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ABSTRACT

Between August 3 and 6 2023, the Republic of Slovenia was hit by the natural disaster of a national scale. Extreme amounts of precipitation
that reached up to a 250-year return period caused floods and the activation of several thousands of landslides. In need of urgent measures
at a national scale, a robust procedure for assessing the total financial damage induced by landslides has been required. Based on limited
data available shortly after the event, a method able to fulfil such expectations has been developed by the Geological Survey of Slovenia
and is presented in this paper. Such estimations based on solid methodology are crucial in obtaining funds and fast reconstruction in case

of natural disaster at a national level.

INTRODUCTION

The natural disaster that occurred in August 2023 was a consequence of a set of meteorological circumstances. Conditions typical of winter
or autumn time occurred in the mid-summer when, in addition, the Mediterranean Sea was extremely warm, affecting the amount of water
vapour in the air and thus the amount of precipitation. Already in July 2023, the amount of precipitation was at least 100 % exceeding the
long-term average in the entire country. Such conditions resulted in extremely high soil saturation. On the days between August 3 and 6 at
some measuring points, the monthly average amount of precipitation fell within a few hours. On August 4, the record values of daily pre-
cipitation were measured at several measuring stations. The estimated return period of extreme rainfall was 250 years or even more (ARSO
2023). High soil saturation as a result of a high amount of precipitation in July in combination with intense precipitations at the beginning
of August induced massive disruptions in slope stability across the entire territory of Slovenia.

On 4 and 5 August, several thousands of slope mass movements of different types were triggered across the country. The majority of land-
slides occurred in the north, northeast and northwest of the country. In the majority of cases, only shallow landslides were triggered. Right
after the event, 71 out of 212 municipalities reported the damage due to landslides in an amount of 220 million €. To estimate the total
financial damage induced by the landslides on a national level, a systematic, robust, repeatable, quick and objective method was required.
Financial damage assessment after major natural disasters has two main limitations: 1) few, unsystematic and partial data evidencing the
landslide occurrence during the natural disaster and i) short time available for damage report preparation. The landslide damage assessment
procedure will thus vary from case to case based on the availability of both data and time. The damage estimated with this procedure is not
complete, actual and final value, but the approximate and theoretical financial damage that could be estimated right after the natural disaster
for a quick response of stakeholders, but needs to be further approved and complemented by the final reports based on field investigation.

This paper may offer a basis for a methodological approach that should be adapted to specific site conditions and capabilities.

MATERIALS
The main data source for landslide evidence was digital orthophoto imagery (DOF) recorded in flood areas right after the disaster on August
7 and 8, 2023 in the frame of intervention measures (source: Directorate of Water of the Republic of Slovenia). 1826 km? of land has been

covered in the most affected parts of the country (Figure 1A).
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Fig 1: A) The extent of available DOF data. Pilot areas are delimited with red. B) Visual digitization of landslides from DOF in the learning set. C) Total amount of precipitation between 3
and 5 August 2023 considered in the calculation of the national landslide forecast system. D) National landslide probability calculated for 3. to 5. August 2023 based on calculations of the

national landslide forecast system.

For extrapolation, we used the Slovenian national system for landslide forecasting and early warning that integrates a landslide probability
map, triggering precipitation amounts and precipitation forecasts (ALADIN and INCA) to calculate spatial landslide probability forecasts
(Jemec Auflic et al. 2016; Peternel et al., 2022) (Fig.1D).

METHOD

The procedure for assessing financial damage induced by landsides at a national scale consists of the following steps: 1. Analysis of condi-
tions that induced the landslides during the event at a national level, 2. Inventory of actual landslide occurrence in pilot areas selected based
on the availability of the data, 3. Establishing rules based on analysis of landslide occurrence related to conditions during the event in pilot
areas, 4. Extrapolation based on relation defined in pilot areas, resulting in the total estimated number of landslides by size of landslides, 5.
Estimation of the number of landslides with an impact on the built environment, 6. The total financial damage is finally calculated based on
the number and size of estimated landslides within the built environment areas. It should be noted that the method to assess the financial
damage caused by the landslides elaborated in this paper considers a cost of landslide restoration (in built areas) and does not particularly
address costs related to infrastructure or building restoration, as the exact spatial overlapping of these elements is not possible to adequately

extrapolate to the entire affected territory. The workflow is shown in Figure 2. A step-by-step procedure is explained in the following text.

