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ABSTRACT

Global Seismic Hazard Assessment Program - or simply GSHAP, when
launched, almost two decades ago, aimed at establishing a common
framework to evaluate the seismic hazard over geographical large-scales,
i.e. countries, regions, continents and finally the globe. Its main product,
the global seismic hazard map was a milestone, unique at that time and
for a decade have served as the main reference worldwide. Today, for most
of the Earth’s seismically active regions such Europe, Northern and
Southern America, Central and South-East Asia, Japan, Australia, New
Zealand, the GSHAP seismic hazard map is outdated. The rapid increase
of the new data, advance on the earthquake process knowledge, techno-
logical progress, both hardware and software, contributed all in updates
of the seismic hazard models. We present herein, a short retrospective
overview of the achievements as well as the pitfalls of the GSHAP. Fur-
ther, we describe the next generation of seismic hazard models, as elabo-
rated within the Global Earthquake Model, regional programs: the 2013
European Seismic Hazard Model, the 2014 Earthquake Model for Mid-
dle East, and the 2015 Earthquake Model of Central Asia. Later, the main
characteristics of these regional models are summarized and the new
datasets fully harmonized across national borders are illustrated for the
first time after the GSHAP completion.

1. Introduction

GSHAP [Giardini et al. 1999] was the successful ini-
tiative of elaborating a global quantitative seismic haz-
ard map. GSHAP launched in 1992 by the International
Lithosphere Program (ILP) with the support of the In-
ternational Council of Scientific Unions (ICSU). Also,
GSHAP served as a demonstration program in the
framework of the United Nations International Decade
for Natural Disaster Reduction. The successful initiative
was possible due to collaborative and integration strat-
egy adopted to connect various regional centers around
the world. While GSHAP was developed with the sup-
port of international projects and organizations, na-
tional scientific agencies, and research institutions, the
most important support for GSHAP originated from

hundreds of individual scientists - more than 500 [Shed-
lock et al. 2000]. GSHAP promoted a regionally coor-
dinated, homogeneous approach to seismic hazard
evaluation. Multidisciplinary procedures were adopted
to combines all at-that-time state of the practice, re-
sources and data to assess the seismic hazard over the
whole continents and finally the globe. Regional pro-
grams have been established in the first implementa-
tion phase of the project (1993-1995) with a clear aimed
of developing common datasets i.e. earthquake cata-
logues, geological fault databases, tectonic and geolog-
ical information mandatory to build a seismic hazard
model. During the GSHAP second phase (1995-1998),
regional centers have been expanded to cover the en-
tire globe. Further efforts were concentrated to harmo-
nize datasets and procedures, and later on to ensemble,
the sub-regional models into a global seismic hazard
model. Most of the working groups adopted a proba-
bilistic seismic hazard assessment (PSHA) framework,
and the resulted Global Seismic Hazard Map [Giardini
1999] depicts the peak ground acceleration (PGA) with
10% probability of being exceeding in 50years, and was
rapidly adopted as the global reference.

