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Abstract Climate changes are expected to increase the
frequency and magnitude of the most intense
precipitation events. In addition, the elements of the
hydrological cycle and the seasonal characteristics of
climatological and hydrological processes are expected to
change in the future. Therefore, these changes will also
affect the frequency, magnitude, and impact of landslides,
debris flows, rockfalls, and similar natural hazards. This
paper reviews recent studies conducted by Slovenian
researchers, focusing on Slovenia and other European
countries. Special emphasis is placed on the characteristics
of precipitation events responsible for triggering mass
movements and on an overview of the effects of climate
change.
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Introduction

It is clear that global warming and the associated effects of
climate change affect the stability of slopes and have
consequences for landslides, rock falls, debris flows, and
similar phenomena (Gariano and Guzzetti 2016). However,
it is not clear to what extent climate change will affect the
frequency and magnitude of mass movements in different
parts of the world (Gariano and Guzzetti 2016). It can be
seen that mass movements activity is or will increase in
many parts of the world including parts of Asia, Africa,
North and South America (Gariano and Guzzetti 2016).
Among all continents, Europe is the most diverse in its
response to climate change in terms of mass movement
activity (Gariano and Guzzetti 2016). Hence, additional
attention should be paid to this part of the world to better
identify climate change's changing patterns and impacts.
Therefore, this paper provides an overview of recent
studies conducted by Slovenian researchers focusing on
precipitation characteristics related to the triggering of
landslides, debris flows and rock falls.

Larger-scale studies
Rainfall event characteristics above the empirical global
rainfall thresholds at the continental scale

Bezak and Miko$ (2021) investigated characteristics of
rainfall events positioned above the empirical global

rainfall thresholds for landslides triggering. The focus of
the study was to analyse the magnitude and frequency of
rainfall events. Changes for the areas classified as at least
moderately susceptible to landslides (according to the
ELSUS v2 map; 1.8%10° km?) were evaluated for the 1961-
2018 period where precipitation reanalysis data was used
as input (Bezak and Miko$ 2021). It was found that around
15% more rainfall events were detected above the selected
thresholds for 1991-2018 period compared to the 1961-1990
period (Bezak and Miko$ 2021). Additionally, several
regions across Europe were detected where these changes
were positive and statistically significant with the selected
significance level of 5% (Bezak and Miko§ 2021). Such
examples are Italy or the Carpathian Mountains, where
landslides frequently occur (Fig. 1). There were also
regions where the detected changes were negative (and
statistically significant) such as the Alps or Pyrenees (Fig.
1). Moreover, no significant change could be detected for
around 50% of the area. Hence, it can be seen that climate
change already has an effect, in some parts of Europe, on
the rainfall characteristics that could trigger landslides or
debris flows.

Human exposure to landslides

Recent study also investigated human exposure to
landslides. Modugno et al. (2022) used a GIS-based and
multi-scale approach to indicate when and where a
country is affected by a high probability of landslide
occurrence (Modugno et al. 2022). It was shown that most
of the people living in landslide hazard areas are located in
Asia in countries such as Nepal, India, Philippines, etc.
Exposure in Europe is generally smaller than some other
parts of the world. However, countries like Italy,
Switzerland, and Slovenia have quite high exposure. A
recent study showed that 48 million people are exposed to
landslides in Europe (Mateos et al. 2020). While the
number of fatalities in Europe is relatively small (i.e. 39 in
the 2015-2017 period by 3,907 landslides (Mateos et al.
2020) or 1,370 deaths in 1995-2014 (Haque et al. 2016)), the
number of fatalities is much higher in other parts of the
world, exceeding 1,000 in the 2007-2018 period in countries
such as Brazil, India, Philippines, China, etc (Modugno et
al. 2022). Therefore, a novel methodological approach,
such as the one proposed by Modugno et al. (2022), will
need to be developed in the future to predict landslides
better, debris flows, and rock falls.
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Figure 1 Relative difference between recent and historic periods (1991-2018 and 1961-1990) based on the consideration of the normalized
threshold. Pink line shows the area at least moderately susceptible to landslides. Adopted after (Bezak and Miko$ 2021).
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Figure 2 Soil moisture reanalysis data (m3/m3) on a specific date (i.e. 1.1.2010) and all the landslides included in the Franeltalia database.
Adopted after Bezak et al. (2021).



Improving landslides predictions

Recently, Bezak et al. (2021) tested the added value of the
reanalysis soil moisture data (i.e. Copernicus Uncertainties
in Ensembles of Regional Reanalyses (UERRA)) in
predicting historical landslides events in Italy (Fig. 2). It
was found that precipitation is much better predictor of
landslides occurrence compared to soil moisture data.
Moreover, using only soil moisture data (without
precipitation) a small fraction of landslides could be
predicted. However, other more detailed satellite-based
soil moisture data should be tested to additionally evaluate
the added value of the soil moisture data.

Slovenian case studies

Besides global and continental studies, Slovenian
researchers have also focused on the smaller-scale studies
including national ones with focus on Slovenia.

Rainfall events characteristics

Bezak and Mikos§ (2019) investigated trends and temporal
changes in intensity-duration-frequency (IDF) and
extreme rainfall events that can also trigger landslides and
other mass movements (Bezak et al. 2016). Using high-
frequency data for 10 rainfall stations with 44 years of data
(i.e. 1975-2018) it was found that no clear pattern could be
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detected in precipitation trends. Minimal changes in the
seasonal characteristics of 5- and 30-minutes rainfall
events (tend to occur a few days earlier, Fig. 3) and of 360-
and 720-minutes events (tend to occur a few days later)
were detected. Moreover, Bezak et al. (2016) also
investigated the possibility to use copula functions for the
definition of the IDF curves and compared these curves
with empirical global rainfall thresholds that are used for
the shallow-landslides triggering.

