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SUMMARY

The aim of this document ® demonstrate the applicability of Spatial Multi Critera
Evaluation (SMCE) for the qualtise assessment of the landslide hazard, vulnerability
and risk The methodology will contribute to participatory stakehol@erprocesses for
choosing prevention and mitigation measures that are appropriate from a technical,
economic, environmental andaal perspective and to agree on risk reduction targets.
This deliverableexemplifies a methasogy that aims at supporting decision makers
who are faced with making evaluations of projects or policies based on criteria that
cannot all be expressed withcammon numeraire, for example, money, and for which
stakeholders evaluate the criteria differently. Since stakeholders will evaluate the
various hazard and vulnerability criteria differently, it will support mstiéikeholder
decision processes in idewiiig a generic set of relevant criteria and techrsgios
weighting these criteriaThe communication and participatory processes will be
exemplary for other highisk countries in Europe.

Note about contributors
The following organisations contributéal the work described in this deliverable:
Lead partner responsible for the deliverable:
Faculty of Geaenformation Sciences and Earth Observation (ITC),
University of Twente

Dinand Alkema
Luc Boerboom

Partner responsible for quality control:
Universty of Salerno

Settimio Ferlisi
Leonardo Cascini

Contributors:

[IASA
Joanne Bayer
Anna Scolobig



TABLE OF CONTENTS

0] =110 o 7
A 111 0T [T 1 T o 8
O R o = . o P PPPSSERRRSRRRR 8
1.2 VUINEIADIIIEY....ceeeeeieee e 9
1.3 Multi-parameter Risk ASSESSMENL.........ccoiiiiiiiiieiiiiiieee e 10
2 Spatial Multi Criteria Evaluation (SMCE)...........ccoooiiiiiiiiiiiiiieeeeeeeeeeeeeeeeee 11
2.1 Problem structting in SMCE...........cooiiiiiiiiiiiieiriieee e 11
2.2  SMCE for decCiSiomaking...........cocuurrriieeiiiiieie e 12
2.3 SEPSIN SIMCE..... .ot 14
3 SMCE for NOCERA INTEIOE.......cciiiiiiiiiiiiiiii e 19
3.1 INTroduction to the case study area..............coooeeeeicinnninniniiniieeeeeeee, 19
Problem StatemeNt..........oooiiiiiiie e 19
3.2 The SMCE DASE TALA.........cceiiuuiiiiiee et 19
3.2.1 Hazard base Maps.........cccceeeee i 19
3.2.2 Vulnerabilty base maps.........ccccciiiriiiiiiiiiiiiiirieeeeeeee e e e 22
3.3 Definition of the goal.............coo oo 24
4 SMCE for risk assessment in NOCEIA..........coovviiiiiiiiiiieeeeeeeeeeeeeeeee e 25
4.1 Spatial multi Criteria Evaluation for Risk Assessment....................... 25
4.2  Risk asSeSSMENt USING SIMICE........uuurrruiiiiirriiirrrierirrrrerreeeeeeaeeaaeaaaaaaaeens 25
4.3 approach 1: generic mulliazad risk assessment..........cccccccvvvvvveenenn.n. 26
4.3.1 Design of the criteria tree for mulliazard assessment............... 26

4.3.2 Design of the criteria tree for gerie multi-hazard vulnerability
ASSESSIMENT. ...ttt e et e et et e et e e e e e e e 30
4.3.3 The multihazard risk mag approach L.........ccccccoviiiiiiiieinnnnnne. 32
4.3.4 Example of a scenario analyseffects of landslide mitigation......33
4.4 approach 2: hazard specific mefidzard risk assessment.................... 34
4.4.1 Hazard asseSSMENL.......cccoeiiiiiiiie e e e eeeees 34
4.4.2 Hazard related vulnerability............cccoooiiiiiiiiiniiiieeeee, 35
4.4.3 Multi-hazard risk mapg approach 2...........cccceevvviviiireeeeeniiiinn 37
ST O] o 11 ][0 LR 39
5.1 SHreNgINS ... 39
5.2 WEAKNESSES. ... ittt e e e e e e e 41
5.3 Future direCtioNS...........eeeeeeiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeen A2



Figure 1
Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7
Figure 8
Figure 9

Figure 10
Figure 11

Figure 12
Figure 13
Figure 14
Figure 15

Figure 16
Figure 17

Figure 18
Figue 19

Figure 20

Figure 21

LI1ST OF FIGURES

Spatial multi criterigevaluation (after Malczewski, 1999) 11
Decomposition of a decision problem into objectives, attributes and
parameters. In principal there is no restriction to the number of
hierarchcal levels of objectives and attributes. 13
9EFYLX S 2F | @FtdzS TFdzy Oldazy 6ieéLIS
possible values of a certain parameter map. Values below the rlowe
threshold (min) get a corresponding score of 0, values above the higher

threshold (max) get a corresponding score. 15
Schematic procedure for spatial muttiiteria evaluation basedn the
analytical hierarchical process 17

Flood depth maps (in meters) of the 20 year flood (left) and the 100 year
year flood event (rigt). Map names in criteria trees: Flow_depth_020y and
flow_depth_100y. 20
Flow velocity maps (in m/s) for the 20 year flood (left) and 108 year

flood event (right). Map names in criteria trees: Flow_velocity 020y and

flow_velocity 100y. 20
Hyper Concentrated Flowtype 1 (least visceous). Map names in criteria
trees: HCF_scl depth_smce and HCF_scl velocity _smce. 21
Hyper Concentrated Flow type 2 (medium visceous). Map names in
criteria trees: HCF_sc2_depth_smce and HCF_sc2_velocity_smce. 21
Hyper Concentrated Flowtype 3 (most visceous). Map names in criteria
trees: HCF_sc3_depth_smce and HCF_sc3_velocity_smce. 21
Flowslides. Map name in criteria trees: mudflow_velocity_smce. 22

Left: Stability of the slopes with indication of potential runout. Historic
landslides are indicatl in black. Map names in criteria trees:
open_slope_stability and landslide. Right: Potential maximum runout
distance (in meters) of landslides originating from the slopes. Map name in

the criteria trees: Landslide distance. 22
General landuse map of the area; 91= Urban area; 51= forest; 22 =
orchards and small fruits. 23
Road type map of the area 23
Building map; of each building attribute information was available 23
Distance to buildings (in meters) 24
Two approaches to SMCE for mihltizard risk assessment 26
Criteria tree for hazard; The rigiand column shows the inp indicator

maps (nota KI RSRU |yR (KS 2dziLldzi WwO2YLR
(shaded). The final outcomgthe composite index map or decisi@ns in
GKA& OF&asS GKS YIFILI aKFTFNRypOdzNBBEY (i € =
column. 27
Rescaling functions for continuous value maps: 1) linear, 2) goal, 3 concave
and 4) convex. See text for further explanation. 28
Composite index map for multiazard. A low score indicates least
hazardous and a high score most hazardous. 30