2. Why the GSHAP seismic hazard map was suc-
cessful?

Firstly, the availability of the map; together with
the technical reports as well as the hazard models main
elements such as catalogues, source representation,
software input file are still available today after two
decades since the GSHAP kick-off (online data is avail-
able at the http://seismo.ethz.ch/GSHAP/). Also, to-
gether with the online documentation, the methods
and data used in the generation of each national or re-
gional map used to produce the Global Seismic Hazard
Map were documented in a special issue of Annali di
Geofisica (December 1999). Secondly, the collaborative
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strategies, with priorities on strengthening cooperation
across-borders facilitate the adoption of the GSHAP
products. Since, the regional hazard models were de-
veloped for both local and international data and ex-
pertise, consensus was another element that facilitate
the adoption of the GSHAP hazard regional models.
Finally, the stability of the results was due the multi-
disciplinary procedure adopted for estimating the seis-
mic hazard, focusing on harmonization input data sets,
and up-to-that-date procedures for estimating the seis-
mic hazard. The inclusion of national maps without
smoothing discrepancies along any common borders
was the key assumption on aggregating the global seis-
mic hazard map. All these characteristics greatly con-
tributed to the success of the GSHAP program.
Longevity of the GSHAP hazard map provided the
unique chance to compare the seismic hazard value ver-
sus recoded ground shaking. During the last decades,
immediately after the occurrence of a destructive earth-
quake it has become a common practice to compare the
GSHAP seismic hazard map with the instrumentally
recorded ground shacking. For seismically active re-
gions, concentrated along the tectonic plates bound-
aries, the seismic hazard estimates typically provides a
rather adequate comparison of the two. Though, the
comparison should be interpreted with care, as one
should acknowledge their difference - the recorded/ob-
served ground shaking of large magnitude earthquakes
exhibit extreme values, usually affected by several fac-
tors distance, site conditions, focal mechanism, direc-
tivity effects, hanging-wall and footwall effects; whereas
the probabilistically estimated seismic hazard map rep-
resents the likelihood of various levels of ground shak-
ing over a given time period. Moreover, the occurrence
of large destructive earthquakes (e.g. the M 7.7, 2001,
Guyjarat, India, the M_ 9.1, 2004, Sumatra-Andaman, In-
donesia, the M, 7.9,2008, Wenchuan, China, the M, 6.3,
2011, Christchurch, New Zealand, the M 7.0, 2010,
Port-au-Prince, Haiti and the M, 9.0, 2011, Tohoku,
Japan earthquakes) in regions of relatively low seismic
hazard, raised intense discussions on reliability of the
GSHAP map, and in turn to the consistency of the use
of probabilistic seismic hazard analysis (PSHA) to quan-
tify of the earthquake-ground shaking hazard [Kerr 2011,
Hanks et al. 2012, Kossobokov and Nekrasova 2012, Stein
etal. 2012, Wyss et al. 2012, Frankel 2013, Iervolino 2013,
Bela 2014, Stirling 2014, Wong 2014]. Generally, the
probabilistic approach implies the combination of the
earthquake recurrence rates and ground motion em-
pirical models (i.e. ground motion prediction equations
- GMPEs). Earthquake recurrence rates are consistently
used to characterize the seismic sources and represent
projection in a given observation time of the past seis-

micity. This projection is mainly of statistical nature,
based on examining large number of events as charac-
terized by the Gutenberg—Richter [Gutenberg and
Richter 1944] recurrence law for the magnitude distri-
bution of these earthquakes. Difficulties arise when the
large magnitude earthquakes do not present themself.
In other words they are missing form the aggregated
earthquake catalogue, and one should search for alter-
native sources of information - seismically active faults,
geological slip and strain rates - to adequately charac-
terize the earthquake recurrence of moderate to large
magnitude earthquakes. Retrospectively, it was long rec-
ognized during the GSHAP project the importance of
complete earthquake catalogues; the need of accuracy
in terms of earthquake location and size; the limitations
on the historical catalogues, mostly due to difficulties
on identifying reliable historical sources covering the en-
tire globe. Giardini [1999] strongly emphasized that:

“Not even the most completed earthquake cata-
logue cannot characterize the seismogenic process where
large earthquake return every few or tens of thousand of
years, i.e. in areas of active plate interiors and diffuse con-
tinental deformation; seismic zoning attempt without
sufficient background informational from geology proves
to be uncertain and in many areas of the world today ge-
ology is providing the key input, allowing to associate the
historical earthquakes to specific seismogenic features
(through evidences from seismotectonics, paleoseismol-
ogy, geomorphology, mapping of active faults, geodetic
estimates for crustal deformation, remote sensing and ge-
odynamic models), and to build alternative model of seis-
mic zonation”.

These limitations or lack of geological data, re-
flected in various regions of the GSHAP seismic haz-
ard map, were inherent. The case of the 7.0 magnitude
earthquake that devastated Port-au-Prince, Haiti in 2010,
reflects the fact that the original datasets (earthquake cat-
alogue mainly) necessary to build the seismic hazard
model were incomplete, lacking entirely the geological in-
formation, i.e. the Enriquillo-Plantain Gardens and
Septentrional-Oriente faults as well as the subduction
sources [Tanner and Shepherd 1997, Frankel 2013].

