during
this period, their catastrophic results, and their extended spatial distribution over the whole
regional unit. Hence, the intensity of the precipitation emerges as a critical parameter for
activating landslides. Note that the analysis does not include any vulnerability index (such
as census data, cadastral data, essential facilities analyzed in [31]) and therefore does not
include risk modeling.
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3.2. Landslide Inventory

The landslide inventory consists of two parts: the first one includes 60 landslides
recorded from 1960 to 2010, while the second one includes 62 landslides recorded in 2019
and 2020 (Figure 1). This distinction was made to examine the effectiveness of the most
common methods concerning past and recent landslide events. The data from the first part
were derived from previously documented events, while the data for the second part were
derived from technical reports of the Hellenic Survey of Geology and Mineral Exploration
(HSGME) [32–34], remote sensing techniques [35], and field surveys. Figure 7A–F illustrate
characteristic examples of the recent landslide events contained in the HSGME (formerly
the Institute of Geology and Mineral Exploration, or IGME) technical reports.
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Figure 7. Impact of main landslide events: (A) an old bridge over Keritis river damaged by mud flow,
(B) road embankment failure along the secondary road net to Giannikiana, (C) rotational slide due
to excessive precipitation events along the Chania–Omalos provincial road, Lakki village, (D) the
stability of the road net to Fotakado affected by rotational slide, (E) the local road net and houses
in Platanes village, Palea Roumata, affected by mud flow, and (F) translation slide in the weathered
mantle of Neogene formations in Kato Stalos village [36,37].
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The main types of landslides encountered [38–40] are translational slides, rotational
slides, earth slides, and earth flows. A translational slide dominates along the contact of
sandstone and argillaceous phases of flysch, while a rotational slide is observed in the fine
Neogene sentiments. Earth slides and earth flows triggered by heavy rainfalls are mani-
fested in the contemporary geological deposits (Quaternary). Rockfalls are rarer (mainly in
limestone formations) and occur in mid-high altitudes. Simple statistical methods were
used for the first evaluation and quantitative expression of the engineering geological data
related to the lithology and structure of the affected materials. The most critical landslide-
prone geological formations in terms of lithology and structure are flysch, schists (phyllites,
quartzites, shales, and schists), and ophiolites.

4. Results and Discussion

Two different approaches were used to study the landslide phenomenon: (a) the
hazard assessment approach, during which the precipitation thresholds and the future
precipitation projections were evaluated and (b) the susceptibility assessment approach
during which the landslide susceptibility maps were generated. It is critical to evaluate
the precipitation thresholds of landslides as their application in the projected precipitation
values, derived by the regional climate models (RCMs), can provide indications about the
landslide events that are going to be activated in the future. On the other hand, landslide
susceptibility assessment is also very critical as it leads to the generation of the landslide
susceptibility maps which can be a very useful tool for addressing landslides by the local
authorities. It is significant to note that these two approaches are distinct and are not
connected. The different steps followed by each of these different approaches are illustrated
in Figure 2.

4.1. Landslide Hazard Assessment

During the hazard assessment the precipitation thresholds that can trigger a landslide
at the examined area, were evaluated. Additionally, regional climate models were used
to evaluate the precipitation projections from 2031–2060 and subsequently to evaluate the
frequency that the aforementioned thresholds are going to be exceeded in the future.

4.1.1. Precipitation Thresholds

Precipitation thresholds can be distinguished on the basis of either the extent of the study
area or the process that is followed. On the basis of the extent of the study area, the thresholds
can be global, regional (e.g., thresholds of a country/prefecture), or local (e.g., thresholds of a
local area) [41]. On the basis of the process followed, they can be distinguished into physical
and empirical ones. The physical thresholds “integrate slope physical-hydrological modelling
and stability analyses,” while the empirical ones, which are the most widespread, use past
precipitation data and landslide inventories [42]. Among the most frequent empirical landslide
thresholds that have been evaluated for Greece are the daily precipitation thresholds [43] and
the intensity–duration (ID) [44] precipitation thresholds.

