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Abstract In recent decadesocietyhas been greatly affected by natural disasters (e.g. floooisghus,
earthquakes)losses and effects caused by these disasters have been incr€asimgntionally, risk
assessment focuses on individual hazards, but the importance of addresftipte hazards is now
recognised. Two approaches exist to assess risk from miigkerds; the risk index (addressing hazards,
and the exposure and vulnerability of people or propértysk) and the mathematical statistics method
(which integrates adervations of past losses attributed to each hazard type). appsmaches have not
previously been compared. Our application of both to China clearlyrdtas their inconsistency. For
example, from 31 Chinese provinces assessed for-ha#trd riskGansu and Sichuan provinces are at
low risk of life loss with the risk index approadbut high risk using the athematical statistics approach
Similarly, Tibet is identified as being at almost the highest risk ofi@oic loss using the risk index, but
lowest risk under the mathematical statistics apprdaath inconsistency should be recognised if risk is to
be managed effectively, whilst the practice of mb#kzard risk assessment needs to incorporate the relative

advantages of both approaches.

Keywords Multi-hazard risk assessmenRisk index- Mathematical statistics Economicloss - Human

life loss
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The danger of mapping risk from multiple natural hazards

1. Introduction

The impacts of one hazardous event are often exacerbated by iotersith another (Marzocchi et al.
2009). The mechanism by which these interactions occur varies, and mayrbduat mf one event
triggering another, or ‘crowding’, where events occur independenthouti evident common cause, but in
close proximity, spatially, temporally, or both (Tarvainémle2006; Carpignano et al. 2009; Marzocehi
al. 2012). The 2011 Tohoku earthquake which led to a tsunami and subsequentikubbifRa Daiichi
nuclear disaster (Noriet al.2011) is an event cascade and an example of triggering,t ilbdsling in
China’s Yangtze River Delta arising from a typhoon occurring at thes game as annual monsoonal
rainfall is an example of event crowdirfgiu et al. 2013). Close proximity betweeevents may lower
resilience to disaster and make recovery more difficult, and illustraesrisk from multiple natural
hazards is often greater than that suggested by risk assessment thadredmsidrds as independent

events.

Multi-Hazard Risk Asssment (MHRA) hadveendeveloped to combat the limitations of single hazard
appraisal (Armonia Project 2006; Marzocchi et al. 2009; Di Matral. 2006), with MHRA approaches
building onthe methodsleveloped for singkhazard risk assessment, but addiildy considering hazard
interaction. The aim is to develop a more complete understanding of/radsbssing, and usually mapping,
either the relative danger or expected losses (social, economimreneintal) due to the occurrence of
multiple natural hzards in an area(Armonia Project 2006; Dilley et al. 2005). Two MHRpkoaphes
exist, one developing a risk index, and the other using a matlaimstttistics approach. There are no
MHRA studies that compare analysis of risk using these two approachbe &anhe area. Therefore, this

paper compares the risk index and mathematical statistics methodgi¢mefind methodology), and then

applies them to China provincego analyze differences, including data needs and results. After discussing

possibe reasons for differences in results, the relative merits of thesmdtmwds are summarized.
2. Methodology

2.1 Therisk index approach

The risk index approach addresses the factors that lead to a disaster (digast@rrfprRisk is defined as
the probabiliy of loss caused by the interactions betwtee vulnerability exposureand the hazardRisk

is most commonly expressed as in equatiQr{i8@8DR 2004):

R i% = H azard XV uherability X Exposuire (1)



69  Where hazard is the presence of potentially damaging physical events in an arsaseéxpbenumber,

70  types and monetary value of elements that are exposed to that hazavdinendbility refers to intrinsic

71 characteristics of thosglementghat make them more or less susceptible to adverse impact. Selection of
72 component indicators for hazard, vulnerability and exposurecalcedlation of associated weights are key

73 steps. The process is an extension of that used for an individual hazbrdskd from individual hazards

74  aggregated in a unified MHRA index. Aggregation may proceed in tws.\Wée first is to address hazard,

75  vulnerability and exposure for individual hazards, and then sum for théhaghird risk indeXGranger

76 and Trevor 200; Munich Reinsurance Company 2Q008hatsu and van Westen 200SchmidtThomé

77 2006 Thierry et al. 2008Kunz and Hurni 2008SCEMDOAG 200%:

78

79 R= f(Zn:Hi,Zn:Vi,Zn:Ei) )
i—1 i1 -1

80

81  An alternative aggregation approach is used in which each hazard risk indsk ésdessed individually
82 for a given area. Weights (see below) are then assigned to each individual hazand ssknmation used
83 to derive the multhazard risk indexBell and Glade 2004JNDP 2004 Lavalle et al. 2005Dilley et al.
84 2005 Wipulanusat et al. 200%hi 2012:

85

86 R=> f(H,V, E) 3)
i=1

87

88 In both casesR is Multi-hazard riskH; is Hazard)V; is Vulnerability, E; is Exposure andrepresents each

89 individual hazard

90 However, most methods in both aggregation approaches (equatiomsl (&3)psuffer the drawback that
91 the multrhazard risk index is calculated by aggregating all single hazard rigkegual weigh{Table 1)

92  which does not adequately reflect the varied impacts of different hazards pregensame area. Whilst

93 both aggregation methods have advanced MHRA and can be used to better coenpalatith degree of

94  danger between different areas, these applications utilise hazard, vuityeeatuil exposure to assess the
95 final multi-hazard risk without a consideration of probabilities and exceedance pitidmftiie probability

96 that a specified level of loss, ogeeater loss, will occurland thus these approaches cannot reflect the real
97 risk in the study areas. Thus the risk index is useful in a relative senss,l&sg helpful in an absolute

98  sense for determining total losses.

99 22 The mathematical statistics approach

100 The mathematical statistics approach is based upon the analysis of obsewal disastersRisk is

101 defined asa product of the probability of occurrence of a hazardous event and the consegfisncbsan
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event forexposurs (the magnitude dmpact resulting from realization of the hazard). Risk is expressed as
(IUGS 1997):

R i%k = Probability X C onsequence (4)

This is the basic model for the mathematical statistics method aadsitgiated loss curve is shown in
Fig.1. Loss (L) is the loss (damage) associated with the disaster, and EB&)eisceedance probability
for the corresponding los$hrough application of this approach, an exceedance probdbggycurve can
be built which shows the likelihood of losses of different magnitudes, andhwiused to estimate and
evaluate risk of future disasters. Both parametric and nonparametfiodeesre used to estimate the
required probabilities(FEMA 2004 Grunthal et al. 2006 Van Westen 2008Schmidt et al. 2011
LinaresRivas2012 Frolova et al2012 Liu et al.2013 (Table 1).

Fig.1 Exceedance probabilitpss curve

The mathematical theory in the parametric method assumes thatrdsssts follow a known distribution
function (curve). Historical loss data sets are often used to estimalesttibution function parameters that
are then used to calculate the praligbdistribution. This methodology has been widely used in risk
assessment. For instance, Grinthal et al. (2006) calculated exceedance fyahabii wind speed curves

for windstorm risk assessment using Schmidt and Gumbel distribu@nmsbel 1958)Stedinger et al.
(1992) estimatedlistribution functionparameters by the method of moments for Gumbel type, Pearson
type Ill, Weibull and lognormal curves; instead afid Grinthal et al. (2006) used these distributions to

build exceedance probabilitgtischarge curves for flood risk assessment.

There is sometimes a lack of historical observations, so it can be difficaevelop a probability
distribution function that reflects the real situation for parameter estimdtiothese circumstances, a
nonpaametric method is used, which may employ histogram density estimkémel density estimation

or information diffusion to derive probability estimatestogram density estimatiaas easy to use, btie
results obtained are crude and are greatlyémfted by the interval choic&ernel densityestimation
(Rosenblatt 1956Parzenl962) are closely related to histograms, but can be endowed with propecties

as smoothness or continuity by using a suitable kernel. Howthee key problem of how to obse an
appropriate smoothing parameter still remairse information diffusion method was introduced by Huang
(1997) to overcome this problem, and improves the accuracy ofahaligaster risk assessment. The
information diffusion method can use samgta to assess natural disaster risk, and Huang (2000) showed

it to be about 28% more efficient than histogram density estimation.
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Table 1 Multi-hazard risk assessment approaches and applications

These two risk assessment approaches are distinittatirthe risk index method primarily serves to aid
understanding of the disaster formation mechanism, as it striveanfappreciation of the relative
importance of hazard, vulnerability and exposure (of human and physitainsysand the interaction
betveen these elements, in the overall determination of 88k1096; Wisneret al.2004). Conversely the
statistics method expresses risk as probabilistic loss, and is useilmating and evaluating losses from
potential future disaster. It gives marensideration to the probability of occurrence but relative to the risk

index approach, exposure and vulnerapdgite neglected.
3. Application to China

3.1 Data

These approaches have not previously been compared, vasiesirchersarely explicitly justify their
chosenapproach Their comparison is important to developing more transparent MthR#Awould béer
inform management of riskom multiple hazardsWe therefore compared the two MHRA approaches via
their application to a common area that exper@s significant natural hazards. A history of natural
disasters driven by different natural hazards, plus a growing papukatd economy at risk, makes China
a suitable region to conduct this comparison (Weingl.2008). For both approaches, nine natinazards
including flood, drought, heat wave, cold wave, earthquake, lldadstorm (typhoon and local storm),

wildfire and avalanche were addressed to calculate the risk to human life anchecproduction.