Today, after two decades from its start, the GSHAP
can be considered as the starting point for identification
of those limitations and focus on regions where new
additional geologic information, new data collection,
new catalogues can make a substantial difference in
earthquake recurrence rates forecast and ground shak-
ing hazard assessment.

3. Life after GSHAP (or 20 years after)
During the last years, the constant increase of our
understanding of the earthquake generation process,
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the availability of new data and the consolidation of the
probabilistic seismic hazard methods resulted in up-
dates of the seismic hazard models worldwide. Nowa-
days, for most of the seismically active regions such
Europe, Northern and Southern America, Central and
South-East Asia, Japan, Australia, New Zealand, the
global hazard map was updated to the local, and/or re-
gional seismic hazard estimates. Almost a decade after
the completeness of GSHAP, the Global Earthquake
Model (GEM; Crowley et al. [2013]) was established to
continue the vision of a global seismic hazard model.
Inheriting from GSHAP the collaborative effort, in-
volving the global scientists and stakeholders, GEM
moves beyond GSHAP by seeking not only a fully har-
monized, transparent and state-of-the-art global seismic
hazard but a seismic risk model also. GEM envisions a
basis for comparing earthquake risks across regions and
across borders, hence take the necessary first step to-
wards increased awareness and actions that reduce
earthquake risk. GEM develops software and tools to
assist the community, national and international level
for uniform earthquake risk-evaluation and as a defen-
sible basis for risk-mitigation plans. GEM relies on the
regional initiatives to form the collaborative pillars for
achieving the goal of a fully harmonized global seismic
hazard model. The first regional initiatives under the
collaborative umbrella of GEM were focusing on the
regions of Europe, Middle East and Central Asia.

The Seismic Hazard Harmonization (SHARE)
project from 2009 to 2013 aimed to develop a consistent
model of seismic hazard covering Europe and Turkey
[Giardini et al. 2014]. The resulted 2013 European Seis-
mic Hazard Model (hereafter ESHM13) represents a
new milestone of regional seismic hazard assessment,
fully transparent and open-access to all its elements.
The ESHM13 delivers a reference model of seismic
ground shakings for application of the European seis-
mic regulations for building design [CEN 2004].

The EMME (Earthquake Model of the Middle
East) project [Erdik et al. 2012] set at developing a har-
monized seismic hazard model for Middle East and
Caucasus region. The EMME initiative has a particular
importance, because GSHAP has failed to present a
harmonized model for the Middle East, because poli-
tics were particularly sensitive, back then. It failed in the
past, but today, EMME project delivered a harmonized
seismic hazard model in line with the high-standards
adopted within the European Model, and promoted by
GEM. The project was coordinated by KOERI and in-
volved local and international experts. The EMME proj-
ect encompassed several modules such as the Hazard
Module, Seismic Risk Module, Socio-Economic Loss
Module and the development of an IT infrastructure

for the integration and application of modules under
consideration.

The Earthquake Model Central Asia (EMCA) Proj-
ect was the third regional program to start under the
GEM umbrella, and it was coordinated by the GFZ-
Potsdam, Germany. The main goal was to develop a
cross-border assessment of seismic hazard and risk in
Central Asia, by integrating state-of-the art procedures
and updated catalogues. Highlights of this project are
presented in this special issue.

4. What do all these regional models have in com-
mon?

Cross-border harmonization

In the context of regional seismic hazard, witch
covers large-scale geographical regions of complex seis-
motectonic environments harmonization poses diffi-
culties; mainly due to different timeline of the projects,
different base-knowledge of the regional experts and
different quality of the collected data. Common proce-
dures were adopted aiming at achieving, or at least im-
proving, the compatibility of different raw data (i.e.
earthquake catalogue, geologic, seismotectonic, geo-
detic); to establish key methods from the beginning for
the entire model building process (i.e definition of ac-
tive faults, use of slip-rates to activity conversion for ac-
tive fault characterization); to impose procedures that
allow technical integration (i.e. use of open-source soft-
ware, use of open-standards). Also, a common defini-
tion of the output of the seismic hazard assessment was
mapped into a unified scheme. Details of the harmo-
nization process are highlighted in the following.

