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Abstract: Natural hazard risk assessments predominantly focus on individuat thdm multiple
hazards. Recent years have seen greateriattagiven to the theory and methods of mbkizard risk
assessment (MHRA), but there is no widely agreed definition of MHRA and eav obutes for
overcoming the problems associated with existing Amaltiard risk assessment approaches. We begin to
address these knowledge gaps by comparing two frequently used but vergmdifiéHHRA methods-

risk indexand mathematicaktatistic methods Therisk indexmethod computes MH risk from risk
factors (hazard, vulnerability, exposure), whhe mathematicabtatistics method integrates historical
time-series data to calculate MH risk. These methods were applied within the céi@biials Yangtze
River Delta Region, comprisir@b million people in40 administrative units. The analysis illustrates the
inconsbtency of existing MHRA method&or example, the Zhabei anbngkoudistrictsrank 2% and

4" respectively, in terms of MH risk, according to tiek indexmethod, but 13" and 13%using the
mathematicabtatisticc method.In addition, neithemethod is able to account for interaction between
different hazardssuch as those observed in the 2011 Tohoku earthquake in Japan, and the ubseque
tsunami and nuclear power station meltdown at Fukushima Daiichi. AdéflhlRA modelbased on
scenaricsimulationis therefore proposed and its relative merits discussed.

Keywords: Multi-hazard risk assessmerigk index mathematicastatistics; scenaricsimulation

1. Introduction

The impacts of one hazardous event afeen exacerbated by interaction with other haz#eds.the
2011 Tohoku earthquake which led to a tsunami and subsequently the Fuk3hichi nuclear
disaste), whilst some hazardsccuroneafter anothein quick successiowithoutan evident common
cause for examplein China’s Yangtze River Deltdlooding may be caused by a typhoon, dnd
monsoonal (i.enontyphoon) rainfall from June teAugusteach yearThe short time period between
events may reducdisasterresilience and recovery, and henseéndicative of greater risthanwhen
events are consideraéadividually. The problem is that by investigating singiazard in isolation to
each otherthe overallnatural risks for these areasmy be underestimated@o avoid this pitfallmore
attention should be paid toulti-hazardrisk assessmefViHRA).



Many studieshave been carried out examining the theory and methodd1&A (Armonia, 2006 Di
Mauro et al. 2006;Marzocchiet al, 2009. Generallyspeaking MHRA is based on singlkazard risk
assessmenthe main advantage MHRA is that it pus different types of hazards into a single system
for a joint evaluation. In principle, it takes into accountdharacteristicef eachhazardous event (e.g.
probability, frequencyintensitymagnitudg, and theimutualinteractions and interrelationghe aim of
MHRA is to have a holistic view of the total effecisimpactsby assessg and maping the expected
loss due to the occurrence of various natural hazamihe social, environmental and economic settings
in a given area (Dilley et al., 2005; Armonia, 2006).

Broadly speakingtwo main approaches t¢MIHRA have been developed@hese arel) a focus on
multiple hazardswvhich affect a given arethrough the development of a synthetic indicatord 2)
asseswment oftheintegratedossesfor a given perioaf time using statistical methodsIHRA methods
are thus an extension of existing methods applied in assessmerglethsinardsThere are n0IHRA
studies that comparanalysis of riskusing these two approaches for the same area. Theraefore
comparison between these two metha&dsonducted to gain insights into the utility of the MHRA
methods and therelative advantagesndlimitations

This papercomparegherisk index and mathematical statistics meth@@kfinition and methodology,
and therappliesthem tothe Yangtze River Deltto aralyze differencesncludingdataneedand resul.
After discusing possible reasons for differences in resutis relative meritsof these two methodare
summarizedanda refined MRHA modeis proposed

2. Déefinition and formula of risk

In risk index method, risk is defined as the probability of losserhiby the interaction between the
vulnerability of exposure and the hazard. The risk expression mostlysqineteéndexes of hazard,
exposure and vulnerabilifySDR, 2004):

Risk = Hazard x Exposure x Vulnerability (1)

In equation 1, hazard means potentially damaging physical ewdith could occurin a studyarea;
exposure means elements (e.g. people,scinfrastructurewhich exposeo that hazardyulnerability
means théntrinsic characteristics of those elements thakeshemmore or less susceptible to adverse
impact

The nathematical statistiasiethod describes risk according to the probability of occurrence of an event
and the severity it has toward human life, propang the environment, which could be expressed by the
cross product of the probability and the probable consequence (IUGS, 1997):

Risk =Probability x Consequence (2)

In equation 2, probability represente grobability of occurrence of hazard; consequence reprekents
magnitude ofimpact causedn realization of théhazard. Hence,the risk index method hefpto
understand thdisaster formation mechanism and the contribution of hazard, vuilitgrabd exposure

to overall risk(which is often referred to “risk formation approach”tive risk literaturg; while the
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statistics method expresses rie&probabilstic loss and can be used to predict and evaluate future
disaster losses.

