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Extreme rainfall events are the main triggering causes for hydro-meteorological hazards in mountainous areas,
where development is often constrained by the limited space suitable for construction. In these areas, hazard
and risk assessments are fundamental for riskmitigation, especially for preventive planning, risk communication
and emergency preparedness.Multi-hazard risk assessment inmountainous areas at local and regional scales re-
main a major challenge because of lack of data related to past events and causal factors, and the interactions be-
tween different types of hazards. The lack of data leads to a high level of uncertainty in the application of
quantitative methods for hazard and risk assessment. Therefore, a systematic approach is required to combine
these quantitative methods with expert-based assumptions and decisions. In this study, a quantitative multi-
hazard risk assessment was carried out in the Fella River valley, prone to debris flows and flood in the north-
eastern Italian Alps. Themain steps includedata collection and development of inventorymaps, definition of haz-
ard scenarios, hazard assessment in terms of temporal and spatial probability calculation and intensitymodelling,
elements-at-risk mapping, estimation of asset values and the number of people, physical vulnerability assess-
ment, the generation of risk curves and annual risk calculation. To compare the risk for each type of hazard,
risk curves were generated for debris flows, river floods and flash floods. Uncertainties were expressed as mini-
mum, average and maximum values of temporal and spatial probability, replacement costs of assets, population
numbers, and physical vulnerability. These result in minimum, average and maximum risk curves. To validate
this approach, a back analysiswas conducted using the extreme hydro-meteorological event that occurred in Au-
gust 2003 in the Fella River valley. The results show a good performancewhen compared to the historical damage
reports.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Hydro-meteorological hazards are processes or phenomena of at-
mospheric, hydrological or oceanographic nature that may cause loss
of life, injury or other health impacts, property damage, loss of liveli-
hoods and services, social and economic disruption or environmental
damage (UNISDR, 2009). Shallow or deep-seated landslides, debris
flows, rock falls, flash floods and river floods can be triggered simulta-
neously or consecutively in mountainous areas by extreme hydro-
meteorological conditions.

Since more than one hazard types can occur in mountainous areas
during the same hydro-meteorological event, it is important to assess
the risk in a multi-hazard framework. Compared to single processes,
Geomatics, China University of
standard approaches and methodological frameworks for multi-
hazard risk assessment are less common in the literature. Kappes et al.
(2012) indicated that this is due to the different characteristics of haz-
ard types, which also require different methods for analysis. Multi-
hazard risk assessment has received a lot of attention in research in
the past decades, focusing on the analysis at different scales. For small
scales, the World Bank approach (Dilley et al., 2005) or the EU ESPON
project (Schmidt-Tomé et al., 2006) could bementioned. Several EU re-
search projects dealt with the problem of multi-hazard risk assessment
at medium scales, such as the TIGRA (Del Monaco et al., 1999),
ARMONIA (Del Monaco et al., 2007), MATRIX (Marzocchi et al., 2012;
Nadim et al., 2013) and CLUVA (Garcia-Aristizabal et al., 2015). Initia-
tives formulti-hazard risk assessment atmedium to large scales include
the EU funded NASRAS (Marzocchi et al., 2009), RISK-NAT (Douglas,
2007) and MEDIGRID (Bovolo et al., 2009) projects; the German DFNK
project on a comparative study of multi-hazard risk in Cologne
(Grunthal et al., 2006); the Australian Cities project (Granger et al.,
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1999) and several other initiatives (e.g. Van Westen et al., 2002;
Carpignano et al., 2009; Lari et al., 2009).

A number of software tools have been developed for multi-hazard
risk assessment, for example HAZUS in the USA (Schneider and
Schauer, 2006), RiskScape in New Zealand (Schmidt et al., 2011),
CAPRA (Cardona et al., 2010), MATRIX (Garcia-Aristizabal and
Marzocchi, 2013) and RISK-GIS in Australia (Granger et al., 1999). The
common aspect of these tools is that they are used to analyse damages
and replacement costs, casualties, disruption and the number of people
affected by various hazards. They are also very data demanding. They
differ in terms of the methods used for hazard assessment, asset expo-
sure analysis, vulnerability assessment and risk calculation.

Relatively limited work has been carried out on integrated multi-
hazard risk assessments for hydro-meteorological hazards inmountain-
ous areas. This is related to the problem that mass movement hazard is
particularly difficult to quantify in a medium-scale assessment, due to
lack of historical data to correlate triggering events with the associated
landslide density, the difficulty to express the intensity of mass move-
ments, and the lack of vulnerability curves for many types of mass
movements. Also the interaction between the different types of hazards
is complicated, as they may influence each other (e.g. landslides dam-
ming streams may lead to flash floods), and they may have very differ-
ent impacts on the elements-at-risk (Kappes et al., 2010, 2011;
Hufschmidt and Glade, 2010; Papathoma-Köhle et al., 2011). There are
still no software tools available for the combined analysis of flood and
landslide processes (e.g. Gruber and Mergili, 2013). Bell and Glade
(2004) developed a raster-based multi-hazard risk analysis approach
for snow avalanches, debris flows and rock falls and applied it in an
area in Iceland. The final risk to life and economy, expressed as total
value at a community level, was obtained by summing the risks due to
each single hazard. Marzocchi et al. (2012) carried out a multi-hazard
risk assessment in a municipality in Italy, in which they ranked the
risk of five types of hazards (volcanic, seismic, flood, landslide and in-
dustrial) using the value of annual risk. Van Westen et al. (2014)
showed a procedure to quantify multi-hazard risk related to mass
movements and flood at a medium scale for the Barcelonnette Basin,
French Alps, in which the temporal probability of triggering events for
different hazard types (shallow landslides, debris flows, rock falls,
snowavalanches andfloods)was considered, based on historical hazard
events. For the quantification of multi-hazard probability and vulnera-
bility, Ming et al. (2015) applied the copula theory and trend surface
analysis to obtain the joint probability distribution in a case study area
in the Yangtze River Delta region, China. Although the hazard types
were limited and the same vulnerability model was used for different
sample areas, the way to quantify the joint return period of different
hazards was innovative. A quantitative probabilitymodel for evaluating
multi-hazard risk was also proposed by Liu et al. (2014), in which haz-
ard loss was not analysed but the interaction effect of different hazard
types was evaluated.

Uncertainty is an inherent aspect of multi-hazard risk assessments,
and the various components have a large degree of uncertainty, such
as the temporal probability of hazard scenarios, the associated distribu-
tion and quantification of hazard intensity, the interaction of hazard
events, the quantification of elements-at-risk, and the physical vulnera-
bility expressed as a function of hazard intensity and degree of loss.
Methodologically, uncertainty can be incorporated into risk assessment
using probabilisticmethods, such as the application ofMonte Carlo sim-
ulation generating a large number of possible risk scenarios, resulting in
the calculating of a loss exceedance curve (e.g. Grunthal et al., 2006;
Mignan et al., 2014;Ming et al., 2015). However, application of such ap-
proaches in mountainous environments, involving mass movement
hazards in combination with flash flood, is greatly hampered by the
lack of data and appropriate models, and the extreme modelling time
required.