Criteria tree for multhazard vulnerability. the final outcome the
composite index map, or decisiorg is in this case the map
G@dzf YSNI 0Af AGEYPOdzZNNB y (i ¢ shantl éolurfnS T A y SBR
Composite index map for multiazard vulerability. A low score indicates

least vulnerable and a high score most vulnerable. 32

a2k f €

0 K ¢


file:///D:/Projects/Safeland/D5-6_SMCE_vs3.docx%23_Toc322071284
file:///D:/Projects/Safeland/D5-6_SMCE_vs3.docx%23_Toc322071284
file:///D:/Projects/Safeland/D5-6_SMCE_vs3.docx%23_Toc322071284
file:///D:/Projects/Safeland/D5-6_SMCE_vs3.docx%23_Toc322071285
file:///D:/Projects/Safeland/D5-6_SMCE_vs3.docx%23_Toc322071285
file:///D:/Projects/Safeland/D5-6_SMCE_vs3.docx%23_Toc322071285

Figure 22

Figure 23

Figure 24

Figure 25
Figure 26
Figure 27
Figure 28
Figure 29

Figure 30

Figure 31

Figure 32

The generic mukhazard risk map; high values repressent areas of highest
risk, low values ams of lowest risk. In this analysis landslides hazard was
given a five times higher because of its higher frequency of occurence.
The generic mukhazard risk map in case all laads are equally weigthed

¢ i.e. when mitigation works have been put in place to reduce landslide
hazard from 1 in 20 years to approximately 1 in 100 years.

The composite index nps that repressent the four hazardous processes.
Topleft: floods, topright: Hyperconcentrated flows, bottodeft:
flowslides bottomright: landslides on open slopes.

Vulnerabilty criteria tree for floods

Vulnerability criteria tree for hyper concentrated flow (HCF)

Vulnerabiliy criteria tree for flowslides

Vulnerability criteria tree for landslides on open slopes

Risk maps forfloods (topleft), hyperconcentrated flows (topight),
flowslides (bottomleft) and landslides on open slopes (bottaight).

Two criteria trees for aggregating the four risk pgainto a multihazard

risk map (NoceraRiskHRV Hazard Related Vulnerability). On top the
criteria tree where landslides have approximately four times the weight as
the other risk maps (current situation) and below, the criteria tree with
hazards having he same weight (situation after landslide hazard
mitigation).

Composite index map of the muhiazard risk map according to approach 2
with landslides five times the weight of ttether hazards. To be compared
with figure 22.

Composite index map of the muhiazard risk map according to approach 2
with equal weigths for all hazards. To be compared withr&d3.

33

34

35
35
36
36
36

37

38

38



LIST OF TABLES

Table 1.1 Goals for mulparameter landslidask assessment.............ccceeeeeeeee. 12



FOREWORD

Thegoal of this document is tdemonstratethe use of Spatial MuKCriteria Evaluation (SMCE)
as aqualitativetool for the assessment and zoning laihdslide and floodhazardand riskfor a
casestudy site in Italy (Nocera Inferiore).

The activitieof the SMCEVorking Groupnclude

Selection of an appropriate case study site;

Participate in stakeholder meetings anulti-hazard risk reduction options;

Collect, analyze and process the relevant and available data;

> > > >

Develop a SMCE to exemplify its apaltiility in a multistakeholder risk assessment
process with conflicting viewpoints and less tangible concerns;

A Produce a compromise multiazard risk map.



1 I NTRODUCTI ON

This deliverable introduces a relatively new conceptdond approach tahe assessma of
landslide risk: Spatial Mul@riteria Evaluation; or SMCE. One of the few examples of a
previous applicatiorfor landslide riskis a study byCastellanos (2008\)ho applied it for
assessing landslide risk in Cuba at a national scale. His mainearigiomapplying SMCivas

that this was the only method that could be applied at this scale because the data was missing
to use any other method. In this example we will argue that there are also other reasons why
SMCE may be a useful complementary methodhe quantitative methods as described in
SafeLandleliverable 24 (Corominas and Mavrouli, 2011)

Currently there is widespread agreement that rishn be assessed vthe generic formula
postulated by Varnes in 1984:

Risk=Hazardx Vulnerability x Eements at risk

where:

Risk means the expected number of lives lost, person injured, damage to property, or
disruption of economic activity due to a particular natural phenomenon;

Hazardis the probability of occurrence of arvent of a certain magnitudé a given area
within a specific period of time;

Vulnerability is the degree of loss suffered bhygiven element oset of elementsexposed tca
hazardof given magnitude

Elements at riskmeansthe population, properties, economic activities, includipgblic
services, etc., at risk in a given area.

This deliverable is about a new way to apply this formula using SMCE. In the following sections
we discuss briefly what SMCE can add to existing risk assessment methods, especially in the
assessment of hazéwand vulnerability.

1.1 HAZARD

In hazard assement one can identify three problems:

1) How toestablish the relationship between the spatial and temporal probabilities and
0 KS KskniagninBEThis is dealt with irdetail indeliverable 24 (Corominas and
Mavrouli, 2011)

2) In what units should onguantify the magnitude? For floods one can look at the flood
depth, but maybe the velocity is equally important, or the duration, or the warning
time, or the speed of rising of the water level. For landslides omel@ak at volume,
but also velocity, runout distance and kinetic energy released may be appropriate



parameters to quantify the magnitude. All these different parameters have different
spatial characteristicand have differenimplicationsfor the vulneralility.

3) How to deal with multiple hazards? A rain event can cause-flasding or a debris
flow or a landslideg or all three at the same time. Conceptually we separate these
hazards but in reality they overlap becaubey share the same root causeghere
may also be chain effects: landslides that cause floods, or vice versa. Combining all
these hazards into a single mditazard map is not a trivial task due to differences in
assessment methods and the parameters used to quantify the hazards.

Quanitative hazard assessment methods focus on problem 1. In this deliverable we hope to
demonstrate the additional value of SMCE in addressing problems 2 and 3.

In general one can say thatgthazardsare complex spatialynamic processes and assess
their impact onthe exposed elements in the affected area, mpliti parametes must be
considered Processbased deterministic hazardmodels can generateseries of parameter
maps that describe the dynamic behaviour of thazardousprocess. The idea of using
multiple parameters to evaluate thémpact is not new, as can be seen by numer
publications on this topic. In the case of fldilke hazards (floods, hyper concentrated flows,
mud¥ £ 2 ¢ a Bst usa) twoYor three parameters, for instan€endreau (1998) combines
inundation depth, duration and maximum acceptable return perioémé&z (1992) and
PenningRowsell and Tunstall (16Pcombine flow velocity and inundaitn depth, and Borrows
(1999)combines flow velocity, inundation depth and warning time.

1.2 VULNERABILITY

Vulnerability is the most complicated component of risk assessment because the concept of
vulnerability has a wide range of interpretations. Multiple definitions and different conceptual
frameworks of vulnerability exist. Vulnerability refers to the coiotis determined by
physical, social, economic and environmental factors or processes, which increase the
susceptibility of acommunity to the impact of hazard#. relates tothe intrinsic fragility of
exposed elementssystems or communitiethat favoursloss when affected by hazard events.

