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Abstract

The constant growth of world population has led tgrowth in conurbations prone to disasters associated with natural
hazards and- as a consequence to an increase in the overall level of societal risk. Amongst natural catastrophes,
earthquakes represent about one fifth of the economic losses, and areoesible for an average of 20 thousand
fatalities per year. This increasing pressure requires the development and implementation of risk reduction measures,
ideally supported by reliable and technically sound risk information, such as maps, with expectehid intensities,
annualised average losses, or losses for a particular return period (or probability of exceedance). Some of the challenges
to the generation of this information are due to the lack of open models, datasets and tools, as well as insnffiocal
capacity to create or use such resources. The recognition of this shortage of models and need to improve institutional
capacity to assess the impact of earthquakes propelled the Global Earthquake Model (GEM) and its partners to develop
an open sésmic hazard and risk model with global coverage. In this contribution we describe the hazard, exposure and
vulnerability components of this model, and the opesource tools that have been created to allow experts to reproduce

the hazard and risk resultgr tailor parts of the model to specific needs. We also provide a discussion regarding how
the results from the global earthquake model may be used to identify global risk trends, and support the monitoring of

the Sendai Framework for Disaster Risk Redanti



The need for for a global earthquake risk model

In 10 years world population will exceed 8 billion, and by the year of 2055 we will be more than 10 billion. This
growth in population has resulted in an increase in losses due to natural hazards frérillion USD annually to more
than 140 billion USD between 1985 and 2014. Earthquakes constitute on average 20% of the annual losses, but in some
years this proportion has been as high as 60% (e.g. 2010, 2011). This peril has been responsible foage death toll
of over 20 thousand people per year in the last several decades and economic losses that can reach a great fraction of a
: GMFLJQAK 0=D>9J=g 'F ! =FLJO9D E=JA; 9 9F< L@= '9JA::=9F/
Sahador (1986) and Haiti (2010) caused economic losses of approximately 98%, 82%, 40% and 120% of the nominal
gross domestic product (GDP) of each country, respectively (Daniell et al., 2010). This impact hinders sustainable
development, creation of jobs andvailability of funds for poverty reduction initiatives (UNISDR, 2015). In addition to
these direct consequences in the vicinity of the seismic event, business disruption of large companies can induce a
negative impact at a global scale. After the GreatsEdapan earthquake in 2011, the electronics industry suffered
systematic delays in the supply of numerous components produced by some of the affected factories, which led to a
worldwide rise of prices due to stock shortage. The trend in the losses (greupdnd insured) in the last 4 decades is
illustrated in Figure 1. In one quarter of the recorded years the growpdosses exceeded 20 billion USD, and in the last

15 years the annual losses were always above 5 billion USD.
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Figure 15 Overall and insured losses between 1980 and 2013 (from MunichRe, 2018).

Altering the trend in disaster losses is only possible through the development and implementation of efficient
risk reduction measures. In the last 20 years, about 12 billion EUR have been &dabg large institutions (e.qg.
European Union, World Bank) and national governments (e.g. Japan, Australia, United States) for the implementation
of risk reduction measures in regions frequently struck by natural hazards (Kellett and Caravani, 2013).dthmul#ing
the magnitude of human and economic losses from damaging events is fundamental in order to inform decision makers
and disaster risk managers in the development of such measures. For example, in 2009 the Italian Government invested
almost 1 billionEUR in a seismic prevention programme at the national scale. In order to distribute the funds across the
different regions, a seismic risk assessment study was conducted and the funds were distributed proportionally (Dolce,
2012). Similarly, in 2002 a eatrophe insurance pool for residential buildings was created in Turkey to transfer the risk
from the public sector to the international reinsurance market (Bommer et al. 2002). The establishment of this financial
mechanism required an earthquake model testimate the expected economic losses from each province. More
recently, Mora et al. (2015) demonstrated how a probabilistic loss model was used to prioritize which schools should be

the target of a retrofitting intervention in Colombia.