3. Methodology

3.1 Risk index method

This methodcalculates a riskndex with reference to the disaster formatiapproach (equation 1)
Selection ofcomponent indigtors forhazardyvulnerability and exposur@ndcalculationof associated
weights are keystepsin therisk indexapproachThe process is similar to that for an individual hazard,
but in MHRA all single hazard riskare aggregateith a unifiedrisk index. SomenethodgCategory 1
below)first aggregateall thesingle hazarslin a multi-hazard indexandthencalculatemulti-hazard risk
considering vulnerability and exposure Others (Category 2 below) calculate single hazard risk
considering exposure and vulnerabilfiyr all hazardsand then aggregatethese risk to determine
multi-hazardrisk.

Category 1 This approach raalyzesthe hazard, vulnerability and exposuoeobtain the respective
multi-hazard, vulnerability and exposure ices. The multithazard risk indexs then calculated by
summation(Munich Re 2003; Schmidithomé et al. 2003; Fleischhauer et al. 2005; Schifhidimé
2006a SchmidtThomé2006b; SCEMDOAG 20061t can be expressed:as

R= f(Zn: H,Zn;v,zn; E) 3)

Where:Ris Multi-hazard riskH; is Hazard V; is Vulnerability andE; is Exposure.

The Calculation of the Total Place Vulnerability Index in the State Sofuth Carolina, USA
(SCEMDOAG, 2006) used this methoddalculate a multhazard indexaggregang all hazards with
equal weight An urban multihazard risk analysis usinge@graphiclnformation System (GIS)and
remote sensindor Kohima Town, India (Khatsu and Van Westen, 2005¢d Ar&IS softwaré to
overlayequal weightegsingle hazard magio generate aulti-hazard map. These methattsnot fully
reflect thespatial variability invarious impacts of different hazards in an afde Natural Hazard Index
for Megacities (Munich Re, 2003)sedaverage annual lossasd probable maximum loss as indicators
for hazard analysiéin a ratioof 80:20 for each relevant hazartut the key problemhereis that the
probable maximum loss for verpfrequent catastrophes is unknowhhe ESPON multhazard
approach (SchmidtThomé et al.,, 2003; Fleischhauer et al., 2005; Schihdmé, 2006a;
SchmidtThomé, 2006bused the Delphi method to decideights for each hazardDelphi analysis
draws on collective wisdom and absorbs useful ideas, which is assuma#le the result more accurate,
but the process is relatively complicated and protracted, which smialdifficult to apply widely.
Furthermore results obtained by Delptanalysismay vary according to experience phrticipants
involved (i.e. familiarity bias) andare sensitive to any events that occur during the deliberative process
(availability bias)

Category 2 In this approacheach hazardisk indexis first assessed individually for a given area.

! ArcGIS s proprietary software produced by Esri. It is a computer suite consisting of a group of geographic
information system (GIS) software for working with geographic information and maps. For details, see the Esri
website (http:// http://www.esri.com/software/arcgis).
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Weights are then assigned to each individual hazeid and summation is used to derive the
multi-hazard risk index (Wood et al. 2QQRC 2004; Bell and Glad2004; Dilley et al. 205; Arnold et
al. 2006; Sales et al. 200/ang et al. 2008Nipulanusat et al. 2009). This approach is depicted as

R:Zn: f(H,V, E) (4)

i=1
Where:Ris Multi-hazard riskH; is Hazard V; is Vulnerability andE; is Exposure.