" ESTABLISHING Y EXTRAPOLATION Y FOCUS TO BUILT

NATIONAL LEVEL

Fig. 2: A conceptual model of the procedure for assessing damage induced by landslides in the case of national-scale natural disasters.
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Step 1: ANALYSIS OF CONDITIONS DURING THE EVENT AT A NATIONAL LEVEL

For extrapolation to the entire national territory, it is necessary to understand the conditions that induced the occurrence of landslides in
the entire affected territory. For this purpose, the national system for landslide forecasting and early warning that integrates environmental
(geologic, geomorphologic and hydrologic) and weather conditions on a national level, has been recalculated for the actual total amount
of precipitation received between August 3 and August 5, 2023. The resulting area was classified into six classes of landslide vulnerability:
no, very small, small, middle, high and very high susceptibility to shallow landslides based on the precipitations received between 3 and 5
August. A total area is attributed to each susceptibility class. In this way, we acquired the presumed total extent of natural disaster and at the

same time the basis for extrapolation of real datasets acquired in pilot areas, to the whole affected territory.

Step 2: ANALYSIS OF ACTUAL LANDSLIDE OCCURRENCE IN LIMITED AREAS: SYSTEMATIC INVENTORY OF LANDSLIDES IN PILOT AREAS

Estimated susceptibility areas calculated in Step 1 are calibrated to the actual field conditions by the implementation of a detailed landslide
inventory obtained in limited areas. This element contributes to a realistic extent and proportions of the event. The actual number and spatial
extent of landslides are to be captured by the accessible method (remote sensing, field inspection etc.). In our case, in the most affected
parts of the country, interventive aerial photography was performed right after the event. Systematic landslide digitization was carried out
on a part of a photographed area. Digitization of landslides from DOF was performed using the method of manual visual interpretation
(Scaioni et al., 2014). A total of 687 landslides have been evidenced on 280 km? of inspected area (Fig 2 A, B). A 5 m buffer zone was added

to initial landslide polygons digitized from DOF to capture invisible cracks and expected extension of landslide areas.

Step 3: ESTABLISHING RULES BASED ON ANALYSIS OF LANDSLIDE OCCURRENCE RELATED TO CONDITIONS DURING THE EVENT IN PILOT AREAS

Characteristics of landslide occurrence are studied based on landslide inventory acquired in Step 2 and known environmental conditions in
the pilot areas. Area and landslide probability classes based on the national prediction model calculation for the weather conditions during
the event (Step 1) are attributed to each landslide polygon. The determination of landslide density by size class and landslide density by

probability class in pilot areas is prepared for the extrapolation step.

Step 4: EXTRAPOLATION FROM PILOT SITES TO ENTIRE AFFECTED TERRITORY
The landslide density by landslide size and probability class is extrapolated to the whole area of landslide probability classes covering the
entire national territory, where the latter is extracted from the final product of Step 1. The outcome is a total number of estimated landslides

per probability class by the size of landslides for the entire national territory.

Step 5: ESTIMATION OF A POTENTIAL IMPACT ON THE BUILT ENVIRONMENT

In case of a natural disaster of a large scale, landslides occur in wide areas of the national territory. However, restoration, at least the inter-
ventional measures, is commonly focused on the landslides that had an actual and direct impact on humans, including infrastructure (roads,
rails), different networks (electricity, pipelines, telecommunication, gas etc.) and buildings. In our case, the authorities were interested in
the damage caused only to the built environment, so the damage to private property and natural landscape was not considered in the
calculations. This however depends on the national directive and appropriate modification of the methodology could apply at this step. In
Slovenia, 46 % of the total national territory is considered a built environment. To assess the number of landslides with an impact on the built
environment, the areas of landslide probability classes calculated in Step 1 are combined with spatial data from national evidence including
infrastructure, networks and buildings. The results are areas of landslide susceptibility classes limited to the built environment. Based on the

reduced areas of susceptibility classes, the number of estimated landslides per landslide size class is recalculated for each susceptibility class.

Step 6: CALCULATION OF THE FINAL FINANCIAL DAMAGE CAUSED BY THE LANDSLIDES

To finally estimate the actual financial damage to the built environment caused by the landslides, first, the cost of landslide restoration needs
to be estimated. For this purpose, landslide inventory in the limited areas (Step 2) was categorized by size, which roughly determines the
extent and cost of necessary measures for landslide restoration. Based on the momentary market prices of such interventions in the eco-
nomic conditions in the affected area, the cost of necessary measures is attributed to a particular landslide size category. The total estimated
financial damage for landslide restoration in built areas is finally calculated based on the total number of estimated landslides in built areas

by susceptibility class (Step 5) and the estimated cost of landslide restoration (Step 6).

CONCLUSIONS

Landslide-induced financial damage assessment immediately after a natural disaster at a national scale is challenging due to the limited
time and input data available. In this paper, we briefly present the procedure we developed for assessing the total financial damage after a
major flood and landslide disaster that hit Slovenia at the beginning of August 2023. The method for assessing financial damage induced by

landslides could be fully or partially implemented elsewhere and in other cases of similar natural disasters at a national scale.
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