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ABSTRACT:

An empirical global earthquake loss model is presented based on empirical data frem 1900
2008. Over 7300 damaging earthquakes have occurred 4@@@ via the CATDAT
Damaging Earthquakes Databaseccurring in different socioeconomic situations.
Disaggregated fatalities and economic losses and costs from earthquakes as well as secondary
effects (landslide, liquefaction, tsunami) have been colldoteglach evet.

A virtual earth was created from 19Q014 for 255 countriedaking into account border
changes, population, building stock, economic production, earthquake vulnerability and
socioeconomic indices such as development. Collected intenajtg from 3000+ damaging
earthquakes were then superimposed on this exposure to recreate each historical earthquake.
450 seismic resistant codes were also reviewed in order to provide a global seismic code
influence index.

The result of this geophysicangineering, and soceconomic analysis was the production

of a set of socioeconomic fragility functions to accurately determine the economic loss and
cost and number of fatalities from a damaging earthquake anywhere in the world, within
minutes and hourafter an eventJ . E. Daectoral €hledis) $his was tested for the
period of 20092014 with 100% success for economic losses and 98% for fatalitthssed
onwww.earthquakeeport.comand can alsbe used for future risk assessment.

Keywords: Economic losses, earthquake loss assessment, global risk, fatality estimation,
insurance.
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1. Introduction

As soonas possibleafter an earthquake, it isseful to predictan approximate number of
deaths ad fatalities.Over the past few years many efforts have been made to create a loss
estimation procedure that works globally to prodvesults. In addition, quite a few other
rapidregional and local scale loss estimation procedures exist.

Tablel1: A synopsis of the components of open source worldwide ELE software packages with respect to rapid

loss estimation and use in this study.
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IERRS (Istanbul), SUPREME (Tokyo), READY (Yokohama) and AFRED (Tuikey) are
additional rapid loss models that have not been revieagethere are not many details on the
methodology.

O/Ci open or closed software package; VB = Visual Basic, Arc=ESRI ArcGIS or similar, *=
as shown below.

Exp =Exposure, B=Buildings, I=mnastructure, P=Population, Es=economic values for infrastructure,
Ec=complex economic values using regional or location assessment values

Haz =Hazard, MM=intensity, Sp=spectra, SE=secondary effects

Vuln =Vulnerability Type, Anl.=Analytical, Emp.=Empirical

Soc. =Social, Ss=simple social analysis, Sc=complex social analysis, US=user inputted curves or
assessment, Auto=automatic s for rapid loss estimation, DI=Disruption Index

Econ. = Economic, DC= direct conversion to replacement cost, RE= rapice$bissation possible,

I0= indirect and additional analysis.

From these different software packages, a variety of results have been obtained waghadhem
these wer@xamined in Daniell et al. (201I)he key global methods are the PAGER system
and the QLARM System as explained in the aforemention&ble for global fatality and
economic loss quantification.

The overall goal of this study was to develop a dynamic approach to rapidly and accurately
calculate a range of fatalities and economic losses frathgeskes anywhere in the world
using the input of an intensity based map and historical earthquakes as a proxy over multiple
temporal and spatial scales. This required the development ofesmmmomic indicators
through time to scale historical earthgaakwith these indicators being able to change as
more earthquakes occur.

The focus that the approach should be dynamic and use available data worldwide was a key
concept of this goal. Temporal relationships of s@@onomic losses were explored in arde

to calibrate loss functions not just based on a relationship of intensity to population. Similarly,
exploring postarthquake building damage, casualty and economic loss functions was
required. The method created is a fast approach for calculating, lgsss an event on the
spatial scale of the population centroids, or any inputted population grid. It works on the
premise of functions that have been derived from historical losses and then adjusted
objectively and subjectively to account for changedavade in the socieeconomic climate.

This study focusses on the vulnerability conversion of economic losses and fatalities, and
does not address the problem of hazard in rapid loss estimation, except for the use of intensity
maps in historical earthquek (although other methods have been implemented in other
studies by the author). The methodology is data intensive, requiring much global data for
analysis; on the other hand, it requires much less data than other global systems, relying on
the premise tht only having a few components will increase robustness and accuracy
compared to a very complex system.