Most applicationsin this categorycalculatemulti-hazard riskoy aggregatingingle hazard riskising
ArcGis or otherGIS software.Examples includehe European Commissiondoint ResearchCentre
(JRCY—Multi-risk Approach (Wood et al., 2003; JRC, 2004; Sales et al., 2a0d)lti-Hazard Analysis

in the village of Bildudalur, Iceland (Bell and Glade, 20@4¢ World Bank’s methodology for Natural
Disaster Hotspot analysis (Dilley et al., 2005; Arnold et al., 200@&)DDRM multi-risk approach
(Fleischhauer, 2005; Armonia, 200&hda Multi-hazard risk assessment using GIS and remote sensing
in the Pak Phanang Basin, Thailand (Wipulanusat et al., 20083e methodsuffer the same drawback

of the Categoryl methodsin that the multihazardrisk indexis calculated by aggregag all single
hazard risk with equal weight, whictloes not adequately reflect the various impacts of different hazards
present in the same area

Whilst bothcategoriesof methodshave helped to develop the practiceMifiRA andcan be used to
better compare theelative degree of danger between different ayeasst applications utilize hazard,
vulnerability and exposure to assess the final ainaiard risk without considering probabilities and
exceedence probabilitieand thughesemethodscannot reflect the real risk situation in gtadyareas.
Although the tools are useful in a relative seifise synthetic indicatqgrthey are less helpful in an
absolute sender determiningintegratedosses

3.2 Mathematical statistics method

The nathematicasbtatisticsmethodis based upon analysis of past natural disasters. Themaiysisof

the relationship between the probabitifian event, and the magnitude of the consequences of that event,
an exceedence probabildpss curvecan be buil Such curvesreused topredictand evaluag future
disaster risk.

The basic model fahe mathematical statisticeethodis shown in equation 2 abgwend the associated
loss curve in Figure 1Loss here isthe loss(damage) associatedith the disaster, EP(L)s the
exceedencprobability for the correspondirigss.Both parametc and nonparastric methods are used
to derive probabilities.

Figure 1. Exceedence probability-loss curve

2 The European Commission’s Joint Research Centre comprises seven scientific institutes in which the Institute
for Environment and Sustainability (IES) has developed harmonized EU-wide methodologies and information
systems for the prevention and prediction of weather-driven natural hazards in order to optimize the support and
exchange expertise on risk reduction and management.
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Parametic method The mathematical theorip this methodsuppose that disastetosses follow a
known distribution functionData onhistorical loses are used to estimate the distribution function
parametes, and thenthe probability distribution can be calculataging these parametersn this
distribution curvepccurrence sequence$ disastercan be depicted d(X, W, W, W), with u;, W, Us
being the distribution parameterthrough random sampling;, X;, Xs... X, in the X with n sample,
distribution parameters= R(X;, X, Xs... %)) can be calculatedind then the probability of different
disaster lossesan be calculated by ehdistribution curve.Grinthal et al (2006) built exceedence
probabilitymean wind speed cursefor windstorm risk assessmensing Schmidt and Gumbel
distributiors (Gumbel, 1958). Stedingest al. (1992) estimated the parameters by the method of
moments foiGumbeltype I , Pearsonype III, Weibull and Lognormal, and Gmthal et al (2006) used
these distributionto build exceedence probabiliischarge cunefor flood risk assessment.

Becawse the factors that contribute to natural disasters are complex, there is smmetiack of
historical data, and sampi&e is too small. Tésemake it difficult to assume a probability distribution
function that reflects the real situation for parameter estimatiodhence an alternative method is
needed.

Nonparametric methodThe nonparametric method mainly includes histogram density dégtima
kernel density estimation and information diffusion to derive probabiltiynates. Histogram density
estimatiorfirst draws a histogramnd curveaccording tovaryingdegres of disasterthen tased on the
curve type, adopts a moving average (using exponential smoothing ornatieod) to analye
historical loss dataA mathematical statistics mod=nthenbebuilt to reflect the functional relationship
betweerdisaster degree and freepcy.However, the resultsbtainedwith this method are crude and are
influenced greatly by the interval choice. In order to overcome the disadearifigstogram density
estimation, Rosenblatt (1956) and Parzen (1962) proposed the use ofdegrsigtestimation, which
can be used to estimate the probability density function of arbitraryshégmel density estimates are
closely related tdnistogramsbut can be endowed with properties such as smoothness or continuity by
using a suitable kerndlet (x;, %, ..., X,) be a sample drawn from some distribution with an unknown
densityf.Its kernel density estimator depicted as

f h(x):%i K(th) (5)