Therefore, we propose a simpler approach for such environments
using a risk curve which is generated using a limited number of
scenarios. A risk curve graphically represents losses (economic and ca-
sualties) plotted against the annual probability of occurrence of trigger-
ing events (Schmidt et al., 2011; Van Westen et al., 2014). Our study
aims to provide amethodological procedure for quantitatively assessing
multi-hazard risks at a medium scale (1:25,000 to 1:50,000) in moun-
tainous areas prone to hydro-meteorological hazards, such as debris
flows, flash floods, and river floods. The method incorporates the defi-
ciencies in available data, and proposes a combination of quantitative
models combined with expert-based assumptions to quantify the risk
as minimum, average or maximum risk curves. The risk associated
with each hazard process is quantified based on its intensity and
spatio-temporal probability, the exposed elements-at-risk (buildings
and people inside buildings) and their physical vulnerability. The histor-
ical hazard events and damage data are used to derive a number of
triggering events, with a range of temporal probabilities and with asso-
ciated hazard maps. The hazard extent and intensity are modelled for
these scenarios at medium scale using quantitative empirical and nu-
merical models. Uncertainties in temporal probability, hazard intensity,
the value of exposed elements-at-risk and physical vulnerability are de-
termined and expressed as maximum and minimum values. These are
used in the risk calculation resulting in three risk curves per hazard
type, each representing the minimum, average or maximum risk. The
method is schematically presented in Fig. 1.

2. Study area

The Fella River valley is located in the province of Udine, within the
Friuli-Venezia Giulia (FVG) region, in the north-eastern part of the Ital-
ian Alps (Fig. 2). The Fella River is a major tributary of the Tagliamento
River. The study area covers 247 km2, and comprises four local adminis-
trative units: Dogna, Pontebba, Malburghetto-Valbruna, and Tarvisio.
The Fella River valley ranges in elevation in this sector between 426
and 2753 m a.s.l. Land cover consists of predominately forested areas
(75%), with approximately 10% bare surface and 8% grasslands, with
the urban areas located along the valley bottoms and on alluvial fans
(Malek et al., 2014). Geologically, the area is underlain mostly by Perm-
ian and Triassic formations, consisting of dolomite, limestone and
calcareous-marls. Quaternary deposits aremostly represented by debris
fans, and glacial and alluvial deposits (Tropeano et al., 2004; Calligaris
et al., 2008). The area is also characterized by complex geological struc-
tures including folds, faults and fractures which contribute to the insta-
bility of slopes. Historically, the Fella River valley is affected mainly by
floods and mass movements (Manca et al., 2007).

The catchment has an average annual precipitation of 1920 mm
which can reach up to 3000 mm in the higher part of the study area,
and extreme daily rainfall exceeding 50 mm has been recorded
frequently in the area in a 20 to 30 year time span. Rainfall produced
by a convective storm inAugust 2003 resulted in severeflood anddebris
flows throughout the Fella River valley. During this event, daily
precipitation was between 350 and 450 mm, with most of the rain fall-
ing in a 12 h period and reaching peak intensities higher than
100 mm h−1 (Sangati and Borga, 2009). More than 100 debris flows
were triggered, including an unusually large debris flow occurring in
Rio Cucco Village (Malburghetto Commune), with a volume of approx-
imately 78,000 m3 (Marchi et al., 2009). This event caused loss of life
and substantial disruption to the local economy, involving direct dam-
age close to 1 billion euros (Tropeano et al., 2004).

3. Methodology

The methodology proposed in this study follows a number of steps:
basic data collection, hazard assessment, generation of elements-at-risk
maps, vulnerability assessment, loss estimation and multi-risk estima-
tion (Fig. 3). Different types of data were collected, including environ-
mental conditions, rainfall, historical hazard events and data on the
elements-at-risk. Digital elevation data were available in the form of



Fig. 1. Schematic representation of the simplified procedure of risk assessment for hydro-meteorological hazards proposed in this research. Different hazard scenarios are
defined, and the return periods are represented using the average and range (minimum to maximum). Minimum, average and maximum hazard intensities are modelled for
these scenarios. Vulnerability is also indicated with minimum, average and maximum values, as are the values of the elements-at-risk. Finally three risk curves are generated
for the minimum, average and maximum data.
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two high resolution Digital Elevation Models (DEMs) with 1 m spatial
resolution, which were generated from airborn LiDAR data. One of
these datasets was available for 2003 and one for 2007, which only cov-
ered the areas that were affected by the large debris flow and flood
event of 2003.
3.1. Hazard assessment

3.1.1. Historical hazard event inventories
A compilation of historical hazard events was carried out for mass

movements and river floods, as a necessary preparatory step for the
hazard modelling. Historic mass movement information was collected
fromweb-based archives generated between 1999 and 2011 by the Ital-
ian AVI (CNR-IRPI, 2014) and IFFI projects (ISPRA, 2014), the Geological
Service of the FVG region and landslide experts at the University of Tri-
este. The mass movement inventory was checked carefully based on
image interpretation using high resolution orthophotos from 2003,
and satellite images from several dates over the past 15 years. The col-
lected mass movement inventory maps contain information about the
hazard class, type of movement, state of activity and date of occurrence.
The detailed image analysis revealed a number of additional mass
movements. They were added to the inventory map, which was digi-
tized in GIS.

Although the Fella River valley is affected by many types of mass
movements including rotational and translational deep-seated land-
slides, shallow landslides, earth spreads, rock falls, debris flows and
slow moving earth flows, we decided to limit the mass movement risk
assessment to debris flows, as these cause the majority of damages to
the settlements and infrastructure located along the Fella River valley
and the alluvial fans of the tributaries (Fig. 2).
3.1.2. Definition of hazard scenarios
The next step was to create hazard scenarios, which will be later

characterized by their frequency and intensity maps, required for the
risk calculation. These hazard scenarios were defined based on the
return period of the triggering rainfall events for debris flows and
flood. Rainfall return periods were estimated through a magnitude–
frequency analysis of daily rainfall data.

Using the information on the mass movement types, and date of oc-
currence from the spatial movement inventory database, we generated
separate debris flow inventory maps for each year for the period 1996
to 2011. Since each mass movement polygon contained a description on
the mass movement type and the year of occurrence, this could be done
using a simple GIS operation. The debris flow polygons include both the
initiation areas, the transportation zones, and the accumulation areas.
We analysed the rainfall conditions for the events that triggered the de-
bris flows.

Based on the historical mass movement inventories and rainfall
events, a number of hazard scenarios were identified. A hazard scenario
is a rainfall eventwith a certain frequency that triggers a certain number
of debris flows and flash floods. Rainfall data were collected from eight
rain gauges, with daily precipitation available from 1920 onwards. The
return periods for different rainfall events were calculated using the
Generalized Extreme Value (GEV) distribution (Wilks, 2011). Four haz-
ard scenarios were defined, based on the number of debris flow trig-
gered. For each hazard scenario the variation in the return period was



Fig. 2. Location of the study area in the upper part of Fella River valley, NE Italy.
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determined and the associated number of debris flows was estimated
based on the historical mass movement inventory.