At the global scke, one of the most relevant efforts to understand earthquake hazard was the Global Seismic
Hazard Assessment Program (GSH&Biardini et al, 1999), which combined several national and regional models to
produce the first global hazard map of peak groumdceleration for a return period of 475 years on rock. This map has
been one of the main references to illustrate the threat posed by earthquakes globally. More recently, the United
Nations International Strategy for Disaster Risk Reduction (UNISDR) sueg@othe development of the Global
Assessment Report (GAR, 2015) one of the most notable efforts at the global scale to provide uniform average annual
losses for earthquakes. The exposure model developed for the GAR was derived based od@itompproach,where
national/regional population, socieeconomic data and buildingtype information were used as proxies to estimate the
spatial distribution of building counts (DeBono and Chatenoux 2015). For the hazard component, a fully probabilistic
model was deveadped using the NEKDISGS earthquake catalogue and hundreds of seismic sources distributed across
six tectonic regions (Ordaet al.,2013). This effort employed for the first time a uniform approach for seismic hazard
assessment at the global scale, resing in sets of conventional hazard curves and earthquake scenarios. These
scenarios were used to estimate annualized average losses and aggregated losses for specific return periods.

Earthquake loss models are comprised of three main components: an exp@suodel defining the spatial
distribution, replacement cost and vulnerability class of the building stock, a suite of vulnerability/fragility functions to
estimate the likelihood of damage/loss conditioned on a set of ground shaking intensity measure dewahd a
probabilistic seismic hazard analysis (PSHA) model describing the probabilities of exceeding various ground shaking
levels in the region. These components can be introduced in an analysis software to estimate seismic hazard and risk
results. The ®bal Earthquake Model (GEM) has supported the development of an egmurce software for such
analyses, the OpenQuakengine (Pagani et al. 2014, Silva et al. 2014). This software is capable of producing a number
of relevant hazard and risk results, suels seismic hazard curves and maps, uniform hazard spectra, annualized average
losses, probable maximum losses (for a set of return periods), aggregated loss exceedance curves, event loss tables and
risk maps. This broad set of risk metrics can support dgmn-makers in the identification of regions that are prone to
higher and more frequent earthquakénduced hazards and losses, to distinguish construction types that have high
vulnerability, and to devise strategies for effective risk mitigation. Despitee tevident importance of such results,
earthquake loss models are usually only available for developed nations, and not always accessible to all stakeholders.

Moreover, even when some datasets and models do exist for a particular region, the required itagacuse and



customize these models might not exist, which once again impedes the use of reliable earthquake risk information in
decision-making.

In order to minimize these challenges, GEM and its partners have developed an open seismic hazard and risk
model capable of providing fundamental information at the national and suational level for the development of risk
reduction measures. This article describes the different components of the global model and the @peince tools that
were developed fothe estimation of the results. The global model is a mosaic of individual risk models produced as
part of regional programmes for example, SARA in South America (Yepes and Silva 2017), EMCA in Central Asia (Pittore
et al. 2018), SERA in Europe (Crovééegl. 2018),and SSAHARA in Africa (Poggi et al. 20dr7jlateral collaborations
between GEM and national institutiond for example the USGS and FEMA in the United States, Natural Resources
Canada (NRCan) in Canada, Geoscience Australia in AusaatiaGNS Science in New Zealand. Each part of the global
model was developed using (as much as possible) the same derivation methodology and the same software for the
estimation of the hazard and risk results. This approach allows for a direct comparisetween hazard and risk
estimates between regions within the same country, or similar events between different nations. This modelling
approach can also support the estimation of the different risk metrics and targets of the Sendai Framework for Disaster

Risk Reduction.

Creating a global mosaic of hazard models

The calculation of earthquake risk requires the definition of where, how often and how severely earthquakes will strike

in the future. With an earthquake hazard model and software, it is possible to compute this information and hence
identify the areas whee earthquakes pose a major threat. Generally, seismic hazard models refer to either a specific
site or a national territory depending on the typology of the project involved, while models at continental or global scale
provide a broader understanding otie spatial distribution of hazard.