It includes also the lack of resilience thatluencesthe capacity to anticipate, cope with,
resist, respond to, and recover from the impact of a physical ewenty.movefp7.eu’)

The vulnerability of communities and households can be analyzed in a holistic qualitative
manner using a large number of criteria that characterize the physical, social, economic and
environmental vulnerability. Physical vulnerability is evaluatedhasiteraction between the
intensity of the hazard and the type of elemeatrisk, making use of scalled vulnerability
curvesand/or fragility curvegCorominas and Mavrouli, 2018ocial vulnerability refers to the
inability of people, organizationand societies to withstand adverse impacts frdme hazards

to which they are exposedtconomic and environmental vulnerability can be interpreted as
the degree to which economic and environmental systems suffer from a hazardous event.
Vulnerability is mui-dimensional, dynamic (it changes over time), scipendent (it can be
expressed at different scales from individuals to countries), andsgieific (each location
might need its own approach).


http://www.move-fp7.eu/

In this deliverable we hope to demonstrate that SMC& usseful toolfor a holistic qualitative
analysis of vulnerability that incorporates all dimensions of vulnerability.

1.3 MULTI -PARAMETER RISK ASSESSMENT

No proeedure exists yet that incorporates all relevant miiizardmulti-parametermaps that

can be gearated by quantitative hazard assessment methods, sudloasvelocityand depth

kinetic energy, warning time and duration of the event. The difficulty to do this in a
guantitative way ighat it is hard or perhaps impossible to develop such a procedaoause
historicinformation on the patial distribution of the impact is often unavailabénich inhibits
establiding relationships between the hazard characteristics anddtssequences. However,
implicitly each parameter does hold information on ittneequencesthe higher thedepths
velocity and duration, the more it will contribute to the hazaydnd thus to the riskThe same

logic can also be applied to the assessment of vulnerability. Even though it may be impossible
to quantify the degree ofdss for indivual elements at risk, one can evaluate their robustQess

i.e. their ability to withstand, deal with and recover from a hazardous event. In the case of
people one can look at paramaters such as age, health, income, education level, social
conrectiveness etc. In the case of buildings it may bestruction mateials, state of repair,

etc.

With SMCE,his implicit informaion can be used to assess the risk in a qualitative manner
This approach differs fromuantitative risk assessmeinmethodsbecause it does not rely on
establishedsulnerability relationships between magnitude of the hazard anditiygact on the
elements exposednor does it apply asO | £ f SdHzLE @12 BT S £In thiddpikdadh @ K
matrix (or set of matrices) is used to egbrize the hazard as a function on a predefined and
limited set of hazard indicators. SMCE allows the usexpért knowledge from hydrologists,
engineers, disaster managers, economists, relief workers, local andnetgauthorities,
farmers, etc. In addon it allows the inclusio2 ¥ a a2 Fié ApekdtaNand A 2 y
preferences This deliverablewill show that spatial mulcriteria evaluation (SMCE) offers
opportunities to formalise the procedure for mufiarameter risk assessment using this estp
knowledge.

£ A1



2 SPATI AL MULTI ACEVAEBATI ON ( SMCE)

In this deliverablewe have made use of the Spatial Muliiteria Evaluation module in the

ILWIS Geographical Information System (GIB)jsSMCE application assists and guides users in

doing multicriteria evaluation in a spatial manner. The input is a set of maps that are the

spatial representation of the criteria. They are grouped, standardised and weighted in a
WONRAGSNAF GNBSPQ ¢KS 2dzildzi Aa 2yS 2thd Y2NB Wi
realisation of the model implemented. The theoretical background for the rorittria

evaluation is based on the analytical hierarchical process (AHP).

In this chapter we will provide some background to SMCE and to its application. In the next
chaperswe will present the example of Nocera.

2.1 PROBLEM STRUCTURING IN SMCE

Multi-criteria evaluation is increasingly used in spatial decision probl(®masczewski, 2006)

Spatial multi criteria evaluation can be thought of as a protieascombines and transforms

geographical data (input) into a resultant decision (outpgtsee Figure 8.1Malczewski,

1999). ¢ KAa LINRPOSaa AyOfdzRSaz |LINIG FNRY 3S23INF LI
preferences and the manipulation of the data amekferences according to specified decision

rules. The result is an aggregation of mdithensional information into a single parameter

output: the decision

Input: Geographical data Output decision

SMCE

—

Figure 1 Spatial multi criteria evaluation (after Malczewski, 1999)

The strength of these support systems is that thegkethe users (decision makers) structure
their problem (Scott Morton, 1971; Densham, 1991) and thus clearly outline their information
requirements. Initially decision support systems were developed fompmex business
decisions, but in the last 20 years they have become applied to spatial problems as well, see
e.g. Carver (1991), Chen et al. (2001), Sharifi et al. (2002), Pfeffer (2003) and Zucca (2005).

Before starting with an SMCE it is important teagly define the goal, or set of goals of the
decision maker or group of decision keas. Goals are the desired enthtes of the decision



making activitiesin the case of riskssessment the sheterm goal may be to identify areas of

high risk. The logpterm goal may be to develop strategies and polidieglecrease risk in a
given area or to avoid that risk increases as a consequence of certain activities. In defining the
goals for a multiparameterrisk assessment two dichotomies can be distinguisigdpecific
purpose risk maps versus general purpose risk maps, and 2) evaluation of the present situation
versus evaluation of a future situation (after a change has occurfémse two dichotomies

are shown in Table 1.1.

Table 1.1 Goals for multi-parameter landslide-risk assessment.

Specific purpose General purpose
L Specifidandsliderisk Generalandsliderisk
Present situation o I
definition definition

Specifidandsliderisk impact | Generallandsliderisk impact
Future situation assessmendf proposed assessmendf proposed
actions actions

¢KS RAAGAYOGAZ2Y 2F &ALISOATAO LMzN1LIRZAS NR&]l YI LA |
(I am missing the explanation of this dimension of the table. How do you intendDioe? it

have to do with Catellanos? But that is too far away for in the text for the reader to make the
connection herg

The distinction of present versus future situation is linked to the requirements of the-multi
parameter risk assessment. Does it serve torimfthe stakeholders on the present situation,

or is it required to study the consequences of a proposed action that could alter the risk
situation? In any casegreement is required within the team (specific purpose) or within the
coalition (general purpse) on the goals, the problem structure and the importance of the
evaluation criteria. A study focussed on the present situation serves to inform the
stakeholders, decision makers and authorities about possible critical locations. In case a future
situation needs to be evaluatedfor instance as part of an Environmental Impact Assessment
(EIA), the study of the present risk situation serves as a reference or baseline study to identify
areas where the risk will increase or decrease.