3.1.3. Debris flow hazard assessment
Debris flow hazard assessment consisted of three different compo-

nents (Fig. 1): first a debris flow initiation susceptibility assessment
was carried out, followed by a debris flow run out susceptibility model-
ling, and finally the generation of debris flow intensity maps. According
to a previous study (Hussin et al., 2016), five factor maps (lithology,
land-cover, altitude, plan curvature and slope) were collected for
the susceptibility analysis of debris flow initiation. The lithological
map, available at 1:150,000 scale, was produced by the FVG Geolog-
ical Service and originally contains more than 35 classes, which were
reclassified into eight classes. The land-cover map at 1:100,000 scale
was developed by the CORINE land cover project (EEA, 2014) and
later updated by the MOLAND project (JRC, 2014). The map with
more than 30 classes was generalized to seven classes based on sim-
ilarities in land cover types. Three factor maps were derived from the
DEM and were classified into 10 quantile classes. The quantile classi-
fication has been applied in several landslide susceptibility studies
(Castellanos et al., 2008; Blahut et al., 2010; Martha et al., 2013)
and is useful to proportionately distribute rank-ordered data to bet-
ter study the influence of factors on landslide occurrence. Debris flow
initiation susceptibility assessment was carried out using Weights of
Evidence modelling (Neuhauser and Terhorst, 2007; Dahal et al.,
2008), with varying sampling methods and different combinations
of intrinsic factors (Hussin et al., 2016).

Debris flow run-out modelling was carried out with the Flow-R
software (Horton et al., 2013), which uses a GIS-based empirical dis-
tribution model to probabilistically estimate the flow path and run-
out extent of gravitational mass movements at a regional scale. The
modelling procedure consisted of four steps: (1) source area identi-
fication; (2) parameterization of the run-out model; (3) run-out
modelling and hazard intensity determination; and (4) spatial prob-
ability calculation. The areas with the highest initiation susceptibility
were selected for the source areas definition. For each hazard scenar-
io, the pixels with the highest debris flow initiation susceptibility,
resulting from the statistical analysis, were selected as source
areas. In addition, two other criteria sets were used partly based on
previous studies (Horton et al., 2008, 2013; Blahut et al., 2010;
Kappes et al., 2011). These relate to the planar curvature and to the
relation between slope angle and upslope contributing area
(Hussin et al., 2014). These criteria were updated specifically for
the Fella River valley.

Two parameters were required to model the run-out with Flow-R:
the minimum travel angle and the maximum velocity. These two pa-
rameters were estimated with minimum, average and maximum
values, based on a number of back-calibrated historical debris flows,
using the physically-based Flo-2D software. The output of the Flow-R
model was in the formof twomaps, one representing the kinetic energy
and the other showing the relative probability of the debris flow
reaching the location. The relative probability valueswere subsequently
converted into debris flow height which was used later in physical
vulnerability quantification. An empirical transfer function from
probability to height was generated by comparing quantile classified
Flow-R probability maps with back analysed debris flows heights
from the physically based Flo-2D software. The detailed method is
explained by Hussin et al. (2014). The modelled debris flow run-
out areas were larger than the actual areas that were affected
based on the historical inventory. All debris flow areas that are part
of the historical inventory were given a spatial probability of 1,
which includes modelled areas that overlap with the historical
events. The spatial probability of the simulated debris flows that do
not overlap with past events, were calculated by dividing the total
area of the historical events of a given return period scenario by
the total area of the modelled debris flows of that scenario.



Fig. 3. Methodology for multi-hazard risk assessment in the Fella River valley, Italy.
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3.1.4. Flash flood hazard modelling
Tomodel the flash flood intensity in the tributaries of the Fella River

for the hazard scenarios, we applied a spatial hydrological runoff and
erosion model, OpenLISEM, capable of modelling shallow floods in
rural and urban areas. The OpenLISEM is a freely available process
based modelling software (Jetten, 2013), which handles both sediment
and hydrological processes. OpenLISEM is an event-basedmodel, which
models the surface runoff during and immediately after a rainfall event.
Evapotranspiration and groundwater movement are not simulated. It
models the hydrological processes of infiltration and runoff in detail
with time steps of b1min and grid sizes of b1 ha. Infiltration ismodelled
using the principles of Green and Ampt (1911). The method uses satu-
rated hydraulic conductivity (Ksat), the total pore volume, the soil stor-
age of the top layer and the suction of the soil. The infiltration rate (in



155L. Chen et al. / Geomorphology 273 (2016) 150–167
mm h−1) at the soil surface is calculated following the Law of Darcy,
where the suction exerted by the soil, and the distance from the surface
overwhich the suction is applied are important factors. OpenLISEM sim-
ulates three flowprocesses: overlandflowover the entire flownetwork,
channel flowwith a separate channel network using a number of maps
that define the channel dimensions, and simulated floods when the
channels overflow.

OpenLISEM makes use of input maps generated in the PCRaster en-
vironmental modelling software (Karssenberg et al., 2010). It includes
various attributes of land cover, such as cover type, canopy storage, sur-
face roughness and Manning's n values for flow resistance. It uses soil
texture classes with pedotransfer functions for the soil attributes indi-
cated above. It also requires a network of local surface drainage direc-
tion and outlet points. Moreover, it also needs channel parameters
such as channel direction, width, and gradient. The model generates
output maps of total infiltration, interception, runoff fraction, a runoff
map and an error report. In addition it gives discharge at the outlet
points of the sub-watershed which needs to be pre-defined by the
user. Since the discharge is calculated at every time step (pre-defined)
it is possible to generate a hydrograph. At the end of the model run, it
also shows a hydrograph and the water depth distribution. In this
study, rainfall data from the Pontebba and Malburghetto-Valbruna
rain gauge stations were used for describing typical events character-
ized by the hazard scenarios, mentioned in Section 3.1.2.

3.1.5. River flood hazard modelling
To model the river flood hazard of the main Fella River, a hydrolog-

ical study of the area was carried out followed by a hydraulic modelling
for different possible discharges associated with the return periods. The
hydraulic modelling for flood mapping was performed using HecRAS
4.1 and its GIS-assisted version GeoHecRAS (ArcGIS 10.1). The bathym-
etry of the river and corresponding topography of the flood plain was
obtained from the LiDAR data at 1m resolution. Due to the high compu-
tational demands of the model, the river was divided into two sections:
the Northern corridor, running East–West from Ugovizza to Pontebba,
and the Middle corridor, running North–South from Pontebba to
Dogna (Fig. 2). Themodel showed a river regimewhich wasmainly su-
percritical with rapidflows andhigh shear forces.Model outputs includ-
ed flood boundaries, inundation depths, and velocity and stream power
maps for discharges ranging from 100 to 700 m3/s (at Pontebba).
Sources of difficulty for the modelling included the large amount of
roads, railways and highway intersections affecting the LiDAR data ac-
curacy and the flow behaviour, and the sinuosity of the river bed as a
limitation for a 1-D hydraulic model. Based on the above process,
flood boundaries, water depth, and velocity maps were obtained for
the hazard scenarios through hydraulic modelling with HecRAS.

3.2. Elements-at-risk database

This study focuses on risk posed by hydro-meteorological hazards to
residential buildings and people inside these buildings. A database of
elements-at-risk was created based on an existing building footprint
map provided by the Civil Protection of the FVG Region, whichwas gen-
erated before the 2003 disaster.