Daily Precipitation Thresholds

Studying different areas in Greece, Gournelos [43] found that landslides can be re-
activated if the daily precipitation exceeds the threshold of 30 mm (regional threshold).
According to Nastos and Zerefos [45], an event is characterized as an extreme precipitation
event if precipitation of 30 mm or more is recorded during it. So, changes in the frequency
of the extreme precipitation events in the study area are expected to lead to changes in the
occurrence of landslides.

With the aim to identify such changes in the Chania regional unit, we compared the
frequency of extreme precipitation events (days of extreme events/total days) over 5 years,
from 2015 to 2020, with the relative frequency of the whole available period (Table S4).
During this process, only the stations that provided data for at least the period from 2010
to 2020 were used. In four of the eight (50%) stations (Emprosneros, Falasarna, Kandanos,



Land 2023, 12, 154 11 of 25

and Strovles), the recorded extreme precipitation events had increased, whereas in the
rest of the meteorological stations (Askifou, Chania Technical University, Paleochora, and
Samaria), they had remained almost the same. Moreover, the increase in the number of
extreme precipitation events recorded by the Kandanos meteorological station was found
to be significantly high (76%). The frequency of the extreme precipitation events from 2015
to 2020 was also compared with the relevant extreme precipitation events from 2010 to
2020, leading to relative results.

The increase in the extreme precipitation events despite the overall decline in the MAP,
as evaluated during this study, agrees with the findings of Zerefos [11] regarding the MAP
and the trends in extreme precipitation events in Greece.

Intensity–Duration (ID) Thresholds

Intensity–duration (ID) thresholds are the most common empirical precipitation land-
slide thresholds used in the literature [46–48]. During this research, the methodology
introduced by Guzzetti [41] was followed. According to this methodology, the general
form of the intensity–duration (ID) thresholds is:

I = c + a* Db (1)

where I is the intensity of the precipitation event (mm/hour); D is the duration that the
precipitation lasted (hours); and a, b, and c are the constants to be evaluated for each
threshold. Their most common values are c = 0, 4 < a < 176.40, and −1.50 < b < −0.19.

To determine a and b, first, the ID diagram is designed, illustrating on the basis of
the available meteorological data and the landslide inventory the precipitation events that
did and did not trigger a landslide in the past. Subsequently, the ID curve is designed
empirically according to the ID diagram, to include the lower band of the precipitation
events that triggered the landslide events. Hence, the constants a and b are evaluated
from the shape of the designed curve [44]. In this study, the local intensity–duration (ID)
precipitation thresholds for each meteorological station were determined and the relative
results are illustrated in Table 1.

Table 1. Equations of ID thresholds.

Meteorological Stations ID
(I (mm/Day), D (Days))

ID
(I (mm/h), D (Hours)) Reliability Index (RI)

Ag.Pantes I = 60.2*D−0.72 I = 6.11*D−0.72 94.02%

Alikianos I = 73.8*D−0.55 I = 12.85*D−0.55 97.60%

Askifou I = 82.8*D−0.45 I = 19.81*D−0.45 90.05%

Elos_Chanion I = 76.1*D−0.72 I = 7.72*D−0.72 96.07%

Kandanos I = 70.3*D−0.59 I = 10.78*D−0.59 96.86%

Kolimpari I = 55.3*D−0.69 I = 6.17*D−0.69 94.83%

Sebronas I = 66.5*D−0.59 I = 10.20*D−0.59 91.98%

Stalos I = 55.1*D−0.67 I = 6.55*D−0.67 94.81%

Strovles I = 72.2*D−0.71 I = 7.56*D−0.71 92.12%

In Table 1, RI stands for the reliability index [49] used to evaluate the efficacy of the
method, determined by the following equation:

RI =
(

1 − Number o f times the threshold is exceeded
Total number o f cumulative events

)
∗ 100 (2)