The first global seismic hazard model was created within the Global Seismic Hazard Assessment Program (GSHAP) at

the end of the 1990's (Giardini et al., 1999). It represented a substantial improvement in our understrafin

! Sendai Framework for Disaster Risk Reduction: https://www.unisdr.org/we/coordinate/seridamework



earthquake hazard globally and offered to many countries essential information for the design of buildings and land
use planning. GSHAP was a collective effort that involvadre than a hundred scientists from dozens of countries
globally and encouragd sharing of information, scientific debate and international collaboration. Because of the
nature of the GSHAP project, the resulting gobal hazard model was formed by assembling various newly created
continental and subcontinental models.

Almost twenty years later, GEM in collaboration with hundreds of scientists from more than 50 nations has
released a completely new compilation, called the GEM earthquake hazard mosaic of earthquake hazard models
created either at national or regional (i.e. continentacal€. This collection of models is homogeneous in the sense
that the format adopted for the description of each model conforms with the one used to describe an input earthquake
hazard model for the OpenQuakengine. However, the models in the mosaic haliéferent origins and were developed
using diverse methodologies depending on the organisations and the experts involved. Overall, the mosaic contains
regional models for Europe, Middle East, Central Asia, Continental Southeast Asia, Africa, South Arvidao,
Central America and the Caribbean, Northern Asia and Pacific Islands. In the majority of cases, local scientists either led
the development of the model or collaborated with GEM scientists in its preparation. At a higher resolution, a second
setof models is composed of seismic hazard models developed at a national level by agencies charged with assessing
earthquake hazard for their countries. This set, for example, comprises models for the Arabian Peninsula, Canada,
Indonesia, Philippines, Austta, New Zealand, India, Japan and the United States. While the vast majority of models
were developed either collaboratively within a GEM project or through an official development process at national level,
models for a few remaining areas were developseparately by the GEM Secretariat (e.g., Russia, North Africa).

There are some notable differences between the hazard models created in the GSHAP project and the ones
included in the GEM earthquake hazard mosaic. Overall, recent models are more corrgaiteecause they describe
explicitly epistemic uncertainties in the seismic source and ground motion characterisation. Another major step forward
has been in the improved characterization of earthquake faults and the ability to associate the locationstehgal

future earthquakes to active fault sources. Thus, in contrast to GSHAP, the potential occurrence of the largest

2Nature article: https://www.nature.com/articles/d4158818 077052



earthquakes are now associated with specific fault sources, resulting generally in more refined and accurate estimates
of the most sigiificant earthquake hazards (and associated risks).

Figure 2 shows a hazard map depicting the spatial distribution of the values of peak ground acceleration (PGA)
with a 10% probability of exceedance in 50 years. The zones showing the highest values ofl lraeaalong the major
plate boundaries, particularly on the coasts of the Pacific Ocean and within the Ahpiimaalayan deformation belt. It
is worth noting that a substantial majority of the models included in the mosaic were developed using the Oper®uak
engine. The development of the OpenQuakagine performed in parallel with the construction of the GEM earthquake
hazard mosaic therefore benefited from the feedback of experts across the world and supported the widespread and
parallel preparation of moern hazard models. The hazard maps were calculated following the classical probabilistic
seismic hazard assessment methodologies (Cornell 1968, McGuire 2004), and the Operéhgike is publicly

available (including the sourceode) at GithuB.

3 OpenQuake GitHub repository: https://github.com/gem/egngine/#openquakeengine
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Figure 23 GEM Global seismic hazard map in terms of the peak ground acceleration (PGA) with 10% probability of exceedance in 50 years.



Building a global exposure model

The assessment of earthquake impactquires the availability of a reliable and ufw-date exposure model.
This component of the risk assessment describes the location of the assets, replacement costs, number of occupants
(at different times of the day) and the vulnerability class of eaclseis The development of a global exposure model is
arguably one of the most difficult steps in the development of the global risk model due to the lack of data. Even when
some information is available, the fact that the built environment has changed rdpith some parts of the world (e.g.
South-east Asia, Central America) makes the existing data obsolete. It is also potentially one of the most subjective
components of risk analyses due to the need to complement the limited existing data with judgement ftocal
experts.