WhereK(*) is thekernelfunction andh > 0 is asmoothingparameter called the bandwidHowever, the
key problem of how to choose an appropriateoothingparameter still remains. Thaformation
diffusion methodvasintroduced by Huang (1997) to overcome this problem, and using this nzathod
improve the accuracy of natural disaster Esdessment_etlossequy, U, ..., U,) be a sampleT; is the
reallosses in each disasteheprobability distribution can be calculated as:

1 = U) 1omii 12 6
f.(u,)_h expl 7 ] (=1,2-m;j=1,2--n) (6)

NeYs

h is the diffusion coefficient which can be decided by maximum b, minimum a of the samples and
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sample number minformation diffusion methodan use sampldatato assessaturaldisaster risk
Huang (2000kshowedthatthis method is about 28%ore efficienthan histogram density estimation.
The mathematical statisticgiethod usindhistorical datebiasingthe calculation towards expected loss,
and gives more consideration on the probability of occurrence, but exposure and Wbillherare
neglected to some extent.

4. Casestudy of the Yangtze River Delta

4.1 Casestudy region

The Yangtze River Delta (Fige 2), located in the central part of the eastern coastal area of China,
comprisesl40 counties including those in the southern Jiangsu and northern Zhejiang proaimdes
includes16 major cities, of which the largest is Shangtéth an area of 99,600 Knil% of the country
area) and a population of about 85 million (6.5% of the country population),cgaeantributed 7.8%

of GrossDomesticProduct (GDP) 22% of financial revenue, ald.8%of export trade, making it one of

the county’s main economic igions. According to historical dataniChing 16% of all typhoons that
occurred between 1950 and 2010 made landfall in this region, and nearly 30%ciedtlee region. The
region was hit by catastrophic floods in 1991 and 1999, which cause direct écdogsas of 11 and
14.1 billion Yuan respectively



(Taizhou* is in Jiangsu Province, Taizhou** is in Zhefigmovince.)

Figurel. TheYangtze River Delta

With both population density artonomic activity growing, this already vulnerable region is becoming
increasingly susceptible to natural disasters. This growingexaihility, combined with occurrence of
several different natural hazards, makes the area a suitable region in whkiglatohr multihazard risk
appraisal

4.2 Research data and methods

4.2.1 Data

The comparative analysis of the two HRA approaches is conducted for the Yangiz®&ta region,
using the data shown irable 1 Historical disaster daia neededy bothmethodswhilst the risk index
method requires more detailed socioeconomic data, which has been availalsiea?006.

Table 1. Datafor MHRA in the Yangtze River Delta

Statistical Time
Method Data Index Source
unit interval

Population size,ender

ratio, age structure, traffic
Risk index Socioeconomic County

condition, 2006 Statistical Yearbook
method data level

telecommunication facilities

and medical condition




County Meteorological

Number of disaster 1950-2000
Historical level Departmentand Civil
disaster data Administration
Deaths caused by disaster Total area  1950-2000
Department
Socioeconomic
Population size City level 19502010 Statistical Yearbook
data
Mathematical -
- Deaths caused by disaster City level 19502010 Meteorological
statistics
hod Historical Department and Civil
metho ;
disaster data Population affected by County 19902010 Administration
disastet level
Department
4.2.2 Methods

Risk index methodThe multthazard index was the sum of each hazard value multiplied by its weight,
which was calculated according to the average historical death toll caused bgzhid. Gender ratio,
age structure, traffic condition, telecommunication facilities andicakdondition were selected to
calculate the vulnerability index with the help thfe entropymethod. The exposure index was
represented by the population densljulti-hazard risk index to human life wésen calculated by
aggregating the muttiazard index, the vulnerability index and the exposure in&@ally, the
multi-hazard risk index map of human life was developed (Liu and Xu, 2012).

Mathematical statistics methotihe multihazard risk on human lifgas assessed based on information
diffusion. The probability distribution of singleazard loss was calculated based on historical loss data
(19502010. These singkhazard lossesvere aggregatedo integrated lossesgnd the exceedence
probability calcuhted based on the probability distribution akinglehazard. Finally, exceedence
probability-loss curve and maps of muttazard risk on human life with different exceeding probability
were developedith the help of ArcGIS software (Liu, 2011).

These two methods both can be expanded to evaluate the risk of more than tdsarakaxposures
Compare to the mathematical statistics methdige risk index method is simple and easyaoply.
Though mathematicadtatisticsmethodrequiresless data thathe risk index method, updiag the
required datés more difficult thartherisk index methodasthe exceedence probabikikyss curvemust
be rebuiltwith each update.