As indicated in Table 1, at all the meteorological stations of the Chania region except
for the Askifou station, the parameter “a” ranges from 6.11 to 12.85 and the parameter
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“b” ranges from −0.72 to −0.55, values that are close to the general relative threshold that
Guzzetti [41] suggested for central and southern Europe (I = 8.67*D−0. 61). Moreover, the
Alikianos threshold is close to the threshold that Lainas [44] suggested for the Ilia regional
unit, Greece (I = 12.714*D−0.554). The Askifou landslide threshold (I = 19.81*D−0.45) is
relatively close to the relative threshold suggested by Corominas [50] for the mountainous
area of Pyrenees, in Spain (I = 17.96*D−0.59). The reason is that both regions are mountainous
regions in the Mediterranean area and ID thresholds are highly correlated with the climate
and the elevation of a region [41]. Moreover, Askifou has by far the highest elevation
among all the stations that have been used for evaluating the thresholds (Table S1).

Figure 8 presents the ID diagram for the Elos Chanion meteorological station (Figures S38–S45
for the rest of the meteorological stations). In this figure, the x-axis presents the duration that the
precipitation event lasted in days, the y-axis presents the intensity (I) of the precipitation event in
mm/days, the black line illustrates the landslide threshold, the blue dots show the precipitation
events, and the orange cubes show the landslide events.
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Figure 8. Intensity–duration (ID) diagram for the Kandanos meteorological station according to
observations (meteorological data).

4.1.2. Regional Climate Models

Near- and distant-future projections of precipitation using state-of-the-art regional
climate models (RCMs), developed within the initiative of the coordinated regional climate
downscaling experiment (CORDEX), have been extracted for the area of interest. The future
precipitation simulations have been analyzed under the two intergovernmental panel on
climate change (IPCC) emission representative concentration pathway (RCP) scenarios: the
intermediate climate change mitigation scenario RCP4.5 and the non-mitigation business-
as-usual scenario, with high emissions, RCP8.5.

The first period, from 1975 to 2004, refers to the current climate (control period),
whereas the future periods are 10-year periods from 2031 onward (2031–2040, 2041–2050,
and 2051–2060). Future simulations from RCMs were extracted for the Chania regional unit
at an almost 12 km horizontal resolution.

Only five of the available meteorological stations (Askifou, Kalives, Kandanos, Palea
Roumata, and Strovles) have provided precipitation data for 30 years or more and are
therefore suitable for evaluating the RCM simulations during the control period (Table S1).
Their spatial distribution provides sufficient spatial coverage of the examined area, as a
range (buffer) of 17.5 km from these stations contains more than 80% of the extent of the
regional unit and 99% of the landslide inventory (Figure S46).
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Evaluation of Regional Climate Models (RCMs)

To determine the most suitable RCM, the observational precipitation (OBS PR) data
from ground meteorological stations were compared with precipitation simulations ex-
tracted from the closest RCM grid point to the station’s latitude and longitude. The OBS PR
data are the mean values of the total monthly precipitation of five meteorological stations
(Askifou, Kalives, Kandanos, Palea Roumata, and Strovles) with available precipitation
measurements for at least 30 years for the period 1975–2004 (control period) in western
Crete. Accordingly, the projections from the three RCMs refer to the simulation data derived
from the RCA4 regional climate model of the Swedish Meteorological and Hydrological
Institute (SMHI) driven by three different global climate models: (1) the CNRM-CM5 of
the Météo France Institute, (2) the HadGEM-ES of the Met Office Hadley Centre (hereafter
MOHC), and (3) the MPI-ESM-LR of the Max Planck Institute (hereafter MPI) for Meteorol-
ogy. These three simulations are basically the SMHI regional climate model with boundary
conditions from the three global climate models (CNRM, MOHC, and MPI), which makes
the combined modeling systems diverse enough to be considered as different models.
Figure 9 presents a comparison between the precipitation observations and the respective
precipitation simulations derived from the three RCMs for the Kalives meteorological
station (diagrams for Askifou, Kandanos, P.Roumata, and Strovles in Figures S47–S50).
Figure 9 shows that the MPI RCM provides the best results for the Chania area; accordingly,
data from this model was selected for the future analysis.
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Figure 9. Mean monthly precipitation observations (OBS) and precipitation simulations by RCMs
(MPI, CNRM, and MOHC) at Kalives.