As described in the paper of Daniell et al. (2011) at the AEES, the methodology uses MMI
from historical earthquakes as a proxy for creating a ldgsae. There have been ovél(®2
casualty functions globally used over the last 60 years. Some range from a study for single
events, to full global loss methodologigsistorically, there have been many key fatality
intensity methodologies usdgigure 1), with the first key function being that of Haua

(1987) for various Chinese earthquake events. Tiedemann (1989) looked a single, relation
given different vulnerabilities. QLARM/EXTREMUM looked at global fatalitiesing



intensity, vulnerability and fatality ratio matrices in th@0s and 2000s. Similarly, the work

of Christoskov, Badal and Samardzhieva (1992) in thwealecades also logkat a similar
methodology. Currently2 main methodologies, ELER (2007) abldGSPAGER through
Jaiswal et al. (2009) and Jaiswal and Wald (2045 shown using global historical fatalities
from 19732008 vs. shakemaps and hindcasted national level population data, and are
currently globally available. In addition, So and Speri2609) use buildingtypology
superclass fatality ratios and intensity to provide good estimates of fatalities.
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Figure 1: Left: The intensityfatality ratio method of Haihua (1987); Right: The location of the 200+ casualty
fundions researched globally for different locations.

For economic functions, over 400 vulnerability studies and functions have been researched
and collected however the authors are sure thatany more existparticularly in the
insurance industrty Of thesevulnerability studies very few relate directly tantensity
economidoss relationshipsas they arenainly fragility functions converted to loss, arefor

very specific locations globallyFor economic losses, there have been 3 main studies
historicdly in this field. Tiedemann and SwissRe (1989) calculated simple equations
connecting intensity and economic logkbally. Three curves based on inconflew,
moderate, high)were created by Chen et al. (2001apd werebased on vulnerability
functions fom around the world. It can be sebowever, that the results are high compared
with the data recorded. Badal (2005) similarly used a MunichRe type loss function (cubic) vs.
exposure and intensity from histalevents to calculate economic losses waithupper and

lower function. During the course of this study, Jaiswal and Wald (2011, 2013) also extended
the fatality methodology to calculating reconstruction costs using a similar methodology of
fitting functions against MunichRe data versus tangibtéiatangible wealthusing the same
fatality function form ofHAZUS (1999), Porter (2007Jaiswalet al.(2009)

In full risk assessment for buildings and infrastructure, spectral ordinates should be used
relating to detailed fragility and vulnerabilifunctions to create losses. However, for rapid
loss estimation, due to the amount of variability, the intensity is a reaspfsebl@pproach.

2. Methodologyfor the socioeconomic vulnerability functions

The methodology attempts to fit a fition to hisorical earthquake lossessing the
macroseismic intensity anthe exposure and socioeconomic climate of the location at the
time of the event. This is done using a process of comparing the observed parameters to the
calculated parameters in order to optienthe function.



Observed Parameters CATDAT Damaging Earthquakes Database value of fatalities
(disaggregated) and economic loss & cost as per the papers Daniell (2010), Daniell et al.
(2011) from past AEES conferencésformation on 7208 damaging eagtrakes from 1900

2012 were collected from over 24,000 sources in the database over the past years.

Calculated Parameters

A socioeconomic fragility functionto recreate the historical loss valaethe time of event
calculating either:

1) Fatalities pemtensity bound vs. population exposure

2) Economic losses and costs per intensity bound vs. economic exposure

The process of theocialfragility function for a single historical event is as follows:

1. Have a metric of the ground shaking based damaganfandividual earthquake. This
can either be point based (macroseismic data intensity points) or area based
(distribution of intensity over a certain area). The preferable value is MMI, as this is
the metric thatis used in this study. Other intensity ksacan be changed via the
damage scaleseviewed If the MDP version does not have enough information to
derive a population value, a kriging methsdised.

2. For each of the point or area intensity values (vector/polygon format), recreate the
population & the time using census and other forms of data. This will be in raster
format. This is then joined as a value to the polygon intensity.

3. These are then split into smaller administrative units or geocells in order to assign
sociceconome parameters fronhe databases.

4. The death toll for the particular earthquake is attached to the particular earthquake
from the CATDAT Damaging Earthquakes Databakeis important that this is
disaggregated into only ground motion shaking related fatalities, rather thadirg
secondary effects.