Improved data collection

Within each regional project, considerable efforts
were put on data collection, data editing and process-
ing, procedures to create and define harmonized data
sets, construction of the recorded variables (creation of
common type-format), documentation on how esti-
mates are generated (simplification, weighting). The
newly compiled and harmonized datasets used to pre-
pare each model include the following.

Earthquake catalogue. Figure 1 illustrates the uni-
fied harmonized earthquake catalogue spanning the
Euro-Mediterranean, the Caucasus, the Middle East
and the Central Asia region. The unified catalogue
comprises the ESHM13 homogeneous earthquake cat-
alogue (SHEEC - the SHARE European Earthquake
Catalogue; Griinthal et al. [2013], Stucchi et al. [2013]),
the uniform catalog of earthquakes in the Middle East
[Zare et al. 2014] and the EMCA catalogue [Mikhailova
etal. 2015, this issue]. The unified catalogue presented
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Figure 1. Unified earthquake catalogue spanning the Euro-Mediterranean, Middle and central Asia regions.

here is a result of cross-border harmonization, and re-
gional cooperation. It is worth to mention the avail-
ability of the GEM-ICS global catalogue [Storchak et
al. 2013] for the entire region, which served as an alter-
native source of information.

Active faults database. The availability of geologic
information proved to be critical when constructing seis-
mic hazard models. The tremendous efforts of the ge-
ologists have been materialized in the first harmonized
active fault data set, fully available - the European Data-
base of Seismogenic Faults (EDSF; Basili et al. [2013a,
2013b]). A harmonized definition of the crustal faults,
the Composite Seismogenic Source (CSS) model was
defined from the work of Basili et al. [2008, 2009] and
adopted as the common standard for the EMME14, too.
The CSS definition is versatile and covers with modifi-
cations the possibility of modeling subduction zones,
specifically, the subduction interface. Figure 2 shows the
unified crustal active faults for the entire region as com-
piled through successive stages of homogenization.
These active faults were fully characterized for geome-
try and long-term geologic slip-rates to form inde-
pendent source models. However, the geological faults
in EMCA were not consider as independent seismic
sources, due to limit data, but they were integrated in
the definition of the area source zones.

Advanced integration procedures

The procedures of estimating the regional seismic
hazard across the three geographical regions can be la-
beled as seismotectonic probabilism, following the descrip-
tion used in GSHAP. Seismotectonic probabilism, or the
third generation of seismic hazard modeling, combines in

a probabilistic framework the historical evidence of past
earthquakes, the geologic information including paleo-
seismic evidences and geotectonic surface faulting as well
as the scientific seismotectonic understanding of earth-
quake process. These evidences are combined in a source
model aimed at capturing all the inherent uncertainties,
our understandings and judgments involved in evaluat-
ing the input parameters of such source models. From
this perspective, the three regional models were harmo-
nized to a probabilistic framework, considering a time-
independent earthquake occurrence and adopted a logic
tree framework to capture the uncertainties of future
earthquake activity and strong ground motions. The
ESHM13 model combines three seismic source models -
an area source model, a fault source model and a spatially
smoothed seismicity model into a novel-weighting frame-
work that is return time-dependent [Danciu et al. 2013].
The EMME14 model blends two seismic source models
an area source model and a fault source model, whereas
the EMCA source model considers the classical area
source representation refined to follow geological evi-
dences such as major seismically active faults.