Detailed image analysis was carried out using the available
orthophotos, Google Earth and Google Street View, during which it
was possible to update the map by removing the buildings that were
destroyed or abandoned in 2003, adding new buildings, and classifying
the buildings on the basis of their occupancy type, construction type and
number of floors. Field work was carried out to validate the remote-
desktop mapping results.

In order to express the risk in monetary values, data on the value of
buildings were obtained from the Italian Revenue Agency (Agenzia
delle Entrate, 2013) for the second semester of 2013. These data were
given per cadastral zone, as minimum and maximum standard price
(€ m−2) for different building occupancy types. The building market
value was calculated by multiplying the minimum and maximum stan-
dard pricewith the total building area. From this information an average
market value was also determined.

Population data at building level were unavailable; however, the
total number of people in each commune was known (ISTAT, 2014)
and used together with the building information (occupancy type,
area and the number of floors), to calculate the average number of peo-
ple per residential building by applying a dasymetric mapping ap-
proach. Only residential buildings were used for estimating the spatial
distribution of people in the study area. Given the specific economic ac-
tivities in the region and the large number of holiday houses, two sce-
narios were taken into account: a non-tourist season scenario, where
most of the population is located in the residential buildings and a tour-
ist season scenario, where also additional population is distributed over
hotels and other tourist accommodations.

3.3. Vulnerability assessment

Physical vulnerability is defined as the expected degree of loss for a
building or person inside the building, as a consequence of an impacting
hazard of a given intensity (Hollenstein, 2005). The resulting vulnerabil-
ity value ranges between 0 (no damage) and 1 (total damage). Because
the degree of lossmust be expressed quantitatively in order to calculate
the economic loss and risk to life, vulnerability curves were generated
for buildings and population, taking into account debris flow height
(in m) and water depth (in m).

Three methods were used for generating vulnerability curves: col-
lection of existing curves from literature, expert-based generation of
curves, and correlating the damage with the intensity for the 2003
event (Fig. 3). We compared vulnerability curves for debris flows de-
rived in the Italian Alps (Akbas et al., 2009; Quan Luna et al., 2011),
South Tyrol, Italy (Papathoma-Köhle et al., 2011; Eidsvig et al., 2014)
and East Tyrol, Austria (Fuchs et al., 2007). Eidsvig et al. (2014) analysed
theuncertainty of vulnerability curves for debris flows, and suggested to
develop either an uncertainty range in the curves, or to develop fragility
curves which represent the probability of a certain damage state being
exceeded. We decided to select the uncertainty band approach indicat-
ing the curves as minimum, average and maximum curves, as this was
easier to understand and to develop using expert opinion. For popula-
tion vulnerability in relation to debris flows there is much less informa-
tion available in the literature. Li et al. (2010) present an overview of
work done on this topic, and differentiate between direct and indirect
estimation of population vulnerability, where the latter is made as an
empirical relation between the damage state of a building and the prob-
ability of injury. Vulnerability of people to landslideswas also studied by
Finlay (1996) and Ragozin and Tikhvinsky (2000). Examples of uncer-
tainty analysis related to vulnerability assessment are given by Merz
and Thieken (2009), and specifically for landslides by Uzielli and
Lacasse (2007); Kaynia et al. (2008) and Totschnig and Fuchs (2013).
For flood, more literature is available on vulnerability curves for
buildings and population from different environments and for
different types of buildings (e.g. USACE, 2000; Dutta et al., 2003;
Penning-Rowsell et al., 2005; Jonkman et al., 2008; Reese and Ramsey,
2010). Godfrey et al. (2015) also used such a literature survey to gener-
ate a generic set of vulnerability curves, using the range of values to ex-
press the level of uncertainty. For those areas where actual damage
information was available for the 2003 disaster event, we generated
vulnerability curves by relating the estimated debris flow intensity
with the degree of loss. The latter was defined as the ratio between
building damage and market value. The building market value was cal-
culated using the Italian Revenue Agency data. The damage costs aswell
as photo-documentation of damaged buildings were available from the
Civil Protection of FVG Region only for a limited number of structures
(in theMalburghetto-Valbruna commune). Therefore, we also used vul-
nerability curves from literature and expert knowledge of engineers and
geologists to generate vulnerability curves by relating debris flow



Table 1
Number and area of recorded debris flows in the Fella River valley for the period
1996—2011. No debris flows were recorded in the missing year in the list.

Year Recorded debris flows

Number Area (km2)

1996 137 2.021
1998 13 1.924
1999 6 0.008
2000 8 0.014
2003 144 6.792
2005 8 0.071
2006 30 0.727
2007 38 3.969
2010 13 1.574
2011 11 0.620
Total 408 17.90
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deposit height or water depth with degree of damage. A comparable
(expert-based) approachwas applied for vulnerability of people located
in buildings.

3.4. Loss estimation

Losses were calculated using the following equation:

L ¼ Ps � E � V ð1Þ

In which Ps = the spatial probability that a particular pixel in the
susceptible areas is affected given a certain hazard scenario k; E = the
quantification of the amount of exposed elements-at-risk, given a cer-
tain hazard scenario k (e.g. expressed as monetary value or number of
people); V = the vulnerability of elements-at-risk given the hazard in-
tensity under the specific hazard scenario k (Fig. 3). In the case of build-
ings the quantification was given as the monetary value of the exposed
buildings, and in the case of population it was given as the number of
persons within a building, given one of the two population scenarios
for tourist and non-tourist seasons.

We used a total of 36 different hazardmaps, representing three haz-
ard types (debris flows, river flood and flash flood), modelled for four
hazard scenarios, andwith each scenario simulated using theminimum,
average and maximum intensity values. The exposure of buildings was
calculated by overlaying the hazard maps and the building footprint
map. For each building the hazard intensity was recorded for each of
the hazard maps (e.g. average debris flow intensity for a moderate
event). The intensity was then converted into vulnerability by selecting
the appropriate vulnerability curve for the given hazard process, and
construction type of the building. Finally the minimum, average and
maximum loss for each combination of hazard type, elements-at-risk
type, and hazard scenario was calculated bymultiplying the vulnerabil-
ity with themonetary value (in case of buildings) orwith the number of
people (in case of population). The entire procedure was automated
using so-called script files in a Geographic Information System (ITC,
2015). The losses are given for each individual building polygon.

3.5. Multi-hazard risk estimation

The last step in the analysiswas to integrate the results of the loss es-
timation into a multi-hazard risk estimation, integrating the risk for the
different hazard types, hazard scenarios with different return periods,
and their variations (minimum, average and maximum). The multipli-
cation of spatial probability, exposure and vulnerability (Eq. 1) should
be done for all elements-at-risk for the same hazard scenario. Since
we consider three types of hydro-meteorological hazards (debris
flows, river floods andflashfloods) that are dependent on the same trig-
gering event, an element-at-risk (e.g. a building) which is damaged by
one of the hazard types might also be affected by another damage
type during the same triggering event. Considering that one building
may be simultaneously impacted by more than one type of hazard
(e.g. flash flood and debris flow), the maximum loss, and not the sum
of all losses per building is taken into account. This is done for each
building in the study area and the resulting losses for all buildings in
the study area are summed up, and plotted in the risk curve against
the annual probability of occurrence of the hazard-scenario, which is
calculated as the reciprocal of the return period in years. This is repeated
for all available hazard scenarios. At least three individual hazard sce-
narios should be used, although it is preferred to use at least six events
with different return periods to better represent the risk curve. The area
under the curve is then calculated by integrating all losses with their re-
spective annual probabilities, which gives the average annual loss
(Figs. 1 and 3).