To decrease the deviation between the OBS and the MPI simulations of precipitation, a
bias correction method was also applied using the delta change factor method [51,52]. Thus,
the precipitation MPI projections used in the subsequent future analysis were the BIAS-
corrected data derived after the application of the selected BIAS-corrected method. For
the BIAS correction process, the daily observations from the five selected meteorological
stations, and the corresponding projections from the MPI RCM for the control period
1976–2005, were used following the equation of the delta change factor method [53].

Precipitation Projections from 2031 to 2060

Consequently, the bias-corrected PR projected from the MPI model was used to analyze
precipitation projections for the period of 2031 to 2060 in areas close to the meteorological
stations of Askifou, Kalives, Kandanos, Palea Roumata, and Strovles under the RCP4.5 and
RCP8.5 emission scenarios. In Figures 10–12, the projections of the precipitation values are
presented as boxplots for the Strovles meteorological station. Figure 10 presents the average
monthly precipitation according to RCP4.5, and Figure 11 presents the same according to
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RCP8.5. Figure 12 presents the February values using the boxplots of the observation data
from 1976 to 2020 and the boxplot for the projections according to RCP4.5 and RCP8.5 for
the period from 2031 to 2060 (the relative boxplots for the rest of the stations are presented
in Figures S51–S62). The RCM boxplots show that the precipitation for the 2031–2060
period is expected to be the highest during the months of January, February, November,
and December, as also indicated by the observational data in Strovles.
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Figure 12. February precipitation data for 2031–2060 according to OBS, RCP4.5, and RCP8.5 at the
Strovles meteorological station.

RCMs and Landslide Thresholds

Subsequently, the RCM projections were used to calculate the times when the ID thresh-
olds are going to be exceeded. Figure 13 presents the ID diagram for 2031–2060 according to
the RCP8.5 emission scenario for the Kandanos meteorological station (Figures S63–S67 for
the rest of the meteorological stations). The y-axis illustrates the intensity of the precipitation
(in mm), and the x-axis shows the relative precipitation duration (in days). The black line
illustrates the relative landslide threshold that has been calculated from the meteorological
data for the control period (1976–2005).
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Figure 13. ID diagram according to the RCP8.5 emission scenario for 2031–2060 at the Kandanos
meteorological station.

Table 2 presents the time periods when the precipitation values exceeded the ID for
the control period (observation data for 1976–2005) and for the future period (according
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to RCP4.5 and RCP8.5 for 2031–2060). The Kalives and Palea Roumata meteorological
stations did not provide precipitation data for 2019 and 2020 (Table S1) where the landslides
mentioned in the landslide inventory occurred. Therefore, the ID cannot be determined for
Kalives and Roumata meteorological stations. In the Changes (%) column, the negative
sign is used to show that a reduction is expected in the future.

Table 2. Number of times the ID thresholds are exceeded in the control and future periods.

Meteorological
Stations

Number of Times the ID Threshold Is
Exceeded Changes (%)

1976–2005
(OBS)

2031–2060
(RCP4.5)

2031–2060
(RCP8.5)

2031–2060
(RCP4.5)

2031–2060
(RCP8.5)

Askifou 96 60 63 −37.5 −34.38

Kandanos 23 54 55 134.78 139.13

Strovles 72 84 99 16.67 37.5

As Table 2 illustrates, in the future, at the Askifou meteorological station, the local
threshold is expected to be exceeded less frequently. However, at Kandanos and Strovles
meteorological stations, the relative local threshold is expected to be exceeded more fre-
quently. Especially at Kandanos, the augmentation is quite significant (134.78%). This result
is explained because as shown before, Askifou, unlike Kandanos and Strovles, is expected
to be less affected by the climate crisis (Tables S2 and S5).

4.2. Landslide Susceptibility Assessment (LSA)

The landslide susceptibility assessment (LSA) of an area is used to evaluate the sub-
regions of the area that are at low, medium, or high risk of landslides. To evaluate the
landslide susceptibility of Chania, the analytical hierarchy process (AHP) was used because
it is an effective method that can provide direct results.