4.3 Reaults

The multihazard risk index map (Rige 3) shows that high-risk index areasare mainly found in
Minhang, Putuo, Zhabei, Huangpu, Yangpu, Hongkou, Baoshan, Changning in Shanghadcity a
Wenling in Taizhou**city. Minhang, Putuo, Zhabei, Huangpu, Yangpu, Hongkou, Baoshan, Changning
rank as high risk area due toa high exposure index value (high population density) and high hazard
index value (mainly flood hazard). The risk index value of Wenling is alge ldne to high typhoon
hazard and vulnerability index values though the exposure index value is vatylow-risk index

% Multi-hazard risk was assessaaity level in D11. In this research, deathseachcountywerecalculatedhrough dividing the
deaths in the city level with a certain weight, whichesided by population affected by flood and typhooeairthcounty from
2001 to 2010
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areas arenainly foundin the northwestern part of the region and some counties in Hangzhou southwest.

In the map ofmulti-hazard risko human life with 10 year20 yearand50 year return pericgithe death
level distribution aréasically identicafLiu, 2011) so here a@isk map using a 20 years return peneas
chosenfor comparison Because the results oftegratedlosses are expressed as deaths per million
people, the population size of eaxduntyin 2006were input intdo calculatehe possiblaleaths in this
year caused by multiazard with 20 years return perigiigure 4). Note thatin this map Ninghaj Cixi

and Jinzhoun Ningbo,Fuyangin Hangzhou, Baoying in Changzhou are at hrigk level and counties

in Shanghiare at a low level.

Figure 3. Multi-hazard risk index Figure 4. Multi-hazard risk with
20 yearsreturn period in 2006
Because the results obtainedhrrisk index metho@re asynthetic indicatofunit less index)and in the
mathematical statistics methoesultsareintegratedosses(deaths) they cannobe compare directly.
Therefore spearman correlation was used to calculate theagaide correlatiorof counties for the two
multi-hazard rislapproaches

As shown in Table2 and 3, the top 10 arabttom 10 countries in synthetic indicator and integrated
losesare totally differentFor example, the Zhabei amtbngkourank 2 and 4" respetively in the
synthetic indicatorisk indexmethod, but 12 and 13%in integrated losss using themathematical
statistic method.Spearman rank correlation coefficierg-0.14, so there is no correlation between them



Table 2. Highest MH risk counties Table 3. Lowest MH risk counties

Rank  Syntheticindicator Integrated losses Rank  Syntheticindicator Integrated losses
1 Yangpu Ninghai 131 Pukou Hongkou
2 Zhabei Fuyang 132 Linan Zhabei
3 Huangpu Cixi 133 Anji Changning
4 Hongkou Jinzhou 134 Dantu Luwan
5 Putuo Baoying 135 Jingkou Jingan
6 Minhang Fenghua 136 Danyang Putuo
7 Changning Xiaoshan 137 Jiangyan Tongzhou
8 Wenling Yuyao 138 Runzhou Pingjiang
9 Baoshan Linhai 139 Kunshan Qinhuai
10 Yuhuan Wenling 140 Yizheng Jinqu

5. Discussion

5.1 Comparative performance

The results obtained by these two methods are totally different aednloasorrelation. The possible
reasons for the difference are:

1) In multi-hazard risk index assessmehg vulnerability and exposure indegwere built with data for
2006 0only, 0 resultsmay notreflect the danger degree in exposure and vulnerability. Integrated loss
assessment used hista@litoss data from 1950010, but it cannot considére vulnerability situation
Exposire value and vulnerabilitthange every yeas the population grows and the economy develops
A high vulnerability valuén 2006 canmake a countyrank high in the synthetic indicatdsut inother
years tlis countymayhavea low vulnerability, which make it lva few disaster loss recorddead toa

low rank in integrated loes

2) Inthe multi-hazard risk index assessment, risk is calculated as a product of hazard@bilitypnend
expasure. The great difference in population density (exposure index)tteestsilts only on the basis of
exposure index, e.g. population density in Huangpu B0$eople pekn?, which is nearly 500 times
bigger than Chunan with 2(people pekn?. .