The uncertainty is taken into account within each step of the analy-
sis, and in this research we represented each factor (PS, E and V) with a
range of values (minimum, average and maximum). These were either
calculated ormodelled, butwere also determined based on expert opin-
ion when not enough information was available to actually calculate
them.

4. Results

4.1. Debris flow inventory

After compiling all available mass movement inventory data, and
after careful checking through image interpretation, the mass move-
ment database was generated which consisted mainly of debris flows,
rock falls, and shallow landslides. Most of the rock falls and debris
flows occur in the uninhabited higher parts of the study area, while
the populated areas are affected mainly by debris flows. The inventory
contained a total of 408 debris flows, with GIS point-data indicating
the location of the top of the debris flow scarps and polygon-data of
the debris flow runouts, which include the debris flow transportation
and deposit zones. Table 1 provides information on the debris flow ac-
tivity in the period 1996—2011, with the highest numbers and areas re-
ported in 1996 and 2003.

4.2. Definition of hazard scenarios

In order to classify the events listed in Table 1 into hazard scenarios
with associated return periods, an analysis of rainfall was carried out.
We collected data from eight rainfall stations of which three stations
are located within the study area (F–1, F–4 and F-5 in Table 2) and
five in the surroundings. In the past 20 years the records have under-
gone validation by the Italian Hydrographic Service, which included
checking the stations with neighbouring stations as well as annotating
the records.

The cumulative frequency distribution (CDF) for annual daily maxi-
mum precipitation was assessed. The CDFs can be related to the return
period for precipitation amounts, estimating the average recurrence in-
terval between events of a similar magnitude. The CDF extreme daily
precipitation events were calculated both empirically and using the
Generalized-ExtremeValue distribution (GEV). GEV is based on the the-
ory that the largest values from the same distribution will follow a
known distribution, which does not depend on the original distribution
(Wilks, 2011), and is frequently used for precipitation annual maxima
(e.g. Buonomo et al., 2007).

Fig. 4 displays the return periods for annualmaximum1-day precip-
itation for each station, with a solid line for the empirical distribution
and a dashed line for the best fit GEV-distribution. Steep curves indicate
little increase in precipitation for increasing return periods, while a
more gradual curve indicates a faster precipitation increase with an in-
creasing return period. Station F-5, Pontebba, located in the centre of the
study area, shows moderate precipitation values for high frequency
events, but one of the highest precipitation amounts for low frequency



Table 2
Overview of climate records for the Fella River valley. Length of rainfall station records for each station is indicated, and the annual total rainfall mean andmaximum, as well as the annual
daily mean and maximum rainfall.

Station
code

Name Elevation
(m a.s.l.)

Rainfall
records

Mean annual total
(mm)

Maximum annual
total (mm)

Mean annual daily
maximum (mm)

Maximum annual daily
maximum (mm)

F–1 Tarvisio 725 1923–2011 1506 2114 81.0 126.8
F–2 Valico de Fusine 850 1971–2003 1440 1852 81.5 178.5
F–3 Cave del Predil 897 1927–2006 2062 2968 133.0 246.0
F–4 Malburghetto 733 1922–2011 1533 2170 97.0 186.2
F–5 Pontebba 568 1920–2011 1814 2840 126.8 278.6
F–6 Chiusaforte 400 1920–2005 2066 3006 152.6 229.7
F–7 Resia 469 1920–2011 2460 3594 195.1 355.0
F–8 Moggio Udinese 310 1935–2005 1840 2940 138.5 276.6
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events. The difference between the empirical and GEV distributions for
extreme values highlights the difficulty in determining return periods
for extremeevents. For all stations, thedifferencebetween the empirical
and fitted distributions was small (b5 mm) for return periods less than
three years, with differences increasing to up to 40 mm for return pe-
riods greater than 20 years.

Wewere not able to classify hazard scenarios purely based on statis-
tical analysis, due to the lack of accurate information on the date of de-
bris flow occurrence ormissing rainfall data for some stations. Formany
debris flow polygons in the database only the year is known which
makes it difficult to link them to a specific rainfall event. Therefore, we
made an expert-based assessment supported by the statistical analysis
of the rainfall and debris flow data, and the four hazard scenarios
were identified: major, moderate, minor and frequent. For each of
these scenarios, we selected a characteristic debris flow triggering
event from the mass movement database, and used the number and
area of associated debris flow based on the information from Table 1.
Also based on the GEV distributions and their variations, ranges of re-
turn periods were determined for each hazard scenario (Table 3 and
Fig. 4). The major hazard scenario has the largest number of debris
flows, covering the largest areas, and with a large range in return pe-
riods, due to the high uncertainty given the relatively short period of
the climate record. This hazard scenario is characterized by the 2003
event. The moderate hazard scenario is characterized by the 1996
event, which seems to have almost as many debris flows as the 2003
event, although covering a much smaller area. This may be because
the debris flow recording started in 1996, and many of the debris
flows attributed to 1996 may have been actually older. The range of
area covered by debris flows was more important for defining the
class boundaries than the actual number of debris flows, as the area is
used later in estimation the spatial probability that modelled debris
flow areas might actually be affected during a hazard scenario. The
Fig. 4.Annualmaximumdaily precipitation values for the eight stations in and around the Fella R
best fit GEV-distribution. The stations F–1, F–4 and F–5 were used for determining the range in
minor hazard scenario is characterized by the inventory from the
2011 event. We also included a frequent hazard scenario, which occurs
very regularly, but has a very low number of debris flows and area af-
fected. Fig. 5 shows the debris flow inventories of the representative
years for the four hazard scenarios.

4.3. Debris flow intensity analysis

After defining and characterizing the four hazard scenarios, the next
step was to generate debris flow susceptibility maps for each scenario.
Debris flow initiation susceptibility maps were modelled using the sta-
tistical Weights-of-Evidence (WofE) methodology (Bonham-Carter
et al., 1988). Weight values were calculated for each factor using the
Arc-SDM for tools ArcGIS 10 (Sawatzky et al., 2009). One susceptibility
map of debris flow initiation was produced for each hazard scenario
using the representative debris flow initiation points (Fig. 6). The
resulting four susceptibility maps were classified into five classes rang-
ing from very low to very high. The best performing susceptibility map
was for the “major” hazard scenario (Fig. 5) and has an accuracy of
89.2%, based on the area under the success rate curve (Neuhauser and
Terhorst, 2007).

For the generation of the debris flow run-outmaps,we used only the
very high susceptible areas from the debris flow initiation susceptibility
maps. We added a criteria to limit the source areas even more, as initial
runswith the Flow-Rmodel showed realistic results when using the en-
tire very high susceptible areas. We restricted the debris flow source
areas by using only the very high susceptible areas that have a curvature
lower than−4/100m−1 and slope steepness above 15° and an upslope
contributing area of 2.5 km2 or more (Rickenmann and Zimmermann,
1993; Heinimann et al., 1998; Horton et al., 2013).We used the regional
scale empirical run-out model Flow-R to generate minimum, average
and maximum run-out maps for the four hazard scenarios defined
iver area. The stair plots show the empirical return periods,while the dashed line plots the
return periods shown in Table 3.