4.2.1. Landslides‘ Causal Factors

To recognize the most critical causal factors of landslides in Chania, experts with
great academic backgrounds and knowledge of the hydrological and geomorphological
characteristics of the examined area were selected. AHP was applied, and according to
the experts’ judgment [8] and the relevant contribution, the weight of each factor was
determined (Tables S6–S9). Table 3 summarizes the results.

Table 3. Determining the final weights of the causal factors.

Factors Lithology LU/LC Road
Network

Stream
Network

Slope
Angle

Relative
Relief

Slope
Aspect Precipitation SUM

Average 0.174 0.087 0.109 0.118 0.133 0.072 0.079 0.227 1

Final
Weight 8 4 5 5 6 3 3 10

The consistency ratio (CR) index (Equations S1 and S2) was calculated to be 0.04824.
This value is smaller than 0.1, which shows that the experts’ judgment was unbiased, and
the evaluated weights of Table 3 should be accepted [54]. Subsequently, every factor was
further analyzed in subcategories (classes) and a relative process was followed to attribute
weights to the subclasses of each causal factor (Table 4).
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Table 4. Landslide weigh rating adopted in this study for the causal factors and their subclasses.

Data Layers Classes Subcategories
Weight

Relative Susceptibilitly
Ranking

1. Geology

Loose quaternary deposits (Alluvial
deposits, Slope debris and fans, Torrent

terraces)
8 Medium

Neogene (reefal Limestones, Pantanassa
formation) 7 Low

Limestones—Marbles (Platy limestones,
Limestones and dolomites, Carbonate

undivided layers)
6 Very Low

Flysch 10 Very High

Schists and Ophiolites (phyllites, quartzites,
shales, schists) 9 High

2. Landuse/Landcover

Sparsely vegetated areas (Open spaces with
little or no vegetation) 10 Very High

Artificial and Natural grasslands (Artificial,
non-agricultural vegetated areas, Pastures) 9 High

Heterogeneous agricultural areas 8 High

Arable land 7 Medium

Discontinuous urban fabric (Industrial,
commercial and transport units, Mine, dump

and construction sites, Urban fabric)
6 Medium

Sclerophyllous vegetation (Scrub and/or
herbaceous vegetation associations) 5 Low

Permanent crops (Vineyards, Olive groves) 4 Low

Coniferous forest—Transitional woodland 2 Very Low

3. Road Network

a. Category 1
(Motorway, trunk, primary, secondary roads)

Surfaced (Buffer)

<20 m 10 Very High

20–50 m 8 High

50–100 m 6 Medium

>100 m 0 Very Low

b. Category 2
(Track grade 1, track grade2, service roads)

Surfaced (Buffer)

<20 m 7 High

20–50 m 5 Low

50–100 m 3 Low

>100 m 0 Very Low

c. Category 3
(Tertiary, residential, living streets, service,

footway, track grade3, track grade4,
pedestrian, path, bridleway roads

0 Very Low
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Table 4. Cont.

Data Layers Classes Subcategories
Weight

Relative Susceptibilitly
Ranking

4. Stream Network

a. Class 1 (Buffer)

<10 m 7 High

10–20 m 5 Medium

>20 m 0 Very Low

b. Class 2 (Buffer)

<20 m 8 High

20–50 m 6 Medium

>50 m 0 Very Low

c. Class 3 (Buffer)

<50 m 10 Very High

50–100 m 7 High

>100 m 0 Very Low

d. Class 4 (Buffer)

<20 m 7 High

20–50 m 5 Medium

>50 m 0 Very Low

e. Class 5 (Buffer)

<10 m 4 Low

10–20 m 2 Low

>20 m 0 Very Low

5. Slope Angle

>45◦ 10 Very High

31–45◦ 9 High

16–30◦ 8 Medium

6–15◦ 3 Low

0–5◦ 1 Very Low

6. Relative Relief

>1401 m 2 Very Low

1301–1400 m 4 Low

1201–1300 m 6 Medium

1101–1200 m 7 Medium

1001–1100 m 8 High

901–1000 m 9 High

801–900 m 10 Very High

701–800 m 9 High

601–700 m 8 High

501–600 m 7 Medium

<500 m 6 Medium
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Table 4. Cont.