2.2 SMCE FOR DECISION-MAKI NG

Rational decisiommaking requires a careful analysis of the problem. A frequently applied
approach is to decompose the problem into smaller, understandable parts that express
relevant concerns. These smaller parts are the evaluation criteria (Malczel@84; Pfeffer,

2003), standards by which a proper decision can be made. Saaty (1980) discusses this process,
also called analytical hierarchy process (AHP), in further detail. The evaluation criteria can be
further decomposed into objectives and attrilag (Saaty, 1980; Malczewski, 1999; Pfeffer,



2003). An objective conveys a desired state that an individual or group would like to achieve,

while an attribute is used to characterise an objective. Attributes can be quantified by
parameters (some authors uslee term indicator, e.g. Lorentz, 19989}kee also Figure 1.The
AYOGSNIINBGEFGAZ2Y 2F |y AY RAQhIréspeLt toits objeétiveis & S G K SNJ A
criterion (Ullman, 2006;Beinat, 1997)

- Drecision problem

Objectives

................................................................................................................................. Criteria

Attributes

..... é}(j}&éécgpmt

Figure 2 Decomposition of a decision problem into objectives, attributes and parameters. In
principal there is no restriction to the number of hierarchical levels of objectives and attributes.

In this respect it is important to make another distinction and that is between discrete and
continuous methods.Discrete methods tackle choice problems in which alternatives are
selected from a discrete (and limited) set of alternatives, whereas conti® methods are
more suitable for design problems (Beinat, 199Nk latter type of evaluatioiis referred toas
multi-objective decisiommaking (e.g. Hwang and Masud, 1979; Malczewski, 1999)
(Malczewski, 2006)

In thisdeliverabk the decision problem is the definition of riskhere alteternatives are the
different spatial locations, in this case pixels in a map of discretized landscapek# to find

a good definition of risk that provides the best possible information reglifor the decision
makingg either for a specific purpose or for a general purpose. To select from an (in potential)
infinite set of solutions, the stakeholders can use the procedure of SMCE to reach agreement
on the objectives of the risk map, the set aftributes, indicators andcriteria and the
processing of this information. If agreement exists at all stages of the $kdCE&dure, they
must also agree on the outcome: the risk map. In this way SMCE adds to the detiog
process in thesense thatit identifies agreements and disagreements between the
stakeholders, that it brings understanding, supports leardiggloing and that it reveals areas
where thinking is necessary (Beinat, 199%Nkernatively different stakeholders could each
want to male their own evaluation and locations of significant disagreement could be
identified. Furthermore, SMCE supports the solution of a decision problem by analysing its
robustness with respect to uncertainty (Geneletti, 20Q2)man, 2006)



2.3 STEPS IN SMCE

In the transformation process of the parameter maps into an outmap four consecutive
steps have to be taken: 1) identification of the parameter maps as costs or benefits; 2)
standardisation ofor value judgment abouthe parameter maps; 3) establishment of the
importance of each individual criterion with respect toethdecision problem; and 4)
establishment of the aggregation procedure. An additional sensitivity analysis can be included
to test the robustness of the outcome.

1 Cost and benefit parameters

The distinction between costs and benefit criteria is critimdause with benefit criteria a high
parameter value will have a positive effect on the achievement of the objective, whereas with
cost criteria a high value is disadvantageous. In the cadead risk, highinundationdepth
values are advantageous fdsk¢ The higher the inundation depth values, the higher the risk
values. In other wordshe higher theinundation depth, thedbettere the riskwith respect to

the objective of establishing riskhus depth is a benefit criterion. Warning time is the
opposite: the higher thewarning timevalue the lower the risk value which makes it a cost
criterion, again with respect to the objective of establishing.risk

Whether or notpositive effects can balance disadvantageous effects depends on the choice
for compensatory or norcompensatory techniques. In compensatory techniques poor
performances on one criterion can be compensated by good performances on another, of
course within specific limits (Beinat, 1997Jor instance the highisk effects of high depths

may be compensated bya long warningtime. In norcompensatory techniques this
counterbalancing is not possible. This can be the case if certain thresholds or limits are
surpassed that are considered as absolugardless of the performance of the otheriteria.
Identification and definition of such limits must be included in the SMCE procedure, either by
agreement of all stakeholders, or because of outside forces, like legislation and direotives
expert standards

2 Standardisation

Eachindicator has its own scale of measurement.epth is often expressed as a length,
measured in metersyelocity is measured as meters per second, or kilometre per hour;
duration in hours, days or weeks, etc. It is clear that it makes no sense to simplypaatd
multiply the values from the parameter maps. Apart from the fact that this would result in
physically meaningless numbers, it would also make the result a function of the scale of
measurement (depth in millimetre or in meter, duration in hours or weelkise reault would

be very different). To overcome this problem a standardisation is required.

Moreover, each indictor can be interpreted in more detail as to whether a value is good or not.
As we have seen a general interpretation such as higher values are,hettebenefits or
lower values are better, i.e. costs. More sophisticated interpretation is possible, for instance a
certain maximum or minimum optimum value may exists, or one or more threshold value.



This stepg the value assessment (Geneletti, 2002jansforms the parameter values of each
parameter map into scores on an equal, dimensionless staften between 0 and And at

the same time provides the opportunity to interpret and value the parameter scorbs
operation is performed by generatina value function, i.e. a mathematical relationship that
represents human judgements, knowledge and goals. The value function expilitiiythe
factual information in the parameter maps to the corresponding parameter scores. The value
function can beihear, meaning that equal increments of the parameter value result in equal
increments in the parameter scores, but can also be-lear or discontinuousSee also
figure 3.

Value function (goal)

SCOte |,

Figure 3BExampl e of a val ue therhorizontal axis arée all possibfe gatueslofo ) : o
a certain parameter map. Values below the lower threshold (min) get a corresponding score of 0,
values above the higher threshold (max) get a corresponding seor

During the establishment othe appropriate form of the function model, the value
assessment, the assessors face a dilemma (Beinat, 1997): on the one hand, the assessment
aims at a numerical specification of the value function model, implying high precision and good
knowledge of the transformatioprocess; in practice, on the other hand, the assessors often
find it difficult to provide reliable numerical judgements and prefer qualitative and tentative
responses. Beinat (199Treats this value assessmemrocedurein-depth and shows that this
duality is at the basis of the many attempts that have been made to provide adequate
solutions. Defining the value functions is one of the major discussion topics in thecniteltia
evaluation procedure. The assessor is most likely to be a group of peopbert&ex
stakeholders). They either form a team or a coalitiand together they have to reach
agreement on the value functions for each parameter included in the assessment. This should
avoid possible bias from individual members, but raises new problé&msdimposition of the
expert group (number and backgrounds of the experts) and the interaction within the group
(see e.g. Ferell, 1985; Van Steen, 1991 Beinat, 1997).