Table 3
Hazard scenario classification, with associated return periods, representative events from the debris flow inventory shown in Table 1 and the associated number and area of debris flows.

Hazard scenario

Major Moderate Minor Frequent

Return period (years)
(with 80% confidence bound)

100–500 25–100 10–25 1–10

Representative events Year 2003 1996 2011 2005
Daily rainfall (mm) 354.6 192.2 154.4 90.0
Return period (years) 133 26 14 8

Historical years used for range of debris flow density 2003, 2007 1996, 2007 2006, 2010, 2011 1999, 2005
Recorded debris flows Number 38–144 30–137 11–30 6–8

Area (km2) 3.9–6.8 2.0–3.9 0.6–1.6 0.008–0.071
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earlier. Table 4 shows the model parameters used to produce the run-
out maps for each hazard scenario.

The Flow-R run-out model provides output maps that show the
probability that a pixel may be affected by debris flows but not the de-
bris flowheight itself which is required as intensity input for vulnerabil-
ity assessment. To transfer Flow-R run-out probability values to debris
flow height at a regional scale, the relationships between debris flow
height and run-out probability were statistically analysed. For this pur-
pose, we selected a sample of five debris flows that occurred during Au-
gust 2003 event, located in the most affected area between Cucco and
Malburghetto (Fig. 2), and for which we were able to obtain data on
the initiation and deposition volumes. We carried out a back analysis
for these five debris flows with 5 m resolution data using the Flo-2D
local scale physically-based run-out model. The output of the Flo-2D
model was in the form of flow depth maps which were overlain in GIS
with the Flow-R run-out probability maps. A significant correlation
was found between the 10 quantile probability classes and flow depth
with an R2 value of 0.84. We use the established relation to convert
Fig. 5. Representative debris flow inventories for the four hazard scenarios defined in Table 3. A
hazard scenario, characterized by the inventory from the 1996 event; C)minor hazard scenario,
the inventory from 2005.
the four probability maps at regional scale into debris flow depth
maps. Fig. 7 shows the debris flow heightmaps for themajor, moderate
and minor hazard scenarios.

The modelled debris flow run-out maps (Fig. 7) contain manymore
possible run-out areas as compared to the historical debris flow inven-
tories (Fig. 5). The chance that a particular area modelled as debris
flow run-out zonewould actually be hit by a debris flowduring a hazard
scenario was estimated using the spatial probability (Table 4). The spa-
tial probabilitymap for each hazard-scenariowas calculated by dividing
the area of the representative historic debris flow inventories (Table 3
and Fig. 5) by the area of the modelled Flow-R run-out area.

4.4. Flood modelling

Floodmodellingwas done separately forflashflood of the tributaries
of the Fella River, using the OpenLISEMmodel, and for flood of the Fella
River itself using HecRAS. Also here modelling was carried out for the
four hazard scenarios. For each hazard scenario, minimum, average
)Major hazard scenario, characterized by the inventory from the 2003 event; B)moderate
characterized by the inventory from the 2011 event; D) frequent scenario, characterized by



Fig. 6. Debris flow initiation susceptibility map for the major hazard scenario.
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and maximum water depths and flow velocities were calculated. Fig. 8
shows the output for modelling the flash flood using OpenLISEM for
the major hazard scenario, during which the rainfall event of August
2003 was used as input. The flood areas are mainly concentrated on
the eastern and southern parts of the Fella River valley (Fig. 8).

For the flood modelling of the Fella River, a rainfall characterization
was implemented using the long-term historical series of the rainfall
stations. Despite the availability of information related to land use, to-
pography and meteorological parameters, a rainfall–runoff model was
impossible to implement due to the poor records of discharges available
in the main stream and the tributaries. Long series of water levels exist
at different hydrometric stations, but the data cannot be straightfor-
wardly correlated with discharges due to the high temporal geomor-
phological variability of the river bed. A frequency analysis of
discharges was performed at the Donga catchment outlet given the
available 3-years of hourly discharges (2006–2008) provided by the
FVGRegion. Analysis of the base and superficialflows of such discharges
confirmed previous conclusions on the basin hydrological behaviour,
according to which most of the rainfall results in base flow (up to 65%
of the annual flow) with quick flow mainly occurring during extreme
events and antecedent soil moisture determining the flood response.
An attempt to implement the HBVmodel (a semi-distributed hydrolog-
ic model to simulate catchment runoff) was made but resulted in poor
calibration due to short data series of discharges. In order to determine
Table 4
Parameters used for run-out modelling.

Hazard scenario Travel angle
(degree)

Velocity
(m/s)

Spatial probability

Major Max. 13 15 0.245
Min. 15 10 0.131

Moderate Max. 15 10 0.131
Min. 18 8 0.050

Minor Max. 17 8 0.050
Min. 20 8 0.006

Frequent Max. 20 5 0.006
Min. 22 4 0.001
the return period of modelled discharges, the storms recorded at the
Dogna catchment that resulted in quick flow at the main channel
were correlated with the peak discharges during the 3-year hourly
data. The frequency of the same storms obtained from the long histori-
cal series of the same stationwasfinally assigned to the peak discharges
in order to provide a return period for theflood analysis. Such return pe-
riods are only valid for the catchment outlet at Dogna and a proportional
flow based on the drainage area of every sub-catchment was modelled
for floodmapping purposes along themain river channel fromUgovizza
to Dogna (Fig. 2). The lack of available rating curves or direct measure-
ments of discharges introduced high uncertainty to the frequency anal-
ysis of the floods and therefore the results should be considered with
caution. The resulting discharges for the hazard scenarios are shown
in Table 5.

The hydraulic modelling for flood mapping was performed using
HecRAS 4.1 and its GIS-assisted version GeoHecRAS. Model outputs
shown in Fig. 9 include flood boundaries, inundation depths and flow
velocities for discharges related to hazard scenarios (Tables 3 and 5).

4.5. Buildings and population database

After updating the existing building footprintmap through image in-
terpretation of Google Earth and Google Street View images and field
checking, a digital building footprint map was generated for the study
area, which contains 4778 buildings, with attributes related to occupan-
cy type, construction type, and number of floors. The buildings were
classified into 16 occupancy types and six construction types (Fig. 10).

For each building in the database, minimum and maximum market
values were calculated using the method described earlier. The results
are shown in Fig. 10 for a small part of the study area. The number of
persons per residential building and seasonal population scenario
were also calculated. The results show that in the communes of
Malburghetto, Pontebba and Tarvisio, the population increases signifi-
cantly in the tourist season compared with the non-tourist season,
whereas in Dogna the number of people remains constant for both pop-
ulation scenarios. The spatial distribution of people per building during
tourist season is also presented in Fig. 10.



Fig. 7. Shaded relief maps with the maximum debris flow heights for the central part of the Fella River valley between Pontebba and Ugovizza. A) Major hazard scenario; B) moderate
hazard scenario; C) minor hazard scenario.
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4.6. Vulnerability assessment

We made an inventory of vulnerability curves from literature for
floods and debris flows (Godfrey et al., 2015). However, for several of
Fig. 8. Flash flood water depth distribution mode
the combinations of construction type and number of floors no vulner-
ability curves were available from the literature.