5. The social parameters are joinedte area based on the databases.

Similarly to HAZUS (1999) and Porter et al. (200The normal cumulative distribution
function of a lognormal functions used for fatalities, and optimised for the 2 parameters,

theta and beta. The incomplete beta distribution cdf can also be defined over the same range
but does not give a lot of improvement on thevel 2 data. Similarly, Weibull distributions,

power laws and other polynomial and disttibn functions were testetike in Figure 2

without achieving the accuracy necesdarya better regression than that of the cdf, given the
better fit in the intensity lesthan8 region. Whether 2 functions wibletter fit the datas still

to beexaminedn the future
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Figure 2: Left: A step in the fatality function due to similar building collapse is difficult to pick up with less than
2 coefficients.; Right: A step in the fatalifynction due to similar building collapse is modelled with a double
exponential function, with 5 coefficients, but is unrealistic for a robust global methodology.
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This process is undertaken over each of the intensity bpopdlation couplets that could
contribute to the overall loss amisummedAn example is shown of ¢hoptimisation of the
three Italian events in Figus& and 4

Italian Comuni Fatality Ratios vs. Intensity
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Figure 3: The fatality ratios of all towns affected by the 3 earthqudk&815 Avezzano, 1976 Friuli and 1980
Irpinia, including over 300 individual pots to fitthe fatality ratio;population weighted average for the Irpinia
earthquake and theatality function of Jaiswal and Wald (20) for Italy is shownThe fit and residuals of the
fatality ratio for 3 Italian events against the total fatality ratio per infgnelass is also shown.

The state of Abruzzo at the time of the Avezzano quake in 1915 was below the Italian average
in terms of many key socieconomic metrics. Education (proxy of mean years of schooling)

at the time had a value of 0.733 of the natiometrage, and income was at 0.67 of the
national average (Felice, 2005; 2011). This was the same for the 1980 Irpinia earthquake with
Campanié sncome being around 69% and education around 91% of the national average.
Friuli at the time of the 1976 eartinake had a higher income (103%) and education (113%)
standard than the Italian average at the time of their event. Education can often be used as a
proxy for building practice, and income for building qualitye effect of this parameter can

be seen on tfollowing diagram. It can also be seen that the PAGER dtalgirical fatality
functionof Jaiswal and Wald2Q10 fits the data quite well.



Italian Comuni Fatality Ratios vs. Intensity -
Socioeconomic fragility via Income & Education
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Figure 4. The effect of improving the fatality function via an incesdecation indexadjustment (black) as
compared to the grey values. The residual error reduces and the values can be then disaggregated for the
i ndividual events, showier@ntoimé cefffaeg@atl iafy dmueattiimgoa v

The regressio for each of these groupingscais then undertaken using the regression
approach (shown above) of a tanhyp or normal cumulative density function distribution
optimised for the earthquakes, as has been tested through the Level 2/3 casualty data. An
assigment of the distribution translates a single value of deaths over the population intensity
bounds, and then this is modified depending on which ssmmomic parameters correspond

to the earthquake in question. The expected deaths are then optimisedd tngafatalities
observed in events.

Each of these events is then grouped together in one of three ways:
a) As single countries with no additional socioeconomic parameters (traditional method);
b) As single countries adapted by the joined socioeconomic paesnand
c) As socioeconomic parameters joining together countries.
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Figure 5: The regionalisation strategy for fatalities (Left) and economic losses (Right). Some of the various
components which were looked at in the countmgsification system are shown in the fatality side of the figure.

Should enough fatal earthquakest be available from 1962008 then a regionalisation
approach for the grouping undertakenshown inFigure 5, such as looking at building
typologies, economic situation and practices. Thmminimised for the final global method by




using similar HDI and vulnerability events to populate locations where not many damaging
earthquakes have occurred.

The variability of the function can be quantified by looking at the residual error. The
functions can then be optimised as more data becomes available. The functions are
consequently used for the [intensity, population, socioeconomic parameter] triplets for each
new event.The combination of an LPeast squares)orm and G(log) norm into a L2+G

norm by Jaiswal et al. (2009b) is a good solution to the problem of upper and lower residuals;
however, for the global method, a dual functieriested with the L2 (least squaresjorm

being used for the top, and G (log) norm for the bottom, thus regathm best possible
regression.

For ltaly, —is equal tal2 andf is equal to A.42.

p I T ¢
- m 'l 1 s Eq.4
Oi=observed event losses, Ci=calculated event losses, N = number of events

where, in the same way as the PAGER mddaiswal et al. (2011)the boundaries of loss

can be calculated using the log residual error to give a range of losses based on the uncertainty
of the model(Figure 6) The variation allows for users to understand that fatalities often do

not fit a perfect trendgiven the amount of uncertaintiéhe functionsarealso checked over

100 events with lower level fatality data (i.e. town, city, province). This esdhed the

function ha a reasonable shape.

