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ABSTRACT
Debris flows represent a common hazard in Alpine mountainous areas, with serious impacts on the society and economy of affected terri-

tories. In the recent years, the Alpine region experienced several intense precipitation events, which caused erosional processes and mass 

movements such as debris flows within numerous torrential channels. This work focuses on the official debris flow hazard mapping pro-

cedure in the Province of South Tyrol (Northern Italy), with particular emphasis on the strengths and limitations of available data, applied 

methodologies and tools. The overall objective is to explore how climate change conditions, i.e., changes in intensity and frequency of 

triggering heavy rainfall, can be included within the frame of the official hazard assessment workflow and if those changes lead to relevant 

alterations in the zonation patterns. The study focuses on the Toverino river basin (South Tyrol, Italy) as test case and represents a first 

attempt to integrate a climate-change perspective into standardized debris flow hazard zonation procedures. The first tests show a variation 

in the outputs of the different steps of the workflow, which can potentially affect the final hazard areas. 

INTRODUCTION
In the Alps, debris flows are usually precipitation-induced phenomena, triggered by high intensity, short duration rainfall [Martinengo et al, 

2023. Turkington et al, 2016]. According to literature and observations, the precipitation combination that triggers a debris flow is usually 

made of an extreme rainfall event following an antecedent long duration precipitation, bringing soil to saturation [Armanini et al., 2006]. The 

combination of such events gives debris flow little predictability, and the unexpected sudden triggering, makes the phenomenon insidious, 

with heavy consequences due to its high destructive power. Debris flows commonly occurring in mountainous areas concern especially 

small basins and their alluvial fans, where settlements often take place. Since debris flows are very local phenomena, the recurrence interval 

of such events is difficult to determine; generally, it is built upon statistics describing the return periods of rainfall events of different dura-

tions in one specific region. 

Potential changes in the intensity and/or frequency of heavy precipitation events due to climate change, are likely to cause changes in 

debris flows occurrence, which should be taken into account within risk management procedures [Turkington et al, 2016]. Accounting for 

non-stationary precipitation conditions may therefore be an important step towards a further improvement of managing debris flow risk in 

the context of climate change. The hazard zonation aims to reduce harm caused by debris flow phenomena, by preventing the construction 

of new buildings and infrastructures in debris flow prone areas (the so-called “red zones”). Furthermore, debris flow hazard maps are an 

important information source for civil protection activities (e.g., evacuation, bridge presides) before and during an event (DGP n. 989/2016, 

Provincia Autonoma di Bolzano - Alto Adige). 

This contribution is built upon the reproduction of the Toverino stream debris flow hazard map, using the official approach for debris flow 

simulations, but integrated with climate change projection data. The goal is to compare the current hazard zonation with the one obtained if 

simulations consider precipitation input derived from climate change projections. Differences in the areal extent of the zones, the simulated 

intensity of the phenomena and the other potential factors influencing debris flow impacts on settlements are discussed. 

STUDY AREA & METHODS
The analysis focuses on the Toverino river basin in the municipality of Brennero (Autonomous Province of Bolzano/Bozen, Italy). The 

Toverino is a tributary from the right orographic side of the Fleres river, with a catchment area of 7.6 km2, and elevation ranging between 

2705 and 1175 m a.s.l.. The wide altitudinal range, together with the absence of vegetation on most of the basin area, and the steep slope 

make the Toverino catchment particularly prone to debris flows. One impactful event in the study area occurred on 16th August 2021, when 

heavy rainfall caused a widespread and extensive erosion in the upper and middle parts of the catchment, that triggered a debris flow at 

the confluence with the Fleres river. Unexpectedly, the debris deposited in the Fleres valley by the Toverino river led to the blockage and 

subsequent flooding of the Fleres river with several damages to buildings and infrastructures [Autonome Provinz Bozen – Südtirol Provincia 

Autonoma di Bolzano - Alto Adige, 2021]. The official hazard map foresaw all the areas covered by debris, but the scenario of Fleres river 

flooding due to the Toverino debris was unexpected. The aim of this work is therefore to assessing potential changes in the hazard areas 

definition by including the climate change effects implying an increase intensity of meteorological triggers and contributions.

The derivation of official debris flow hazard maps depends usually on data availability and coverage, software accessibility, subjective choic-

es of the operator in charge and the underlying local or regional official guidelines. Besides case-specific differences in map derivation, the 
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general workflow is most commonly performed at catchment scale and involves four main steps (Figure 1): i) the analysis of past precipita-

tion data; ii) the study of the hydrological response of the catchment; iii) the hydraulic modelling; and iv) the definition of the debris flow 

hazard map (DGP n. 989/2016, Provincia Autonoma di Bolzano - Alto Adige). 

Figure 1: general workflow for debris flow hazard map designing.

Following this structure, the first step consists in analysing historical high-intensity precipitation records for deriving Intensity Duration 

Frequency (IDF) curves, i.e., a family of curves representing the probability of occurrence of a precipitation event for a given intensity (i.e., 

precipitation height) and duration (e.g., from 15 min to 24 hours), according to a specified return period (e.g., 30, 100, 300 years). In this 

study, the parameters of the IDF curves for the Toverino catchment are derived from– precipitation data from 1971 to 2020 available for the 

closest weather station located in Fleres.

In order to include climate change information, modifications of the IDF curves are calculated for future periods. EURO-CORDEX projec-

tions ( Jacob et al., 2014) of daily precipitation from an ensemble of climate model simulations are derived until 2100 and bias-adjusted on 

the precipitation records of the weather station. The changes in daily precipitation intensity associated to 30, 100 and 300 years for different 

future periods are estimated and used to generate projected versions of IDF curves. Since projections are mostly available at daily resolution, 

a statistical procedure to rescale intensity-frequency relationships for shorter durations and derive IDF curves is implemented. 