Historical data on natural disastersGhina was drawn from the EAT International Disaster Database
for 19812012, and used in application of both approaches. The approaches differ irethaiements for
sociceconomic data, in terms of both data type and time series, which reflecterdiée in the
complexity of the approaches. The risk index requires ssmimomic data for multiple variables, but only
one year of data is required (Table 2). The mathematical statistics apmdess demanding in terms of

the variety of socieeconomé data required, but a longer time series is needed (Table 2).

Table 2 Data for multthazard risk assessment in China

3.2 Application and results

The risk index approach was applisdgch thathe multrthazard index was the sum of each hazard value

multiplied by its weight, calculated according to the average historical ddlaaksociated with this hazard
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(Munich Reinsurance Company 2003). The normalised +haitard index to human life is@hn in Fig2a
Provinceswith a high multthazard index value mainly located in seetistern ChinaPopulation age
structure, gender ratio, and quality of supporting infrastructtnengport routes, telecommunication
facilities, and medical facilities) e usedas indicators to calculate the vulnerability index (Cutter et al.
2003;Villagran de Leon 2006; SCEMDOAG 2009) to human life using the entn@ight method (Zou

et al. 2006 Miao and Ding 201p As shown in Fig2b, Provinces with a high vulnerability index value
mainly located inwestern ChinaThe exposure index to human life loss was represented by population
density. As shown in Fig.2c, Shanghai has the highest exposure.ifithex rmulti-hazard risk index to
humanlife was then calculated by aggregating the rfhdizard index, the vulnerability index and the
exposure indexvith equal weigh{Fig. 2d). This methodology was used in assessing economic loss, with
GDP per ki as the exposuréndex The hazard index,vulnerability index, exposure indeand

multi-hazard risk indexo economic los&re shown in Fig.3.

Fig. 2 Multi-hazard riskassessmertib human life in China (2@) using the risk index approach (0
represents the lowegalue and 1 represents the higheatue

Fig. 3 Multi-hazard riskassessmertib loss of economic production (GDP) in Ch{2813)using the risk
index approach (0 represents the lowadtie and 1 represents the highestue)

The information diffusiormethod (Huang 1997) was adopted in the mathematical statistics apgrbach.
exceedance probability (EP) distribution of miléizard loss was calculated based on observed disaster
loss data (1982012), and an EP loss curve developed. Mhb#kzard risk tdife and GDP was mapped for
10, 20 and 50year hazard return perio@ig. 4 and Fig. 5)Estimated losses are expressed as deaths per
million people and ratio of economic loss to production, so population size RRdM2013 were used to
probabilistially estimate deaths and economic lws2013 attributed to multhazard with a 2gear return
period (Fig6).

Fig. 4 Multi-hazard risk to human life for selected event return periods

! Entropymeasures the amount of useful information in the indicator provitledn the difference in one
indicator between different assessment unitsnigll, the entropy is great, it illustrates that this indicator
provides less useful information, and the weight of this indicator shousétbeorrespondingly small. On
the other hand, if the difference is large and the entropy is smallgigbtwouldbe big
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Fig. 5 Multi-hazard risk to economic production for selected eretatn periods

Fig. 6 Deathand economic loss in 2013 to mtlitizard with a 2@ear return period

4. Comparative performance

Comparing these with the risk maps generated using the risk mpproactand mathematical statistics
approactshows that the results are inconsistent.@éigand Fig6a, Fig.3d and Fig6b). For instance, Gansu
and Sichuan provinces are at low risk of life loss with the risk index appr@ig2d), but high risk using
the mathematical statistics approach @& Similarly, Tibet is identified as being at almost the highest
risk of economic loss using the risk index (Bid), but lowest risk under the mathematical statistics

approach (Figb).