] 100000
Intensity (VMIVIT)
7 8 9 10 11

1 HDI-based fatality function for Ira
0.1 —
/ —ol

10000

— .2

0.01

1000 g0 4

— 03

—04
0.5
0.6
0.7 —
0.8

0.001

0.0001

100 = i
* + pre-1973

ki ]
2 -2 2
T T 420002012

10 e m1073-2008 -
(]
1 gt | |

L
1 10 100 1000 10000 100000
Calculated Fatalities using final regression

0.00001

1E-06

Deaths per population

1E-07

1E-08 l

Observed Shaking Fatalities (CATDAT)

=
-

=
-

Figure 6: Left: The fatality functions for Iran based on HDI throuiyhe; Right: The final fit for Iran based on a
time of day and an HDI based fatality function from 12002, calculated on 1962008 data (Daniell, 2014)

In order to evaluate the economic losseffom any earthquake event worldwide, the
historical eartuake event data must be aggregated. The process of the economic fragility
function for a single historical event is as follows:

Steps 13 are as for the fatality fragility function above.

4. For each of the point or area intensity values (vector/polyganabr recreate the
capital stock and GDP of the time using census and other forms of data. This will be in
raster format. This is then joined as a value to the polygon intensity.

5. These are then split into smaller administrative units or geocells in trdessign
additional socieeconomic parameters from the databases



6. The direct economic loss for the particular earthquake is attached to the particular
earthquake and the gross capital stock. It is important that this is disaggregated into
only ground mabn shaking related economic losses, rathan timcluding secondary
effects given differences in the methodologies.

7. The economic parameters are joined to the, &di@sed on th databases.

The grouping of the countries for creating functions using ecanlmss data is then also, as

in the fatality model, done with similar economies, historical backgrounds and other disaster
data where inadequate earthquake data is available in a congionalisation approach

for the groupingis also undertaken sud as looking at building typologies, economic
situation, anduilding practices. The reassessment of all economic loss estimates to date, into
a net capital loss, gross capital stock cost form and GDP loss value creates a new insight into
losses, but alsmdicates a major research gap to be filled in the future.important to note

that a major focus of the methodology the collection of economic exposyrasthe loss
estimates are better constraifgdhavingaccurate economic exposure assessment

The regression for each of these groupings, as in the fatality model, are undertaken also for
the capital stock and GDP portions versus economic losses over the intensity brackets, using a
tanhyp or lognormal cumulative distribution function optimisedferearthquakes. Level 2/3
economic datas also sourced to create the shape, and the tanhyp function provides a
reasonable fit, given that this test is required to ensure that a completely different shape has
not been seen in past events but fits a tstion of some singular economic loss values
distributed over intensities. A tanhyp function has been wg#d successn Giovinazzi

(2005) for European typologie¥he form is then modified to allow for fitting of econam

loss vulnerability functions.

N s vy B0 e 49O . &
DE T Y® ®0 =0< 1+ xQ 5 1+ 0EQ 5 + "00Qas/ OOQy, £ <09

Eqg.5

This has also beenoptimised by getting the best fit betweere thbserved and calculated
events for each regionalisation.

3. Exposure Modelling

A key output of this studyhas beerthe establishment of the exposure amdnerability
component globally. The production of a virtual earth of infrastructure typologies, population
estimation on multiple levels (country, province, fubvince and city) using census
information as well as proxies enables the next earthquak®e tquantified accurately,
allowing for picking up of regional differences such as the difference between an Istanbul
(western Turkey) and Van (eastern Turkey) earthquake in terms of economic exposure as well
as population and vulnerability.

For the currat Earth (circa 2013), extensive work into establishing the economic exposure
through net capital stock and gross capital stbek beenundertaken using historical
depreciation rate methods and existing studies to establish a value of assets that could be
impacted by an earthquake currently. These differed by a factor of 3 to 4 from some existing
datasets, but were validated against national databases and many existing studies, thus
proving the major improvemenGlobally, aties with over 750,000 populati, as well as

capital cities have beerstudied specifically with respect to their overall assetsPGBDI,
population and dynamicé combination of Level 1 (country), Level 2 (province) and Level 3



(subprovince) modelling has been undertaken dirae in order to provide a view of
population, infrastructure and contents replacement, infrastructure and contentsawadrth,
GDP since 1900 for each country around the world.