3 Prioritisation

During the prioritisation, the preferences of the stakeholderthwespect to the evaluation of

the criteria are incorporated ithe decision model. This is typically done by assigning weights
to the criteria. The weights reflect the importance of each criterion relatively to the other
criteria under consideration (Metewski, 1999). The assignment of the weights is the second
crucial step that, like the value assessment, is likellge a group process in which the group
members will have to reach agreement. To facilitate this discussion several techniques have
been deeloped to assist the process of normalised weight assignment. Normalised in this



context means that the sum of the weights equals 1. Among these are the following
(Malczewski, 1999):

T

T

Ranking methods in which the assessor ranks the criteria in order tdrpree. The
numerical weights are then assigned as function of the rank;

Rating methods in which the assessor assigns weights on a predetermined scale to
each criterion using a predefined procedure. The numerical weights are then assigned
by normalisatio (dividing each weight by the sum of all weights);

Pairwise comparison method in which the assessor compares each possible pair of
ONAGSNARAEF FYR NIGS&a 2yS NBtFGAGS G2 GKS
GSEGNBYSt & Y2NB AYER Missibelpars resul’s Yldkchldda 2 v
ratio-matrix. The numerical weights are determined by normalizing the eigenvector
associated with the maximum eigenvalue of the ratio matrix (Saaty, 1980).

There are advantanges and disadvantages of using doétj@ation method or another. For

instanc

e ranks are relatively easy to provide but leave imprecision since the degree of priority

difference between the criteria that are ranked is lost. Rating methods do not have that
disadvantage but do suggest preois of priority that a decision maker might not be able to

sustain

if asked for the same prioritization exercise days or weeks later. Both ranking and

rating methods assume decision makers can give a quantitative assessment of priority, but

maybe
difficult

4

a qualitave pairwise comparison suits better, but is much more time consuming and
if a decision maker has no clear priority model in mind.

Aggregation

The outcomeg or decision¢ depends on both the value functions (standardisation) and the
weightfactors for each criterion (prioritisation) but also on how these are combined in a

decisio

n model. This is called the aggregation step (Geneletti, 2002). The most widely used

aggregation method is the weighted linear combination, also called simple addmiighting
or scoring method. This method is based on the concept of weighted average (Malczewski,

1999).

Where:

In its simplest form a decision could be defined as:

F(X) =Sn(Wk (f(x))) 1

F(x) = the outcome (the decision) as a resultloé sum ofn weightedcriteria.
W = the normalised nomegative weight of thekcriterion.

fx) = the value function of the"kindicator (x)

Because the results of the value functions are on a scale from 0 to 1 and because the sum of

the normalised weights equalk, the resulting map F0Qa 2 YSG A Y S &

WwO2 YL &A i Sis aldynBrSiéhless kchlf2 map with scores between 0 to 1. Scores close
to O identify areas where the criteria are absolutely disadvantageous and scores close to 1
indicate areas that meet the criteria perfectliyigure4 gives a summary of the procedure.
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Figure 4 Schematic procedure for spatial multicriteria evaluation based on the analytical
hierarchical process

This method assumes that theiteria provide independent evidencand that there is no
uncertainty in the decision situation. The first assumption means that there is no correlation
between any two criteria. The second assumpfiaich we give more attention in the next
section,mears that all relevant information about the decision situation is known and that
there is a known deterministic connection between every decision and the corresponding
outcome (Malczewski, 1999). In practice these two assumptions are hard or impossikét. to te
To deal with uncertaintfor instancea sensitivity analysis can be performed to quatify the
effects of uncertainty on the shape tife outcome(Herwijnen, 1999pr Bayesian calculation
methods of belief maps could be us@diiman, 2006)

5 Sensitivity analysis

Until now we have implicitly assumed that all information required for decisi@king is
available to the decision makers: no errors in timglicator maps, no uncertainty in the
assighment of weights and value functions and choice of decision model. Although methods
exist to include uncertainty directly into the decisioraking process, the most often applied
approach is to incorporate them into the decisioraking process indirectlysing a secalled
sensitivity analysis. Sensitivity analysis is concerned with the way in which errors in a set of
input data affecthe error in the final outcome. In other words, it serves to test the robustness
of the decision with respect to uncertaies in the parameter maps, weights, value functions
and decision rules. Errors in the parameter maps can be classified into positional and attribute
errors (e.g. Burrough and McDonnell, 1998). The first type of errors deals with uncertainty
regarding the dcation, i.e. errors in the -XY- and Zcoordinate. The second type of errors
deals with uncertainty regarding the measurement value or with misclassification of objects.
Since most maps inazard andisk assessmerdare based on modelling results, theté type

of errors also includes uncertainty generated during the modelling phase (due to inaccuracy in
model input, boundary conditions, initial conditions and by approximations in the modelling



procedure).There are ways to assess the map errors, fetaince using roeimeansquare
error, or with a confusion matrix (Burrough and McDonnel, 1998).

Errors introduced in SMCE during the standardisation, prioritisation and aggregation are also
called preference uncertainty (Malczewski, 1999). Decision makers)a@t able to provide
precise judgements due to limited or imprecise information and knowledge. These types of
errors do not always result from mistakes, although mistakes create eofaceurse, but are
rather the result of a margin between the best ggment and alternative estimates. Within a
group process, the range of possible weights and value functions can be estimated (with some
level of confidence). During the sensitivity analysis this raegjgnate can be used to test the
robustness of the outzme. For instance the minimum and maximum limits of the range can
be used instead of the best estimate, leaving all other factors constant. Another possibility is to
ALISOATE || RAAGNAOdzOAZ2Y VY2RSt F2NJ SI OKtodzy OSNIi | A
run a secalled MonteCarlo simulation. In a Monte Carlo simulation a high number of runs are
executed, where during each run parameter values are taken from the distribution models.
The result is not a single outcome, but an outcome with an erroridigton.



3 SMCE FOR NOCHRAMRENFE
3.1 INTRODUCTION TO THE CASE STUDY AREA

SafeLand eliverables 2.11, 5.3 and 57 describe the general situation in Nocera Inferiore
(Campania region, southern Italyf) greater detail; here a short introduction and general
problem statement will be given, followed by an overview of the hazard analyses that have
been carried out and its results.

Problem statement

Historically the Campaniaegionis severely affected by landslidéSascini et al., 2008pPne of
the worst tragedies occurred in 1998&hen 1® people died due to a series dbwslides
(Cascini, 2004)This landmark event raised the awairnegghe people living in the area and
when in 2005 &first-time landslideon open slope was triggereit Monte Albino hillslpes
(within the municipal territory ofNocera Inferiorg approximatelyl2 kilometers away from
t AT T2 RQ! {affectetizby theledeat ofF1998); this landslikitled three persons and
destroyed some propertyaction plans were demanded by the poptite. However there was
no concensus on what kind of action should be taken. This study is part of &ptoatevelop
feasiblerisk mitigation strategies that are supported by the local stakeholders

Results of previous hazard and vulberability analyses

This SMCE study builds upon work carried out by numereous reseachers that is summarized by
Corominas and Mavrou{R012)in delverable 2.11 of this Sdfand project. The data that is
used in this analysis comes from these studies.