For those locations where damage information was available from
the 2003 disaster in the Fella area, we tried to correlate this with the
lled for major hazard scenario (event 2003).



Table 5
Estimation of return periods for discharges at Dogna based on 2006–2008 daily data.

Hazard scenarios Return period (years) Estimated peak discharge in Dogna
(m3/s)

Major Min. 100 882
Max. 500 1029

Moderate Min. 25 588
Max. 100 735

Minor Min. 10 441
Max. 25 500

Frequent Min. 1 294
Max. 10 300
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modelled hazard intensities. Papathoma-Köhle et al. (2012) developed
a method for estimating vulnerability of buildings to debris flows
based on detailed documentation of damaged structures. This approach
was adopted in this study. The height of the debris flow deposits for a
specific building was either measured from the run out modelling re-
sults of Flo-2D for the five sample debris flows mentioned before, or
Fig. 9. Flood depth and velocity maps for three
estimated by analysing a set of field photographs acquired shortly
after the event by the Civil Protection of FVG Region. The damage
data, representing the compensation offered by the government after
the event, were provided by the municipality of Malburghetto. The
damage ratio was calculated by dividing these by the building costs
modelled (Fig. 10).

We developed the vulnerability curves for building construction
types (wood, masonry and concrete) which we combined with the
number of floors. Two sets of curves were made: one set for physical
vulnerability of buildings, and the other for population vulnerability.
The first set of curves represents the relation between the hazard inten-
sity and the degree of damage for the building and its contents. We in-
cluded also the contents of buildings into the vulnerability curves, as
content damage is often more severe in flash floods and lowmagnitude
debris flows, which often do not destroy a building, but inundate it and
damage the contents. The vulnerability therefore increases with in-
creasing height, especially for the first meter, as most of the furniture
and equipment are damaged on the first floor. Population vulnerability
curves were made for people inside of buildings, and are therefore also
hazard scenarios and four locations (Fig. 2).



Fig. 10.Maps of four main building attributes for some selected areas around Pontebba, Malburghetto and Ugovizza: occupancy types, construction types, building values and number of
people per building during the tourist season.
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linked to the same building classification as the physical vulnerability
curves. The population vulnerability curves express the chance that a
person will be severely injured or killed given the intensity of the haz-
ard. Asmost of themountain hazardswhichwe evaluate in this research
Fig. 11. Average vulnerability curves for debris flows (A – for buildin
occur instantaneously, we do not take into account the evacuation of
people to other locations. We do take into account that people can
move to higher storeys within the building in case of flood, if more
than one storeys are available. That is why we consider much higher
gs, B – for people) and floods (C – for buildings, D – for people).



Fig. 12. Exposure map of buildings to debris flow, flash flood and river flood for the major hazard scenario. Inset map shows details of the most affected area in 2003.
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population vulnerabilities for people in single storey buildings, with the
same level of intensity, as compared to multi-storey buildings. We did
not differentiate between age classes or other characteristics, as this in-
formation was not available.

As damage data in the aftermath of the 2003 event were insufficient
to generate vulnerability curves for all building and hazard types, we
developed a number of curves through expert opinion and logical rea-
soning.We startedwith the curves for whichwe had data and extended
them to similar types of structures, with different numbers of floors.
Most of the population vulnerability curves were constructed by our-
selves due to lack of suitable information from literature. The resulting
average curves are shown in Fig. 11. The vulnerability curves can also
be represented by equations, although this might require the subdivi-
sion of a curve in different equations for different ranges of intensity.
In order to calculate losses, it was more convenient to represent the
data in vulnerability tableswhere theminimum, average andmaximum
vulnerability is given per intensity class.

4.7. Multi-hazard risk assessment

Losses for the individual hazard types andhazard scenarioswere cal-
culated by multiplying the spatial probability of the element-at-risk
being impacted by the hazard, the physical vulnerability and the
Table 6
Economic losses (in thousands of euro) and casualties for hazard types under different hazard

Hazard types Hazard scenario Exposure

Buildings

Min. Max.

River flood Major 122 214
Moderate 58 129
Minor 61 94
Frequent 30 77

Debris flows & flash flood Major 453 793
Moderate 136 305
Minor 67 104
Frequent 7 7
quantification of the exposed elements-at-risk (Fig. 3 and Eq. 1). We
used a total of 36 different hazard maps, representing three hazard
types (debris flows, river flooding and flash flooding), each having
four hazard-scenarios (major, moderate, minor and frequent events),
and calculating the minimum, average and maximum intensity values
for each scenario. An example of the multi-hazard exposure map
(major scenario) for themost affectedpart of the study in 2003 between
Pontebba and Ugovizza is shown in Fig. 12. This figure shows that most
exposed buildings are located at the base of the slopes, or on alluvial
fans of small tributaries, where debris flows and flash flood are most
likely to occur. It is also clear that more buildings are located in the in-
fluence areas of debris flows and flash floods than in the zones close
to the river.

The resulting minimum and maximum losses for the hazard types
and the four hazard-scenarios are presented in Table 6. For debris
flows and flash floods we calculated for each element-at-risk the maxi-
mum loss, sincemany elements are exposed to both processes. General-
ly, the losses for debris flows and flash floods are one to six times higher
than for river flood events, with the exception of the frequent hazard-
scenario, where river flood losses are higher than debris flow and
flash flood losses. For debris flows, the monetary loss associated with
the major scenario is more than 500,000 times higher than that for
the frequent event, with a loss ranging from 15 to 22 million euros in
scenarios.

Losses

Population Economic losses to
buildings (*1000 €)

Population losses
(persons)

Min. Max. Min. Max. Min. Max.

103 119 4680 6730 4 10
45 52 3380 4870 1 2
33 38 147 207 0 1
25 29 14 20 0 0
272 715 15,800 22,200 77 99
127 445 2940 4080 15 74
49 85 931 1310 3 10
6 6 31 40 0 0



Fig. 13. Risk curves by plotting economic loss against annual probability.

164 L. Chen et al. / Geomorphology 273 (2016) 150–167
direct economic damage. The losses in terms of casualties seem to be
very high, especially for debris flows and flash floods, with a maximum
of 99 casualties for a major hazard-scenario.

The risk was represented by risk curves, plotting losses (Table 6)
against annual probability of the hazard scenarios (Table 3) (Van
Westen et al., 2002). Fig. 13 displays the risk curves for economic losses,
showing the large variation in risk for debris flow and flash flood as
compared to river flood. The average annual losses, which are the
areas under the risk curves in Fig. 13 are presented in Table 7. The re-
sults show that the expected losses for debris flows and flash flood are
much higher than for river flood, because the hazard areas are much
larger and many of the settlements are located in the debris flow and
flash flood hazard areas. The debris flow and flash flood losses show a
large variation between the minimum and maximum expected losses.
This illustrates the large uncertainties in the various hazard components
that are used in the risk equation: temporal probability of the hazard
scenario, hazard intensity and spatial probability that modelled debris
flow cells will be actually affected in a real event.