Different procedures were adopted for considering
the ground motion uncertainties and variability. Since
GSHAB, the number of ground motion empirical mod-
els (GMPEs) was growing yearly, mainly due to the ad-
vance in network instrumentation and availability of
ground motion recordings. Douglas [2014] summarizes
an up-to-date list of existing GMPEs, and given this large
number henceforth procedures for selecting GMPEs
were necessary. The ESHM13 adopted a data-driven pro-
cedure for pre-selecting GEMPs combined with an ex-
pert elicitation procedure [Delavaud et al. 2012] to
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Figure 2. Unified crustal active faults for the entire region as compiled through successive harmonization procedures within ESHM13,

EMM14 and EMCA.

represent the tectonic variability, the source modeling,
the path and the ground motion propagation over Euro-
Mediterranean region. EMME14 took an alternative
model selection procedure combining a quantitative in-
spection of all GMPE:s over the key model elements such
as magnitude-distance pairs, focal mechanisms, and soil
characterization for all spectral periods of interests. Kale
and Akkar [2013] have proposed a new weighing proce-
dure to assign the final weights to each of the selected
GMPEs. Median estimates for the selected GMPEs of
shallow active crust regions are illustrated in Figure 3.
Essentially, the ground motion logic trees are sim-
ilar, with the replacement of the Cauzzi and Faccioli
[2008] model with the Akkar et al. [2014] in the case of
EMMEI14. The common GMPEs models are: Akkar and
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Figure 3. Median ground motion estimations for different GMPEs
used to characterize the ground motion epistemic uncertainties for
active shallow crust. Peak Ground Acceleration (PGA) plotted as
function of different moment magnitudes for a fixed hypocentral
distance of 10 km.

Bommer [2010], Chiou and Youngs [2008] and Zhao et
al. [2006]. Furthermore, the ground motion logic tree for
subduction interface and inslab are identical: Atkinson
and Boore [2003], Youngs et al. [1997], Lin and Lee [2008],
Zhao et al. [2006] for both ESHM13 and EMME14. A dif-
ferent approach was considered within EMCA for ground
motion characterization, which is based on macro-seis-
mic intensity. The region has a historical tradition on es-
timating the seismic hazard in terms of MSK intensity,
which is calibrated to the earthquake observations during
the last decades. However, the local experts were aware
of the limitations of using macro seismic-intensity, and
there is ongoing work to investigate the use of GMPEs
for the updated version of their model.

State-of-the-art seismic source representation

Past regional hazard assessment i.e. GSHAP were
conducted considering seismic sources represented as
point sources. PSHA was originally based on single
point source representation, a description that might
be appropriate for small magnitude earthquakes, but
not valid earthquake source model for larger magni-
tudes. Large magnitude earthquakes occur on fault struc-
tures spanning over long fault ruptures, i.e. the 1999
[zmit, Turkey Earthquake M_ 7.4 had a rupture length
of about 150 km. This limitation was also due to lim-
ited modeling capabilities of the PSHA software avail-
able at that time, i.e. SEISRISK III, [Bender and Perkins
1987], FRISK88M [McGuire 2001]. Nowadays an earth-
quake is considered a complex finite fault rupture and
the correct distance definitions based on extensive rup-
ture are considered to reflect the advance of the new
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Figure 4. Seismic area source models harmonized across national border and unified within the three trans-continental models: ESHM13,

EMME14 and EMCA.

ground motion models, which all integrate finite rup-
ture-based distances. Monelli et al. [2014] illustrates the
effects on the hazard estimates when considering the
rupture finiteness with respect to the point-rupture ap-
proximation, which leads to a significant increase in the
probabilities of exceedance for a given level of motion.
A complete description of each seismic source adopted
for all regional source models can be found on the
OpenQuake book and user’s manual [Crowley et al.
2015]. Figure 4 illustrates the seismic area source mod-
els unified over the entire region.

Open-source software, open-standards standards

OpenQuake engine [Pagani et al. 2014] represents
today one of the most advanced and fully testable seis-
mic hazard and risk software. The seismic source
models of all regional models were customized and pa-
rameterized according to the OpenQuake source rep-
resentation. The use of OpenQuake for seismic hazard
computation facilitates the model integration across
the large-scale region with the use of super-computers.
OpenQuake, the input and output standards (i.e. Nat-
ural hazards and Risk Mark-up Language - NRML)
were adopted as the default file formats, which will pro-
vide unique possibility of replicating entirely or par-
tially the computational paths, review the input models
and re-assess the hazard results.