3.2 THE SMCE BASE DATA

Intensive studies carried out by the University of Salerno (Corominas and Mavrouli, 2012;
Narasimhan and Faber, 2012; Scolobig and Bayer, 2012) have ideqfifiethe case study at

hand ¢ four hazardous processgsmamely 1) flooding phenomena, 2) hypemcentrated

flows, 3) flowslides and 4) landslides on open slopes. In these studies these hazards were
analysed using variowsdvanced method$o obtain their spatial and temporal characteristics.

In addition to this, data were collected to describe the esgd elementsthanks to
information provided by Local Authorities atitfough detailed surveying of the ared risk

The next two sections present the results of these studies that were used in this SMCE
analysis.

3.2.1 Hazard base maps

The propagation stagefdlooding phenomena, hyperconcentrated flows and flowslides was
modeledc by the University of Salernpvia the use of the FL®5 y dzZYSNA OF f O2RS
al., 1993) on a high quality DT§lof squared cells of 5 m x 5 mobtained via the data

o0h



achievedby a LIDAR survey. In particular, the flow patterns were evaluated for each basin by
considering different return periods (T) of the triggering rainfall for the different phenomena
(i,e., 20 and 100 years for flooding; 200 years for both hyperconcentréitetls and
flowslides). It is worth to observe that, for the hyperconcentrated flows, three different
couples of the considered rheological parameters (i.e.,ghear strength at the base of the
propagating flow and the dynamic viscosity) were considéoedhe analysis purposes. Details

on the input data can be recovered in Corominas and Mavrouli (2012).

As far as landslides on open slopes are concerned, the stability conditions were ass#ssed
terms of safety factors along sliding surfaces, takimg account the soil stratigraphy by
using a combined groundwater and slegibility model (Gesslope, 208a, B. On the other
hand,the runout distance was evaluated by adopting a heuristic criterion, taking into account
the shape of the ancient alliat fans.Theaveragereturn period of these phenomena equals to
20 years.

The obtained results are synthetised in the maps shown in Figutds 5

1 Flood maps

Flood depth (20 years) Depth | Flow velocity (20 years) Velocity
[ in [m/s]

Figure 5 Flood depth maps (in meters) of the 20 year flood (left) and the 100 yeér year flc
event (right). Map names in criteria trees: Flow_depth_020y and flow_depth_100y.

Flood depth (100 years) Depth | Flow velocity (100 years) Velocity
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Figure 6 Flow velocity maps (in m/s) for the20 year flood (left) and the 100 year flood eve
(right). Map names in criteria trees: Flow_velocity 020y and flow_velocity_100y.



2 Hyperconcentrated flonmaps

HCF-type 1 depth Q00 years)

HCF-type 1 velocity 00 years)

Velocity
in [m/s]

Figure 7 Hyper Concentrated Flow- type 1 (least visceousMap names in criteria trees:
HCF_scl_depth_smce and HCF_scl_velocity _smce.

HCF-type 2depth (200 years)

HCF-type 2 velocity (200 years)
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Figure 8 Hyper Concentrated Flow- type 2 (mediumvisceous) Map names in criteria trees:
HCF_sc2_depth_smce and HCF_sc2_velocity _smce.
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HCF-type 3 velocity (200 years)
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Figure 9 Hyper Concentrated Flow- type 3 (mast visceous)Map names in criteria trees:
HCF_sc3_depth_smce and HCF_sc3_velocity _smce.




3 Flowslidemaps

Flowslide velocity (200 years)
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Figure 10 Flowslides Map name in criteria trees: mudflow_velocity _smce.

4 Landslideon open slopesnaps

Landslides (20 years)

Stability
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Figure 11 Left: Stability of the slopes withindication of potential runout. Historic landslidesare
indicated in black. Map names in critaia trees: open_slope_stabilityand landslide.Right: Potential
maximum runout distance (in meters) of landslides originating from the slopes. Map name in the

criteria trees: Landslide_distance.

3.2.2 Vulnerabilty base maps

Thevulnerability information was derived from three source maps: 1) The landuse map, 2) the
infrastructure map; and 3) the building footprint map. This last map contained additional
attribute information for each building. This additional information comprised, a.0. number of
inhabitants, number of floor, building material and type of occupancy. The building map was

also used to calculate the distance to buildings map. In this section the four mais anep

presentedg in Figures 12, 15.




Landuse Landuse types

Legend

I:lgl: Ambiente urbanizzato e superfici artificiali
[ ]51: Boschi di latifoglie

-12: Frutteti e frutti minori

-999': unknown

Figure 12 General landuse map of the areg91= Urban area; 51= forest; 22 = orchards and small
fruits.

Roads Road types

- Footpath
- Unpaved road
- paved road
- main road

s g

Figure 13 Road type map of the area

Buildings Attribute info

- number of floors

- building material (wood, brick, reinforce
condcrete)

- area (sizen nv)

- use (residential, warehouse, restaurant)

- number of inhabitants

Figure 14 Building map; of each building attribute information was available




Distance to buildings Distance in [m]

Legend

Figure 15 Distance to buildings (ih meters)

3.3 DEFINITION OF THE GO AL

The aim of this example is to filee a rik map based on maps that describe on one hand the
dynamics (depth and velocity) of threBow processes (floaddg phenomena hyper
concentrated flow andlowslide§ and slope stability analysis for landslides open slopes
and on the other hand a set of mapscontaining information with respect tothe
environmentat, physicaland social vulnerability.



4 SMCE FOR RI SMENMBSIEMS SNOCERA

4.1 SPATIAL MULTI CRITER IA EVALUATION FOR Rl SK ASSESSMENT

In chapter 2 it was explained th#ite input layers needo be standardised from their original

values to the value range ofgD. It is important to notice that the indicators have different
measurement scales (nominal, ordinal, interval and ratio) and that their cartographic
representations are also differerfhatural and administrative polygons and pixel based raster

maps). Taking into account these elements, different standardization methods provided in the

SMCE module of ILWIS were applied to the indicators. The standardisation process is different

ifthe iRAOFG2NJ A& | WOFtdz2SQ YILI gAGK ydzYSNROFE |y
aoltsSao 2N I woOftlraaQ VYIL ¢gAdGK OFdS3a2NARSa 2N
standardizing value maps, a set of equations can be used to convert the actual maptoadue

range between 0 and 1. The next step is to decide for each indicator whether it is favourable or
unfavourable in relation to the intermediate or overall objective. For example, for the
intermediate objective of vulnerability, all indicator maps ohigh higher values show an

increase in the overall vulnerability were considered as favourdiiies may appear counter

intuitive, but our overall goal is to assess risk (not the absence of rik) and of course higher
vulnerability leads to (is favourable rjorisk, and so do the indicator maps theidicate

vulnerability After selecting the appropriate indicators, defining their standardisation and the
hierarchical structure weights were assigned to each cdtedand intermediate result. For

weighting, three main methods were used: direct method, pairwise comparison and rank

order methods.