Data Layers Classes Subcategories
Weight

Relative Susceptibilitly
Ranking

7. Slope Aspect

Flat 0 Very Low

North—N (0◦–22.5◦) 9 High

Northeast—NE (22.5◦–67.5◦) 6 Medium

East—E (67.5◦–112.5◦) 4 Low

Southeast—SE (112.5◦–157.5◦) 2 Low

South—S (157.5◦–202.5◦) 4 Low

Southwest—SW (202.5◦−247.5◦) 6 Medium

West—W (247.5◦–292.5◦) 9 High

Northwest—NW (292.5◦–337.5◦) 10 Very High

North—N (337.5◦–360◦) 9 High

8.
Mean Annual
Precipitation

>1600 mm 10 Very High

1400–1600 mm 9 High

1200–1400 mm 8 High

1000–1200 mm 7 Medium

800–1000 mm 5 Low

<800 mm 3 Very Low

4.2.2. Landslide Susceptibility Map

For each causal factor, a relative distinct landslide susceptibility map (LSM) was cre-
ated. These maps, illustrated in Figure 14A–H, are important as, in addition to contributing
to the synthesis of the final LSM, they provide a direct and clear indication about how each
subregion in the study area is affected by each causal factor. As previously described, no
vulnerability index is included in these maps and therefore each LSM illustrates only the
relative landslide susceptibility and not the landslide risk of the examined area.

For evaluating how precipitation activates the landslide mechanism, the mean annual
precipitation was applied corresponding to the preceding 10 years (2010–2020, MAP-10,
Figure 14H), the control period (1976–2005, MAP-CP, Figure S68), and the preceding
30 years (1990–2020, MAP-30, Figure S69). These distinct calculations were used to evaluate
which of these periods would provide better results about the past and recent landslide
evsuppents. In Figure 14A–G, for each causal factor, the red, yellow, and green (RdYlGn)
color classes were selected. The regions illustrated with red color are the most susceptible to
landslides due to the effect of this factor, while those illustrated with green color are the least
susceptible. The landslide susceptibility of the regions illustrated with intermediate colors
is determined according to the position of each color in comparison to the RdYlGn color
classes. Accordingly, for precipitation (Figure 14H), the blue color classes were selected,
where the regions most susceptible to landslides are illustrated with deeper-blue colors,
while the regions less susceptible to landslides are shown with light-blue colors.

Subsequently, the distinct LSM of the landslide causal factors were overlaid, according
to their corresponding weight (Table 3), in a GIS environment by applying the weighted
linear combination (WLC) method. The result of this process is the total landslide suscepti-
bility map (LSM) of Chania, illustrated in Figure 15. In Figure 15, the RdYlGn color classes
were again used to illustrate with a red–green depiction color range the relative range
of the subregions’ susceptibility. Figure 15 also illustrates the two parts of the landslide
inventory (past and recent). Accordingly, by using MAP-30 and MAP-CP, the relative total
LSMs (LSM-30, Figure S70; LSM-CP, Figure S71) of the study area were created.
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Figure 14. LS Maps for individual causal factors for landslides in the Chania regional unit, Greece: (A) lithol-
ogy, (B) land use/land cover, (C) proximity of roads, (D) proximity of streams, (E) the relative relief, (F) slope
angle, (G) slope aspect, and (H) mean annual precipitation for the preceding 10 years (MAP-10).
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The area under the curve (AUC) for the receiver operating characteristic (ROC) was
used to evaluate the effectiveness of the applied method [25] for all the created LSMs
(LSM-10, LSM-30, and LSM-CP) by using distinctly past and recent landslides from the
landslide inventory. As illustrated in Figure 16, all the LSMs provided similar and quite
satisfactory results when only the past landslides were used for evaluating the effectiveness
of the method (81.9% for LSM-10, 82.8% for LSM-30, and 83.1% for LSM-CP). However, as il-
lustrated in Figure 17, when the recent landslides were used for evaluating the effectiveness,
LSM-10 provided significantly better results (84.1%) compared with LSM-30 (79.8%) and
LSM-CP (78.7%). Since the MAP was the only causal factor changed during the landslide
susceptibility assessment (LSA), this result shows that MAP-10 provides significantly better
results, as it incorporates the relevant changes in precipitation due to climate change.
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It is worthwhile mentioning that this is the first attempt to correlate landslide suscepti-
bility with the precipitation changes due to climate change. The use of vulnerability indices
to form relative risk maps and their correlation with climate change is proposed as a future
work as it is expected to contribute significantly to identifying and monitoring the most
critical landslides in the examined area.