The IDF curves serve then as an input for the second step, in which the hydrological response of a specific river catchment is simulated by 

mean of a hydrological model. In this case, following the hazard plan procedure, the hydrological modelling is carried out using the Peak-

flow model, a semi-distributed and physically based geomorphological model [Bertoldi et al., 2009]. Peakflow is a GIS-based system and 

calculates the flood hydrograph in the closure section of a basin for a specific event, or for a given return interval for which the precipitation 

characteristics i.e., the IDF parameters, are known in the study area. 

In the third step, the resulting hydrograph becomes the input for the hydraulic model, which starting from the catchment morphology and 

hydrological response calculates flow depth, erosion, deposition and flow velocity during and after an event reporting them into different 

maps. A number of different hydraulic software has been developed in the last decades, to cover the increasing demand of high resolution 

and fast models with a limited number of parameters to set, thus increasing the range of possible choices for producing the results on which 

the maps are based. For the hydraulic modelling of the Toverino case study the software WEEZARD is used [Rosatti G. et al., 2018]. The 

WEEZARD software is a two-dimensional mathematical model for the simulation of torrential phenomena, in particular solid transport and 

debris flows in both mobile and fixed bed situations. 

Finally, in the fourth step, the delineation of the hazard zones (i.e., red zone, yellow zone, etc.) is performed by applying the classification 

limits set by the local guidelines. Based on the final maps, the actual hazard zonation of the Toverino case study can be compared with the 

one obtained from projections.
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RESULTS AND DISCUSSION
According to the current official procedure, hazard maps are created from the results of the run-out simulations based on the IDF parameters 

at different return periods, namely 30, 100 and 300 years. The inclusion of a future climate change perspective in the calculation of return 

periods and thus in the hazard maps is rarely discussed, especially within the framework of official procedures. 

In this case study, the basic assumption is that all non-climatic factors potentially influencing the steps of the workflow (e.g., vegetation 

cover, land use, availability of solid material, river transport capacity, and many others) remain stable; the objective of this analysis is to 

investigate only the effect of precipitation changes. The first tests on the IDF curves from the projected data show deviations from respect 

curves based on observed data, displaying a shift upwards of the curves. In the following examples from the 2021-2070 projections under 

the medium-emission scenario RCP4.5 are reported (Figure 2). The shift means that, given the recurrence interval, the expected precipitation 

height could be potentially higher i.e., climate change is expected to modify heavy precipitation intensity and its occurrence probability. 

Figure 2: example of IDF curves based on RCP 4.5 projection and observed precipitation data.

This variation is then visible also in the hydrograph calculation (Figure 3), showing an amplification of the peak discharge and consequently 

a bigger runoff volume, which in turn has a potential effect on debris flow runout areas. 

Figure 3: example of hydrographs based on projected and observed IDF curves. 

Figure 4 reports first examples of model output for a 300-year debris flow simulated based on the current and projected hydrographs, ac-

cording to RCP 4.5 scenario for 2021-2070. The top map (Figure 4a) represents the deposition height over the basin in the current scenario, 
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which is one of the four outputs (i.e., deposition, velocity, water level and erosion) calculated by WEEZARD. Figure 4b highlights the pro-

jected difference in the deposition height with respect to the current scenario. The result shows an increase up to 0.47 meters in the amount 

of solid deposited material in the projected scenario, located mainly at the confluence with the Fleres river. It is important to note that the 

final hazard map is made from the combination of the four variables computed by the runout model (i.e., deposition, velocity, water level 

and erosion) for every recurrence interval (i.e., 30 years, 100 years and 300 years), according to the limits set by the regional guidelines. 

Induced changes in one or more of the runout model outputs can have a significant impact in the final hazard zone specification. 

Figure 4: Deposition height simulated by WEEZARD for a 300-year event in the current 1971-2020 scenario (panel a) and projected changes based on the RCP 4.5 scenario for 2021-2070 

(panel b). 

However, it is important to note that all steps of the workflow are affected by uncertainties and influenced by multiple factors which are not 

fully represented by the models. Firstly, the IDF curves are derived from the analysis of precipitation maxima of past data series, thus their 

shape depends on the length of the time series, the timeframe and data sample used for the analysis. Another issue is that precipitation is 

not the only factor influencing the hydrological response of the basin. In fact, as it is well known, the liquid discharge at the closure station 

of a catchment is the result of the combination of precipitation height and duration, vegetation cover, soil retention capacity, infiltration, 

subsurface flow and many other factors. All these aspects are not stable over time and can be influenced by future changing climate. More-

over, the solid discharge is strongly affected by the availability of solid material (i.e., sediments) and the stream solid transport capacity, thus 

by the connection between a source of sediments within the catchment area and the closure section. Finally, runout simulations are based 

on expected scenarios, and do not consider the unexpected ones: this was the case for the Toverino catchment, in which the Fleres river 

blockage scenario was not expected and thus not included in the final hazard map.
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CONCLUSIONS
This paper presents initial findings on incorporating climate change projections into debris flow hazard maps. In this work we investigate the 

workflow that from the precipitation data brings to the final debris flow hazard zonation. The analysis of the different steps, their associated 

outputs, influencing factors and uncertainties aims to understand the possibility to integrate the climate change projections in the hazard 

maps and to take into account also unexpected scenarios. The results of this first attempt show that future precipitation projections lead 

to changes in associated IDF curves, and consequently in the hydrological and hydraulic response of the catchment, therefore potentially 

affecting the hazard zonation. Considering the potential variations and unexpected scenarios would help to improve local risk management 

procedures and ensure community resilience.
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