Dynamic results, transparency and availability

A major drawback of GSHAP was that the uncer-
tainties associated to the GSHAP results were neither
quantitatively expressed nor explicitly documented.

Nowadays, it has become mandatory that each seismic
hazard models either regional or site-specific, to pres-
ent fully description of the center, body and margins
of the probabilistic ground shaking estimates. For the
first time, complete and harmonized seismic hazard
outputs were generated for such large-scale region,
spanning Euro-Mediterranean, the Caucasus, the Mid-
dle East, and the Central Asia. Seismic hazard curves,
maps and uniform hazard spectra for various intensity
measure types, including peak ground acceleration
(PGA) and spectral acceleration (SA) were obtained.
Summary statistics, such as mean, median and quan-
tiles (5%, 15%, 85% and 95%) are presented for all re-
sults, as a measure of the full range of uncertainties
associated to the hazard results. Moreover, we are on
transition from statically displayed results, such as
printed maps, posters to fully accessible datasets. The
ESHM13 consists of more than 500 maps displaying
the ground shaking that is expected to be reached or
exceeded over return periods ranging from 70 to 5000
years for more than 120,000 on-land sites equally
spaced every 10 kilometers. All data and results, of
ESHM13 are openly accessible online at http:/ /www.
efehr.org, the portal of the European Facilities for
Earthquake Hazard and Risk. The same pathway was
adopted for EMME14, and in the near future, the full
datasets and output are going to become publically
available.

Multidisciplinary and large-scale collaborative effort
Within the GEM framework, all regional proj-
ects have closely collaborated and more than 600 seis-
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mologists, geologists, geodesists, historians, earth-
quake engineers, computer scientists, statisticians,
and outreach specialists formed the working core for
generating state-of-the-art regional seismic hazard
models.

5. Conclusions

Substantial progress observed during the decades
in the field of seismological data collection, as a result
of improvement and expansion of national seismo-
logical networks, technological advance of the in-
struments, and software development for data
gathering, analyzing and data sharing technologies.
This progress triggered the revision and updating re-
gional seismic hazard estimates. In many regions, the
long lasting GSHAP global seismic hazard map has be-
come outdated, and as consequences new regional ini-
tiatives were established. Herein we summarized
some of the key characteristics of these regional ini-
tiatives covering Europe, the Caucasus, the Middle
East and the Central Asia. While, still keeping the
multidisciplinary paradigm established in GSHAP, the
new regional initiatives aimed at generate models
fully transparent, fully reproducible and open-to ac-
cess. Fully transparency of data, analytic, and devel-
oping processes of the hazard models was foreseen, as
an essential foundation that allows practitioners, en-
gineers and Earth scientists to assess/evaluate these
large-scale seismic hazard models. Past regional mod-
els (including parts of GSHAP) were built by small
sized group of experts, information on the model

building process was insufficient, partial access to
some of the input, as made the reproducibility of the
results difficult; hence the usability of the model was
limited to results comparison only. Moreover, we hope
that latest regional GEM initiatives generated seismic
hazard models that would be stable for a reasonable
period of time (five to ten years) and assure longevity
of their products, until significant data and informa-
tion offer itself. Furthermore, the process of hazard-
relevant data collection, developing data analyses and
interpretations, postulating assumptions regarding
data, and assumptions, testing within the technical
community is time-consuming and it can be labeled
as a very slow iterative process. We express our confi-
dence that considerable attention efforts will continue
the pursuit of missing information, such as buried or
hidden seismically faults mostly near the urban areas,
which can cause devastating earthquakes and in turn
catastrophically effects to the society.

To conclude we present in Figure 5 a unified seis-
mic hazard map depicting a 10% probability of excee-
dence in 50 years spanning Europe, Caucasus, Middle
East and Central Asia. This map represents the first en-
semble of a fully harmonized large-scale seismic haz-
ard maps after GSHAP, and the pillar of the GEM’s
global seismic hazard model.
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