4.2 RISK ASSESSMENT USING SMCE

The input for the application is a number of raster maps of a certainare@(sd £t SR WONXR G S NA
WSTFSOGAQUD ¢ KS 2piziflthdzdamd atea, 2h¢ Kalled] NdmpazsiteIBhdeX |

maps that indicate theextent to which criteria are met or not in different areas. For more

information see for instance Sharifi and Retsios (2003) and the ILWIS website:
http://www.itc.nl/ilwis/.

SMCEstarts withcontructing a secalled criteria tregFig 17) The construction of the tree is a
stepwise procedurethat guides the users throughlthe SMCEprocess definition and
structuring of objectives and criteria, selection of indicator maps to be usedhe
standardizationof indicator maps assuming criteria definitigngrioritization and finally
aggregation. In the tree output maps are defined that contain the (partial) results of the
analysis, with one map that contains the results of the whole amalin this examplewo
approaches were folloed. In the first approach, the generic muhliazard risk assessmerall
hazard related criteria were grouped intezardcriteria tree and all vulnerability related
criteria were grouped in a vulnerabilityitgria tree. The final hazardand vulnerability maps
were then combined into a risk map. The second approach was to define vulnerability a
function of the hazard and to createur hazardspecific risk maps first. These four maps were
then combined inb a multrhazard risk map. The twapproacles are illustrated ifigure 16



SMCE for multi-hazard risk assessment
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Figure 16 Two approaches to SMCE for multithazard risk assessment

4.3 APPROACH 1: GENERIC MULTI -HAZARD RISK ASSESSMENT

4.3.1 Design of the criteria tree formulti -hazard assessment

Figure 17 shows the criteria tree that was used for the generic +thaltard assessment. At the
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folder-icon) such as different types of hypeoncentrated flow (depending on its shear

strength and viscosity), return period for flooding phenomena and characterization for
landslides on open st@s. At the lowest level the criteria are defined (indicated with a map

icon), such as depth and velocity maps. In the flgintd column the corresponding data
source (map) is defined. These are the maps that were presented in chapter 3.
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hand column. In the structure below the top line the four hazardous processes are: listed
Overall Hyperancentrated Flow hazard, Overall Flood hazard, Overall MudFlow hazard and
Overall Landslide hazard. Each hdzs further divided into subcategories (indicated with a
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Criteria Tree |

[ Hazard as combined impact of multiple hazards -- Direct 3 Hazard_current
= [:l 0.13 Overall Hyper Concentrated Flow hazard -- Pairwise [T Hazard_ hyper_conc_flow
=] [:l 0.33 Type1 - Low viscosity, most fluid type -- Pairwise [ Hazard_ hyper_conc_flow_low_viscosity
: Q; 0.25 HCF _scl_depth - Depth of flow (m) so the wetting damage is higher at higher depths -- 5td:Concave(0.000,3.000) Eh HCF_scl_depth_smce
% 0.75 HCF_scl_velocity - Flow velocity (m/s) -- Std:Goal (0,000,1.000) B HCF_scl_velecity_smce
[E3 0.33 Type 2 - Medium viscosity , medium fluid type -- Pairwise [ Hazard_ hyper_conc_flow_medium_viscosity
Qf 0.25 HCF_sc2 _depth - Depth of flow (m) so the wetting damage is higher at higher depths -- Std:Concave(0.000,3.000) ER HCF_sc2_depth_smce
o Qf 0.75 HCF _sc2_velocity - Flow velocity (m/s) -- Std:Goal (0,000,1.000) B HCF_sc2_velocity_smce
-2 0.33 Type 3 - High viscosity, least fluid type -- Pairwise FE Hazard_ hyper_conc_flow_high_viscosity
Qf 0.25 HCF_sc3_depth_depth - Depth of flow (m) so the wetting damage is higher at higher depths -- Std:Concave(0.000,3.000) B HCF_sc3_depth_smce
Qf 0.75 HCF_sc3_velocity - Flow velocity (m/s) -- Std:Goal (0.000,1.000) B HCF_sc3_velocity_smce
=3 0.07 Overall flood hazard -- Pairwise R Hazard_flood

E| (23 0.83 Flood with 20 year return period -- Pairwise B Hazard_flood_20yr_return
P --Q} 0.83 Flood depth for 20 year return peried (m) -- Std:Concave(0.000,4.000) B Flow_Depth 020y

% 0.17 Flood velocity for 20 year return peried (m/s) -- 5td:Goal(0.000,1.000) s} Flow_Velocity 020y
E| D 0.17 Flood with 100 year return period -- Pairwise i} Hazard_flood_100yr_return
% 0.83 Flood depth for 100 year return period (m) -- Std:Concave(0.000,4.000) i} Flow_Depth_100y
ﬂg 017 Flood velocity for 100 year return peried (m/s) -- 5td:Goal(0.000,1.000) s} Flow_Velocity_100y
=- D 0.13 Overall Debris Flow hazard ) Hazard_Debris_Flow
Eg 1.00 Mudflow flood velocity (m/s) -- Std:Concave(0.000,2.000) s} Mudflow_Velocity_SMCE
0.67 Overall landslides hazard -- Direct ) Hazard_Landslides
5990.30 Runout of landslides - distance affected by land slides (m) -- Std:Convex(0.000,500.000) 2 Landslide_distance
Eb 0.10 Historic landslides hazard evidence (name of landslide event) -- Std:Attr="hist_landslides' R Iandslide
Eb 0.60 Landslide safety (slope stability classes) -- Std:Attr="stability’ ) open_slope_stability

Figure 17 Criteria tree for hazard; The righ -hand column shows the inputindicator maps (not

shaded) and the outputé ¢ o mp o s i tmaps ornreb@tx (shaded). The final outcomé the
composite index map or decisioiii s i n this casecuheemap,fibazdefined
the right-hand column.

Relative weight for the four hazards

The numbers in front of the group or the criterion are the weightst have been assigned to
the criteria to indicate their relative imptance with respetto the final result. Criteria that
O2y U NR O dzi S h¥AarNAs coambined Knact f multiple hazdrdsve received a
higher weight than those that contribute less. particular, landslides on open slopes
characterized by the lowest return periedreceived a five times higher weig(@.67 vs 0.13)
than the other hazardghyperconcentrated flows and flowslidespn the other hand, a
secondary argument was used to reduce weight for flagdphenomena; his hazard was
widely perceived by the stakelders as a nsance rather than as a hazard and therefore
received a weight of 0.07.

Relative weights for Hypeoncentrated flow

Because there was no information that indicatdtiat one of the three types of
hyperconcentrated flowgHCFwould have a lgher annual probability of occurrence, all three
received the same weight (0.33). Each flow type was characterized by a combination of
maximum velocity and maximum inundation depth. Inundation depth was considered as
contributing more to the hazard tharloflv velocity and therefore received a higher weight
(0.75 vs 0.25).