The global risk modelling effort covers three types of building occupancies: residential, commercial and
industrial. The derivation method for residential buildings differs considerably for most of the countries in comparison
with the procedure required for the commercial and industrial building stock, as discussed further in the following

sections.

Modelling the residential building stock

The development of the global residential exposure model relied predominantly on data from the natidrousing
census of each country. These surveys are usually performed every 10 years at the smallest administrative level, or
according to a regional division defined specifically for the purposes of the housing census (e.g. Mexico, United States,
Canada) The quality of the data collected by each country, unfortunately, varies considerably. In the-test scenario,

the survey data comprises information concerning the number of buildings, type of structures (e.g. isolated houses,
apartment buildings), man material of construction, material of the roofs, material of the floors, number of stories, year

of construction and even the state of conservation of the building (e.g. Portugal, Costa Rica). For many nations (e.g.
Algeria, Irag, Zambia, Mali), the stgy data is quite limited and only provides information on the type of dwelling and

the main material of the walls (e.g. wood, brick, concrete). In these cases, it is necessary to develop a mapping scheme,
which establishes a relation between the variablassed by the national housing census, and the most likely
vulnerability classes. The definition of these mapping schemes is performed using-pegewed literature, World

Housing Encyclopedia (WHE) reports, and the judgment of local experts, collectedjusimote expert surveys or locally



organized workshops. For some countries the mapping schemes had to be derived differently for different areas within
a given region (urban versus rural areas), and in some cases a specific mapping scheme was also el¥eiaplarge

city (e.g. Addis Ababa in Ethiopia, Panama City in Panama, Santo Domingo in Dominican Republic) or different levels of
urbanization (e.g. India, Mexico). Alternative approaches were also followed in countries (e.g. Central Asia) where the
housing census is either insufficient or simply not available. In these cases rapid screening activities were performed in
selected locations and integrated by ancillary information derived from satellite imagery and from volunteered
geoinformation (e.g. Pibre and Wieland 2012, Wieland et al. 2015).

It is also worth noting that for a few countries it was not necessary to develop an exposure model based on the
housing census information, due to the availability of datasets with a higher reliability thatddeen used in natural
hazards risk analyses for many years. This applies to the United States (Jaiswal et al. 2015, BBEBIAM.7), Canada,
(covered by different versions of the HAZUS softwaFEMA 2001), Australia (covered by the NEXIS dataset fiypadli
et al. 2007) and New Zealand. On the other end of the spectrum, there are also countries that simply have no housing
information available (e.g. Democratic Republic of Congo, South Sudan), or have been heavily affected by natural
hazards (e.g. hurdanes, earthquakes) after the completion of the national housing census (e.g. Haiti, Nepal). In these
cases, an alternative approach had to be adopted that leveraged population datasets, satellite imagery and
OpenStreetMap data.

The combination of differeh sources of exposure information will inevitably lead to a global exposure dataset
that is not uniform in resolution, quality and vintage. Nonetheless, to the maximum extent possible, the same
methodology and taxonomy (see Silva et al. 2017) was usedhéngeneration of the exposure model of each country.

An example of such an outcome is presented in Figure 3 for twelve countries located in the Middle East.



Figure 3. Distribution of the number of residential buildings at the smallest available administrative subdivision

for twelve countries in the Middle East.

3.2 Industrial and commercial building stock

Exposure information regarding nomesidential buildings is rarely compiled systematically at a regional or
national scale, as prewiusly presented for the residential counterpart. In the vast majority of cases, one has to rely on
secondary sources of data such as economic census surveys which provide data regarding the number of employees
and various other economic indicators that arelated to commercial and industrial structures. The exceptions are once
again the United States and Canada, where the HAZUS dataset does in fact cover detailed estimates of the commercial
and industrial building stock.

The development of the exposure adels for norrresidential occupancy types relied on three main sources of
datasets: 1) demographic data concerning the weftrce across the different sectors (primary, secondary, and services)

or types of businesses (e.g. agriculture, mining, manufactgyimetail, car industry, small shops); 2) data concerning the