5. Conclusions

This research examines the impact of the climate crisis on the landslide phenomenon,
through its relative impact on the precipitation, which is by far the most common causal
factor of landslides. This analysis was made on a regional basis, focusing on the Chania
prefecture, Greece. Within this framework, the trends in the mean annual precipitation
(MAP) and the extreme precipitation events that can activate a landslide were analyzed and
the relative local precipitation thresholds were evaluated. For this purpose, meteorological
data of 21 local meteorological stations, which in some cases provided data for over 30 years,
were used to create a rather dense meteorological network. We found that, in the areas
monitored by the majority of these meteorological stations, the MAP has decreased over
the years, while extreme precipitation events that can activate a landslide have either
increased or remained almost the same. These findings are in accordance with the relative
results of other scientific studies conducted for southern Europe and other Mediterranean
regions [12,13,18]. These findings indicate an expected increase in the number of landslide
events in the future in Chania.

Furthermore, three state-of-the-art regional climate models (RCMs) were used to
analyze the precipitation projections for the period from 2031 to 2060 under two intergov-
ernmental panel on climate change (IPCC) emission representative concentration pathway
(RCP) scenarios: RCP4.5 and RCP8.5. The RCMs showed that even in the years from 2031
to 2060, the precipitation is expected to be the highest from November to February, as also
revealed by the analysis of the observation precipitation data.

Moreover, for the Chania regional unit, the intensity–duration (ID) thresholds were
determined for the first time. A strong correlation emerged with the relative landslide
thresholds that concern either the wider area (northern Europe) or areas with climate
similarities (such as Achaia, Greece, and Pyrenees, Spain). These findings ratify that Chania
can provide useful indications for the relative impact of the climate change on the landslide
phenomenon for the Mediterranean area. These thresholds were used along with the future
precipitation projections of the selected RCM for the period 2030–2060 to identify the most
critical areas in the future.

A complete landslide susceptibility assessment was performed for the study area. To-
ward this goal, the landslide causal factors were identified and their contribution (weight)
to landslide mechanism were evaluated. Precipitation was evaluated as the mean an-
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nual precipitation (MAP) of the control period (1976–2005), the MAP of the last 30 years
(1990–2020), and the MAP of the last 10 years (2010–2020). Therefore, three relative land-
slide susceptibility maps (LSMs) were produced: LSM-CP, LSM-30, and LSM-10. All the
LSMs were found to provide satisfactory and similar results when an inventory of old
landslides is used for validation. However, LSM-10 was found to provide better results
compared with the other LSMs when recent landslides were used for validation. The
significantly better results of LSM-10 compared with the results of LSM-CP and LSM-30
(almost 5%) show not only how important it is to incorporate the precipitation changes
in landslide assessment but also how huge and rapid these changes are. In addition, as
proved during this study, over the next decades, climate crisis is expected to seriously
affect Chania, increasing the number and the intensity of the extreme precipitation events,
which in turn will cause a series of potentially catastrophic and fatal landside events. An
accurate and effective LSM will help the local authorities to take the necessary and focused
precautionary measures and mitigate in advance the possible consequences of expected
landslides. Moreover, an accurate and effective LSM can be vital for the local communities
as an early warning system. The continuously evolving and intense character of climate
change renders landslide susceptibility assessment a dynamic process that must be regu-
larly updated. Note that, in this study, only landslide susceptibility was performed and not
risk modeling.
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