Jordanova et al. (2020) reconstructed the cumulated
event rainfall and the duration of the rainfall conditions
responsible for landslide occurrences for the period of
2007 and 2018 in order to obtain reliable thresholds that
could be implemented in a landslide early warning system.

Climate change studies

Several recent studies have investigated a direct climate
change impact on conditions related to landslides
triggering. Jemec Aufli¢ et al. (2021) studied climate
change impact on landslides in the mid of the 21* century
in Slovenia. They used the Representative Concentration
Pathway climate scenario (RCP4.5) and MASPREM
(landslide prediction system) system for modelling. They
found that extreme rainfall events are likely to occur more
frequently in the future (2041-2070; Fig. 4), which may lead
to a higher frequency of landslides in some areas in
Slovenia.
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Figure 3 Temporal clustering of the annual maximum rainfall events with the duration of 5 minutes. Red line indicates the median Julian
data and the dotted black lines indicate 25% and 75% Julian date. Adopted after Bezak and Miko$ (2019).
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Bezak et al. (2021b) also investigated impact of
climate change on the water balance elements of the
Koroska Bela area (Jemec Aufli¢ et al. 2017; Sodnik et al.
2017; Janza et al. 2018; Bezak et al. 2021c). The results
indicated that total and effective rainfall could increase in
future. Due to the air temperature increase we could also
expect an increase in the evapotranspiration. However,
these changes does not linearly translate in the water
balance elements of the Koroska Bela area (Bezak et al.
2021b). More specifically, projected changes in the total
runoff, percolation, etc. are within the range of 5%
compared to the baseline period (Bezak et al. 2021b).
Additionally, mGROWA water balance model was also
used to evaluate possible changes in the water balance
elements (Bertalani¢ et al. 2018) for the Koroska Bela area.
An example of such modelling results is shown in Fig. 5 for
the groundwater recharge variable. Moreover, changes in
the IDF curves were also evaluated (Fig. 6) and also no
significant changes between future and baseline periods
could be detected (Fig. 6). In general the climate change
evaluation in Slovenia was conducted by the Slovenian
Environment Agency (ARSO) (Bertalani¢ et al. 2018) but
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they did not focus specifically on mass movements such as
landslides or debris flows.

Modelling improvements

Several improvements have also been made with respect
to landslides-related modelling. The landslide prediction
system for modelling the probability of landslides through
time in Slovenia (MASPREM, Fig. 7) has been in operation
since 2013 (Jemec Aufli¢ et al. 2016). Since then, the system
has been updated at the national level with new rainfall
thresholds. At the municipal level, the system now makes
predictions for 25 municipalities in the scale of 1:25,000
and at the local level for one landslide-prone area (Koroska
Bela). A very important part of the system is also the data
collection, which is done through the application e-Plaz
(https://www.e-plaz.si/). Also hydrological models have
been suggested to be applied for the prediction of the
shallow landslides at the catchment level in Slovenia
(Bezak et al. 2019a). Moreover, recently several modelling
applications have been conducted using the RAMMS
debris flow module at various locations across the country
(Bezak et al. 2019b, 2020, 2021c; Miko$ and Bezak 2021).
Example of such simulations are shown in Fig. 8.
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Figure 4 Percentage of areas for which rainfall thresholds between baseline and future periods was exceeded. Six RCP4.5 model runs are
shown (i.e. one per column). Adopted after Jemec Aufli¢ et al. (2021).

Conclusions

This contribution provides a short overview of recent
studies conducted by Slovenian researchers related to the
triggering and prediction of landslides and debris flows
under the impact of climate change. As can be seen quite
some number of studies have been conducted in this field.
Some of the studies also investigated global and large
regional scales while others were conducted at national
scale. However, further research is needed and will be
conducted in Slovenia. For example, in the scope of the
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on-going basic research project “Deciphering the
sensitivity of rock faces to climatic changes and freeze-
thaw cycles in permafrost-free regions (J1-3024)” climate
change impact on the rock fall triggering will be
investigated. Further work is also needed to continuously
fill landslide inventory with new landslide cases to be able
to validate susceptibility and triggering models and better
predict potential climate change impact.
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Figure 5 Monthly (x-axis) variations in the monthly groundwater
recharge (y-axis; in mm) for a baseline (1981-2010) and three
future periods for the Koroska Bela area based on the simulations
using the mGROWA water balance model. Average values for the
six GCM/RCMs are shown.
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Figure 6 Comparison of the empirical rainfall thresholds (one for
Sava River basin and one Global threshold) and IDF curves for
the 2-year return period for the Koroska Bela area. Adopted after
Bezak et al. (2021b).

Figure 7 Three major elements of the MASPREM system: landslide susceptibility model, triggering rainfall thresholds and precipitation

forecasting model. Adopted after Jemec Aufli¢ et al. (2016).

Figure 8 Example of RAMMS debris flow modelling results for the Korogka Bela area using hydrograph as input (peak of around 3,000
m3/s and magnitude of around 340,000 m3). Flow height at the end of simulation and maximum pressure are shown for the RAMMS
model parameters p = 0.075 and & = 200 m/s>.
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