5. Validation

It is generally difficult to validate the results of a risk analysis. The
only option is to compare the calculated losses with those of similar
events that have occurred in the past. We cannot compare or validate
it with examples from other areas, as this would require a similar exer-
cise including hazard modelling, elements-at-risk assessment and vul-
nerability assessment. We were able to collect damage information for
the large disaster event in 2003, which was considered as a major haz-
ard scenario (Table 3). The direct comparison of the damage from this
historical event with the present risk situation may also present prob-
lems, because in between the two dates there may have been large
changes in the number of buildings and people. For example the
Table 7
Average annual economic and population loss due to river flood and to the combination of deb

Hazard type Economic losses (million euro)

Minimum Average M

River flood 0.055 0.085 0
Debris flow & flash flood 0.192 0.835 1
buildings that were destroyed in the historical event of 2003, might
not have been rebuild in the same location, and in other areas new
building might have been constructed.

The modelled monetary losses related to buildings and casualties
were compared with the losses from the 2003 event reported by the
Italian Civil Protection. The reported economic damage for the com-
munes that were included in this study (Malburghetto, Tarvisio,
Pontebba and Dogna) related to damage to private and commercial
buildings was 59.1 million euro. These were much larger than the
modelled losses resulting from our analysis, which are 22.2 Million
Euro for debris flows and flash floods and 6.73 million for river flood.
However, one should bear in mind that the modelled economic losses
were only related to private buildings, as we did not have enough data
to model losses to commercial and industrial facilities. Furthermore,
the modelling was carried out using the present building stock, exclud-
ing those destroyed by the 2003 event. Also several mitigation works
have been constructed since 2003. The available reported casualty sta-
tistics for the 2003 event indicated that two people were killed during
the event. The number of casualties that we modelled for this event is
larger (Table 7). This is due to a number of factors, related to the use
of single casualty vulnerability functions, instead of separate ones for in-
juries. Another important reason is warnings and evacuations of the
population are not considered in our study. In 2003, local civil protec-
tion and voluntary fire brigades were alerted 1 day before the extreme
event, and approximately 600 people were evacuated in Malburghetto
Municipality alone (FloodSite Project, 2007; Scolobig et al., 2008).

6. Discussion and conclusions

The results of this research show that the average annual economic
risk for debris flows and flash floods (1.369 million euro if maximum
values are used) can be more than 10 times higher than the risk of
ris flow and flash flood.

Casualties (persons killed)

aximum Minimum Average Maximum

.108 0.008 0.009 0.011

.369 1.074 3.891 7.592
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river flood (0.108million euros). This is evenmore pronounced for pop-
ulation risk (Table 7). The uncertainty of the estimated losses is gener-
ally equally high for both hazard types. The annual economic risk for
debris flows and flash floods for instance, varies between 0.19 and
1.37 million euros, and the annual population risk between 1 and 7.5
persons.

The method we selected for expressing uncertainties in the losses
using minimum, average and maximum values is a practical method
that can be understood by stake-holders, as was also demonstrated by
Komendantova et al. (2014) who compared the stakeholders' percep-
tions of different multi-risk models. The results of this work were pre-
sented to the stakeholders in the study area, consisting of mayors,
planners and representatives of the local and regional Civil Protection
Agency during a workshop in November 2014, during which they indi-
cated that the result were very useful for disaster risk reduction
planning.

As is illustrated in Fig. 1, the maximum and minimum ranges of the
risk curves are determined by a number of factors: the probability
ranges of the identified hazard scenarios (which come directly from
the return periods used) along the Y-axis and the multiplication of the
vulnerability and the quantification of the exposed assets along the X-
axis. The definition of the hazard scenarios, as indicated in Table 3,
forms the basis for the subdivision of hazard events and their return pe-
riods. As can be seen from the comparison of the expert-based range of
return periods with the (limited) representative events the return peri-
od range is taken in such a way that the maximum return period of one
scenario (e.g. minor: 10–25 years) is the minimum of the higher class
(e.g. moderate: 25–100 years).

The relatively large range of uncertainty in the calculated losses is re-
lated to a number of factors. One of the main sources of uncertainty is
related to the definition of the hazard scenarios and the associated re-
turn periods (Table 3). As historical debris flow and flood event dates
are difficult to reconstruct, and the number of available dateswas rather
limited, the relation between these historical events and the triggering
rainfall amount has a considerably range of uncertainty, as represented
by the values given in Table 3. Another important component leading to
uncertainty is the hazard intensity modelling. Debris flow intensity
values were obtained using an empirical regional-scale debris flow
run-out model in Flow-R, in which the run-out probability was used
in combinationwith a transfer function to convert the results into debris
flow height intensity, based on a selected number of back analysed de-
bris flows with Flo-2D. The correlation between the Flow-R probability
classes and the Flo-2D flowdepth of R2=0.84 can be considered strong,
but there were still uncertainties due to the classification process of the
original Flow-R probabilities into 10 quantile classes. From a geomor-
phological point of view the main challenge in the risk modelling is re-
lated to the modelling of various geomorphological processes (flash
floods, debris flows and river floods) that are triggering during the
same extreme rainfall event. Due to a lack of models that analyse
these processes and their interactions simultaneously, we used models
that analysed them separately.Wedecided to combine the losses for de-
bris flows and flash floods in this study, as these processes often affect
the same locations, and are triggered by the same rainfall event. During
such a triggering event they might even alternate in the same sub-
catchment. Therefore we used only the maximum loss either from de-
bris flows or from flash flooding in the final analysis. We decided to
keep the loss estimation for river flood separately in order to compare
it with the debris flow and flash flood losses. We are currently develop-
ing such a combined hydro-meteorological hazard modelling tool,
based on the OpenLISEM model for rainfall-runoff modelling, by incor-
porating a soil hydrology component, linked with a slope stability anal-
ysis, so that interactions among landslides, debris flows and flash floods
can be modelled for the same rainfall events.

The elements-at-risk database is another source of uncertainty, in
particular related to the estimation of building values and the number
of people per building. However, the results obtained for the non-
tourist season scenario seem to compare reasonably well with the offi-
cial statistical data. The quantification of the exposed elements-at-risk
depends on two factors: the number of exposed elements-at-risk and
the quantificationmethod. The number of exposed elements-at-risk de-
pends againmuch on the hazardmodelling outputs, and the variation of
the input parameters for modelling. The quantification of the elements-
at-risk depends on the available information on aspects like building
values and population, and the detail of the mapped building stock, in
terms of occupancy types and floor spaces.

Another source of uncertainty in the risk modelling are the vulnera-
bility curves, whichwere derived using a compilation of existing curves
from literature, a limited correlation of historical damage and intensity
data, and mostly using expert opinion. Unfortunately, there are still no
libraries of vulnerability curves available for different building types
and hazard intensities types, although there are several attempts
under way to develop these (Papathoma-Köhle et al., 2012). The
range of vulnerability depends on two factors: the range of intensities
of the hazard phenomena and the definition of the curves. The intensi-
ties of the hazard phenomena determine the range on the X-axis in the
vulnerability curves (Fig. 11). The range of intensity results from the
hazard modelling, which again depends on the input parameter ranges
used.

Further research is needed to reduce the uncertainty in multi-hazard
risk assessment for mountainous environments, though improved
models for hazard interaction analysis and the generation of libraries of
building and population related vulnerability curves for debris flows
and flash flood in different mountainous environments. The location of
people during an event and the effect ofwarnings and evacuations should
also be considered in order to decrease the overestimation of population
risk.
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