Relative weights fofloods

The 20 year return period flood has a five times higher probability of occurrence than the 100
year floa and therefore received a fiiémes higher weight (83 vs 0.17). The same ratio was
applied in estimating the relative contribution to the hazard of depth vs veloditye



difference of this ratio of 5:1 vs 4:1 in the case of HCF can be explained by thieatattie
contribution to the hazard of the veliyg in the HCF is considered slightly higher because HCF
has a higher density. At the same velocity HCF has a higher momentum than water and is
therefore more hazardous in the sense that it can cause more damage.

Relative weights forflowslides

For flowsides onlythe maximum flow velocitynapwasconsidered as indicatom this regard,
it is worth to mention that¢ for this kind of phenomenacharacterized by a peculiar
kinematics in the propagation stageconsequences related to the impact of the flogimass
to the exposed buildingcan be predicted on thedsis of the value assumed by ftexximum

velocityat the impact(Faella and Nigro, 2008&aella, 2006

Relative weights fotandslideson open slopes

Three maps were used in assessing the lateldliazard: 1) The classified slope stability map,

2) the map with historic landslides and 3) the potential maximum runout map. Most weight
was given to the maps that resulted from the deterministic slope stability analysis and runout
assessment; 0.60 and.3D respectively A small weight (0.10) was assigned to historic
landslides although one can argue that since these slides have occurred, stability has been
restored.However,it cannot be excludethat historic events may be the trigger of new, future
events. In addition, one can also argue that historic slides may indicate instable conditions in

their immediate vicinity.

Standardization methods

Where the weighing procedure gives the relative importance of each criterion with respect to
the other criterh, the standardization procedure rescales each criterion internally to a scale of
0 to 1. The way this was done is giveshimd the description of the criterigFig. 17) For
different types of maps different methods can be applied. Continuous data (Yataesbe
rescalled usingne of the following rescalling functions: 1) linear, 2) goal, 3) concave and 4)
convexg see figurel8. On the horizontal axis are the original criteria (map) values and on the
vertical axis the corresponding standardized (or nalized) values between 0 and 1.
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Figure 18 Rescaling functions for continuous value maps: 1) linear, 2) goal, 3 concave and 4)
convex. See text for further explanation.

In type 1, linear the highest value in the map getdue 1, the lowest gets value 0. All
intermediate map values get intermediate values through linear interpolation. In type 2 a user



defined map valugi.e. goal valuepets the normalized value 1. All map values above this
threshold will also get the namalized value 1 assigned. The lowest value gets 0 and all
intermediate valuesget their values through linear interpolation. In type 3 and 4 the
interpolation techniques areither convex orconcave; the user can define the exact shape of
the curve and caralso define maximum thresholds, similar as in typeTBere is strong
comparison between the standardization functions and the vulnerability curves used for e.g.
flood vulnerability assessment. Typically the flood vulnerability curves reldde a spedic
element at risk; the water depth to degree of damage on a scale of 0 to 1.

For nonvalue criteridike thematic mapsthe following weigting methods are available:

Direct the user specifies a value for the relative importance of each factor himself. Weights
are automatically normalized.

Pairwise Comparisanthe user goes through all unique pairs and assigns Saaty weights, i.e.
user specifies the relative importance for each pair of factors in fixed phrases or with a slide
bar. From thes weights, normalized weights are calculated.

Rank Orderthe user specifies the rantrder of the relative importancef all factors, either
using the rank sum method or the expected value method. From the specifiedordak,
normalized weights are calculated.

The resulting generic mukihazard map

The grouping of the critera, the choice of standardization method thedassignment of the
weights is a subjective process that incorporates expert judgement and perceptions of the
evaluators. The design of the tree is a thg@nsuming group process that should refléoe
compromises between the various stakeholders imedl in the SMCE proces#/hen all
evaluators agree on all the steps and decisions that resulted in defining the criteria tree, they
should also agree on the resulting output map. In this case that is the generichazdtrd

map that is shown in figure 1Jhis secalled composite index map shows on a scale from 0 to

1 which areas are most hazardous (1) and which areas the least (0). In figure 19 tharemin

of landslideson open slopesas most hazardous process is clearly visible in the end result.


mk:@MSITStore:C:/Program%20Files%20(x86)/ILWIS%203.3%20Academic/ilwis.chm::/ilwismen/smce_window_weigh_direct.htm
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Figure 19 Composite index map for multthazard. A low score indicates least hazardous and a high
score most hazardous.

4.3.2 Design of the criteria tree forgeneric multi-hazard vulnerability assessment

In this analysis we consideretiree different types of vulnerabilityenvironmental, physical
and vulnerability. In the following sections will be described how these types of vulnerability
were assessed

Environmental vulnerability

Environmental vulnerability evaluates the potentiabgacts of events on the environment

(flora, fauna, ecosystems, biodiversitys a proxy indicat we have use the landuse map

which consistedf four units (see figure 12)t) urban areas?) forest, 3)orchards and small

fruits, and 4) unknownEach othese units wasassessed for itenvirionmental qualitywith

using a directweightassignment method. Urban areas received the lowest environmental
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intermediate gradeof 0.5. This same value was assigned to the areas where the landuse was

not known.

Physical vulnerability

Physical vulnerability is the potential for physical impact on the built environment. It is defined
as the degree of loss to a given elemantisk or set of elementst-risk resulting from the
occurrence of a natural phenomenon of a given magnitude, and expressed on a scale from 0
(no damage) to 1 (total damage¥hysicalulnerability is related to the characteristics of the



elementsat-risk, and o the hazardintensity andis determined by the spatial overlay of
exposed elementat-risk and hazard footprints.

In this study we used the following main groups of indicators for assessing the physical
vulnerability:1) Building vulnerabilitfbased on entruction material and number of floors)
Immediate area surrounding the buildings (< 20m) for property damage 3) the potential

for damage (based on landuse and building size).

Social vulnerability

Social vulnerability is the potential impact efrerts on groups within the societgand it
considers public awareness of risk, ability of groups toc®e with catastrophes, and the
status of institutional structures designed to help them cope.

In the analysis of the social vulnerability we havede following indicator group<s) Roads
(based on their importance for immediate rescue services), 2) building occupancy to estimate
the amount of people present during daiyne, 3) building inhabitants to estimate the amount

of people present during ghttime, and 4) the number of floors as means for vertical
evacuation.

The criteria tree

Figure 20shows the criteria tree for themulti-hazard vulnerability assessmenthe final
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groupsthat were described previoushfhe assignment of the weights to each of the three

vulnerability types is highly subjective is obviously related to the objective of the risk
assessment. In this particular caspecialemphasis was gén to the social vulnerability

(weight = 0.6)with physical vulnerability on a second place with a weight of 0.35. The
environmental vulnerability was given the lowest weight (0.05).

Figure 20 Criteria tree for multi -hazard vulnerability. the final outcome i the composite index
map, ordecisionii s i n this case the map Avulnerability _curr
hand column.







