The development of new countbased social and economic indices provides an itgut
change the vulnerability functions into so@oonomic vulnerability functions to better
convert to economic and social losgeking into account the change in vulnerability through
time, as well as allowing for comparison between the setting afritist earthquakes. These
have beerproduced in two ways: 1) tempogpatiali containing data from 1900 to before
2013 for each country; and 2) current seecmnomic indices. The impact of these indices
was explored with regard to historical losses ahd loss output. Temporapatial indices
produced included the first countbased HDI (Human development index) value consistent
from 1900 onwards for all countries well asunskilled wage, GDP, Capital Stock, CPI,
construction cost, and exchange rdda.

Population
This was needed in order to relate the value of fatalities or economic losses historically to the

population or exposed assets at the time of the elrewtrder to build this system, various
population datasets have been aggregatedhamitasted to historad values. This often
causes slight discrepancies in individual locations whererben/rural makeup has changed
markedly or the population centres have changed within a province or subprodmce.
example is shown below for Fran@eigure 7) There are also some locations for the earth
where only full country infomation is available. Where possipthis has been collected on

lower spatial levels as far back as possible and then adjusted using the country rate before that
time. Cersus data has been used focations with good census date,in the case of ABS
Australia.

Population Evolution of France on Level 3
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Figure 7: Population modelling for the 1909 Provence earthquake, showing Level 3 population variability for
France (Level 3 was thadghest level of hindcasted population data, with most on Level 2 (province))

Capital Stock and GDP

In a similar way to the population, the capital stock and GDP of the globe has been collected
from 1900 onwards in order to determine the approximate \wltlee earth at each point in

order to compare theotential exposure to earthquakesmpared to recorded economic
losses Both the net (depreciated) and gross (replacement) stock has been calculated of




equipment, contents, buildings and infrastructureyatas a potential GDP portion exposed.

To do this, depreciation rates were estimated as well as capital stock series sourced from
census data, statistical agencies and various auffloiss forms the economic exposure for

the loss analysias partly shan in Figure 8
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Figure 8: Left: The global net capital stock per capita on Level 2 (infrastructure and buddioggl cost
standing on the earth), Right: GDP on Level 2.

Human Development Index

The human development indéorms a key adjusting procegs the socioeconomic fragility
function in order to standardise events from lower secimnomic climates and earlier years
into a single function for use i n todayos
expectancy, man and expected years of schooling, literacy rate and GDP per ltapiteeen
calculated from 190@013. National and provincial level informatisrascombined in order

to create this index over tinfEigure 9) An example for France 1909 is showrFmgurelO
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Figure 9: Upper: The 1902012 Human Development Index has been created for each country. Lewel2
Human Development Index used for calibration of functions glodalhanbe seen that there is much diéfiece
in HDI from state to state.



Additional exposure analysis is shown in the work of Daniell et al. (20Pgper No. 1400
and Daniell and WenzélPaper No. 1505 from ECEES.

Figure 10: The intensity, gross capital stock and human development for the 1909 Provence earthquake example
shown earlier.

4. Historical Hazard Modelling

Many studies have beemadeto quantify the effects of historicalarthquakeevents. These

have beerntegratednto a global database, combining the spatial, temporal, -saecivomic

and seismological aspects of the particular earthquakes. Each individual earthquake was
examined, and the key earthquakes were searched for in multiple languages in order to
attempt toimprove the dataset. Isoseismals from many different atlases and sources were
collected over the time period and these have been integrated into the database to create a
larger sample space through timed to create a more accurate basis for analysstgriu
earthquakesAn example is shown for the Buyitara event in 1962 in Iraffrigure 11)

Figure 11: Various isoseismals used for the Buyin Zahra earthquake of -186&h clockwise top, Mohajer and
Pierce (1963); Abdalian1(963); digitised intensity map using Mohajer and Pierce (1963) and Omote et al.
(1965); digitised intasity map using Ambraseys (196®mbined with USGS Shakemap; Ambraseys (1963);
Omote et al. (1965).

Large events have been digitized, allowing for rémis of these events using current
parameters or integration into the functions establighegire 12) The earthquakes were all
disaggregated with respect to shaking and secondary losses; it has also been an extensive
effort during this study creatingis&ggregation of social and economic losses from
earthqakes through time from 19af014