3) Mathematicalstatisticsmethod on losassessmerignoresthe influenceof extreme events (where
return periods are significantly greater than the time period representedsample of observed data).
Including more extreme events in the saanpdn make probability of exceedence higher and influence
the shape of the probability distributienrve e.g. counties in Ningbo are at higkk in the 20 year
return period map, because the Ningbo region experienced a particularly tieyagthoon n 1956,
causing many deaths, and this rare event is included in the generative data.
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5.2 Rdative merits of thetwo methods

Despitethe results being vedifferent, it cannobeconcludel that one method is wrong or that neither is
correct because they havadifferent focus The advantages and disadvantages of these two metteods
summarizedn Table 4.The synthetic indicator mainly uses the risk index method, which analgkes r
considering the disaster formation mechanism, and emphaslaése risk by considering more fully
the exposure and vulnerability; howewtagnores risk probability, with results obtained used to compare
the relative danger between different areas, but with no reflection of théskesituation in these areas
Integrated losses in a given time mainly relies on the mathematitiatiss methodo calculate possible
losses (e.g. economic loss, mortality) caused by multiple aldtazards in a given region and time
period. Mathematical statistics bias the calculation towards the expecteahtbd®e corresponding
probability, but exposure and vulnerability is neglected to some extbos there is a need for
developinga methodwvhich can combine thadvantagesf thesetwo methods.

Table4. Advantagesand disadvantages of risk index and mathematical statistical methods

Risk index method Mathematical statistical method
e Considesthe disaster formation e Calculatsthe possible loss
mechanism. e Calculats exceedence probability for
e Helpsto understand the contribution of risk

hazard, vulnerability and exposure to

Advantages
overall risk.
e Better omparsthe relative danger
between different areas
e Simple to operate
e Cannot calculate probability of the risk e  Neglecs vulnerability and exposure
e  Weight problenis notresolved e Potentially biased byxéreme events
Disadvantages e Neglecsinteraction between different o Data updatés complex
hazards e Neglecsinteraction between different
hazards

5.3 Scenario simulation

Disaster senari® can besimulaed using a MH risk model built take advantage of the merits of both
therisk index andnathematical statistics method#$erisk index helgto analyze the disastirmation
process andthe mathematicastatisticsmethodto estimatethe possibility of loss Using these two
methods after making clearlyhow natural hazardsfluencean areasimulationmodels can be built
which simulatescenaios about some hazardous eveatslifferent magnitude and probability of hazard
occurto assess overall risk

The basicframeworkof scenaricsimulationmodelsis: 1) identify the exposure distributiontime study
area; 2) identifythe influencerangeof some hazards with different magnitude; 3) simulate scenarios

about how these hazaridluencethe studyarea and identify the affectekposuresand4) calculate
11



losses irdifferentscenarioombing with thevulnerability of exposures.

Scenario simulation has become a common approach in natural disaster risk asge€® and
multi-agent, neural network, cellular automata and atherplex system simulation modelihgve been
usedwithin scenariodmulationto simulak the disaster developmempirocessinderhuman disturbance
andto assess disaster risk dynamically with risk visualizai@MA (2004) input national baseline data,
inventory data, hazard maps and expert adjustment analysis parametdrsilHAZUSMH software,
and then usksceenariosimulation to analyze various impacts (e.g. physical damage, ecotassjc
social impact) of flood, earthquake, hurricane. Riskcity, a-l&d§ed training package, developed by
United Nations University- ITC School (UNUITC) uses GIS software to analyze different types of
hazards, create an exposures database, assess vulnerability, and estimatessnfura¢arthquakes,
landslides, floods, and technological hazards (Van Westen, 2008). RiskSxaspftware model
developed by the Research Orgatimas GNS Science and the National Institute of Water and
Atmospheric Research Ltd. (NIWA) in New Zealand can be used to calculate danmgedatbsolute
loss from different natural hazards and for various exposures base® ¢8cBimidt et al. 2011).

Suchmodek greatly enhance disaster risk analysis preciaimhoffer an important basis t@veal the
cause ofdisastersassistemergency rescue, simwatnd formulate emergency control plddowever,
though FEMA, Riskcity and RiskScapee hamed mulihazard risk, thegnly calculate loss caused by
singlehazard withoutaggregation tantegrated loss. In additipthey all neglect the interactions and
interrelations between different hazardg. one hazard may occur repeatedly in time; different hazards
may independently occur in same place; different (or same) hazards maydependently in same
place.There is therefore a need to develop an improved model of intedgoastedor use in MHRA
simulation.