The risk index expresses risk using a synthetic unitiedicator, whilst the mathematical statistics
approach expresses risk as integrated losses (lives, GDP); hence, resutsbheanompared directly.
However, Spearman rank correlation (Spearman 1904) coefficientsradrid 033 for multi-hazard risk to
human life and loss of economic production clearly reveal the lack of comsistetween the two
approaches, which supposedly both assess the saméharatd risk. This is further illustrated bable 3

the risk ranking for the two approaches.

Table 3 Province ranking by the risk index and mathematical statistics appradadmesan life and
economic production

There are several possible explanations for this observation. Fifstlyrisk index and mathematical
statistics approacheadopt different assessing element3he risk indexapproach assesses risk from
component indicators for hazard, vulnerability and expodmuemathematical statistics approaetdopt
probability and corresponding loss to measure the Bglcond MHRA using the risk indexapproach
draws on vulnerability and exposure data for a single year @U$3(in our analysis), whereas the
mathematical statistics method makes a probabilistic assessmenugiiadraw on a long run tirmgeries

of observed losses32 years in our case)hirdly, and related to this, is that the mathematical statistics
approach does not explicitly address changes in vulnerability (of populatiopreperty) but these values
change from year to year as a country develops. A regionierpig rapid population growth may see a
major change in the population that is vulnerable to natural hazards, buskhadex reflects this

vulnerability for one year only (most likely that for which thesftdata is available), and hence is unjikel
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to be representative of vulnerability over the long. The mathematical statistics approach does not
address vulnerability directly, but does so indirectly, via observagdosvhich in contrast are for the long
run. Fourthly the risk index is alsdmilarly sensitive to changes in population (or property) exposure (e.g.
the population density of Shanghai, aB@ people per krmis 1494 times higher than that of Tibet).
Finally, the mathematical statistics approach underestimates theniod of extreme events whose return
periods are substantially longer than the time period of the obsergedalas This is evident in the case of
Sichuan which is calculated as high risk (to human life) in thge2® return period, because this region
experiencedan earthquake in 2008 whose magnitude (and death toll, a reported 87,587 {2@S
2012) had a return period that was much longer than that of the obsesgerecord. If more extreme
natural hazard events are included, the observed loss data would increase exceetahiitigs and the

resulting multihazard risk estimation.

Despte the difference in results, it cannot be concluded that one approach gsawttbiat neither is correct
These two approaches both provide a measure of rigkthey each have a differeeimphasis Both
approaches have certain advantages and drawbacks which reflect thamphasize the disaster
formation mechanism (and is best used to assess relative risk)eastieremphasizethe expected losses
(thus reflecting real world observations, but neglecting exposurewnerability) (Table4). Our analysis
for China has demonstrated that these two approaches can differ inthegiestof risk, so much so that a
complete reversal of the risk picture gained is possible if switching framapproach to the other. This

has significant implications fananagement of that risk.

Table 4 Relative merits of mukhazard risk assessment approaches

5.  Conclusion and discussion

We conclude that in assessing risk from multiple natural hazards, there is tonmeedgnise that the
results of a MHRA are heavily dependent upon the approach adopted, anathas ttlearly danger to
effective risk management, in unwittingly choasione approach over another, with for example, choice of

approach driven by practical considerations, such as data availability.

Comparative analysis of muliazard risk merits further work, for different territories and geducap
scales, to verify our findings. However, the degree of inconsistenayebetthe approaches revealed by
our analysis implies that risk assessors must recognise the relatite afieheir adopted approach, and
clearly explain to those with natural hazard risk management rEbpities (including politicians, policy
makers and planners) which approach has been used and\svkliown in Figs, the approach adopted

will likely depend upon the objective of the MHRA. Loss assessors ffgeginsurance industry) may



262 favour the matematical statistics approach, but those seeking teagiieely manage muHnazard risk
263 require a deeper understanding of the factors that underpin that rislo amidl f&avour the risk index
264  approach. The evident disparity between these two approachess riieat effective management of

265 multi-hazard risk, which better protects life and property, may be constrained

266

267 Fig. 7 Multi-hazard risk assessment (economic loss) for relevant stakeholders (a) makeys and
268 planners, and (b) insurance industries

269

270 A hybrid MHRA approach that integrates the best of the index and statisticabapps is clearly worth
271 pursuing. This could be achieved by analysing risk considering the didasteation mechanism
272 considering hazard, vulnerability and exposure, ancliaing possible loss and corresponding probability
273 of loss under different natural hazard scenarios. A key elementweaikl be consideration of the
274 interaction between hazards, the interaction of hazards and vulneraliititytha frequency of hazard
275 occurrence.
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