5.4 A conceptual model for MRHA

Although existingscenario simulatioomodelscouldtake advantagef the merits ofboth risk index and
mathematical statistiosiethod, in practice, theyeglectthe interaction betweedifferent hazards. In
order to address this problewe proposea conceptual mode&thich caraddresshe possible loss caused
by multiple hazards, with an explicit consideration of interaction éetwdifferent hazardsts basic
frameworkis shown inFigure 5. The key steps of this approach are as follows:

12
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Fig 5. A conceptual model for MHRA

1) Defire the assessmenpatialscope (e.g. world, district, local), resolution (e.g. grathmninistrative
district) and time frame (e.g. year, month, seasmeprdingto the request of stakeholders.
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2) Multiple hazards will be assumed to occur during the research time frame. Identffatiodesmporal
extent of these hazardsthre studyregion, and analyze the relationship between intensityasiohbility
of occurrencdor each hazard.

3) Based on hazard interaction analygig). event tree analysislgrzocchi et al.2009, and'disaster
chain'analysis(Shi, 1991) identify what derivatives hazards can be induced by these assumed hazards
and calculate the probability of occurrence for each derivatives hazard.

4) Identify andanalyze theatial and temporal distributiaf exposurewhich affectedby these hazards
in research area

5) Input all hazard data araffectedexposure data intthis part The exposure loss caused by each
hazard can be calculated through vulnerability anglgsts winerability curve(PenningRowsell and
Chatterton, 1977

6) Aggregate all lossesaused bysingle hazard togetheo calculate theintegratedlosses.The
aggregabn procesmneed toconsiderthe ‘exacerbatiorfunction’ (e.g.damage caused by one disaster
can be made worse than expecatieg toa lack of recovery from a prior evgnaind avoidrepetitive
computatiorn(e.g.some exposures have been totally destroyed by one disaster, but theeedptasiase
cannot update immediately, so these totally destroyed exposured arsesitiio calculate loss caused by
other disaste)s

7) Smulate all possible scenarios and calculate the corresponding losses. E€hemcéedence
probability-loss curve and muthazard risk maps with different mutiazard return period can be drawn
with the probability oimultiple hazards occurren@nd thecorresponihg integratedosses.

Compared to existing methods, thmsodel will not only calculate the exceedence probability of
multi-hazard risk, but also analyze the relevant relationships between difiazamds.

6. Conclusion

MHRA is usedto assess the excepted loss causedthbliple hazardsin a given arealt takesinto
account thecharacteristicof eachhazardous evengnd their mutual interactions and interrelations
The risk index andnathematicalstatistics methods both haveertan drawbacksin MHRA. The
synthetic indicator of multiple hazards affecting a given area mainlythsegsk index methgdvhich
analyzes risk considering the disaster formation mechanism, and ®@pgshalative risk by considering
more fully the exposure and vulnerability, ifugnoresrisk probability. Theresults obtainedreused to
compare the relative danger between different areasgldbnbtreflect the real risk situation. Integrated
losses in a given time mainly relies on the mathematical statistic methatttlate possible losses (e.g.
economic loss, mortality) caused by multiple nature hazards in a givien segltime period Methods
using mathematical statistics bias the calculation towards the expestedrid give more consideration
on the probability of occurrence, but exposure and vulnerabilizygely neglected.

Scenaricsimulation useddigital technobgy tools, cansimulate different disaster scenariogluding
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the disaster formation proces® ado assess possible lo&mulationcan take advantage of the merits
of both risk index and pbabilistic methodssois considered morecomprehensive gthod toanalyz
multi-hazard risk However, existing scenario simulation modets notconsider interaction between
differenthazards

Arelatively comprehensiiHRA conceptual model ihereforegproposedMHRA of natural hazards is
focused on scenar®mulation, with explicit consideration of the relationship betweenrdiftthaards
This modekantake advantage of the merits of both risk index and mathematicalcstatisthod; it not
only analyzes risk considering the disaster formation mechanism lfrazard, vulnerability and
exposure, but also calculates the possible loss and corresponding proladiffgrent scenarioslhe
relationship between different hazards will be considered in model gotstr, so hazard interaction
mustalso be aalyzed.How bestto build these modules (e.g. hazard interaction analysiserability
analysi$ is the subject of ongoing research.
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