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Abstract. The 2020 update of the European Seismic Hazard
Model (ESHM?20) is the most recent and up-to-date assess-
ment of seismic hazard for the Euro-Mediterranean region.
The new model, publicly released in May 2022, incorporates
refined and cross-border harmonized earthquake catalogues,
homogeneous tectonic zonation, updated active fault datasets
and geological information, complex subduction sources, up-
dated area source models, a smoothed seismicity model with
an adaptive kernel optimized within each tectonic region, and
a novel ground motion characteristic model. ESHM20 super-
sedes the 2013 European Seismic Hazard Model (ESHM13;
Woessner et al., 2015) and provides full sets of hazard out-
puts such as hazard curves, maps, and uniform hazard spec-
tra for the Euro-Mediterranean region. The model provides
two informative hazard maps that will serve as a reference
for the forthcoming revision of the European Seismic Design
Code (CEN EC8) and provides input to the first earthquake
risk model for Europe (Crowley et al., 2021). ESHM20 will
continue to evolve and act as a key resource for supporting
earthquake preparedness and resilience throughout the Euro-
Mediterranean region under the umbrella of the European
Facilities for Seismic Hazard and Risk consortium (EFEHR
Consortium).

1 Introduction

The 2020 update of the European Seismic Hazard Model
(ESHM20; Danciu et al., 2021a) is the third generation of
pan-European probabilistic seismic hazard models (Jimenez
et al., 2003; Woessner et al., 2015). ESHM?20 serves as the
reference hazard model in the Euro-Mediterranean region,
with the goal of supporting earthquake mitigation and re-
silience planning (Bisch, 2018; Crowley et al., 2021; San-
tarsiero, 2018). Overall, ESHM20 is developed within the
seismotectonic probabilistic framework (Danciu and Giar-
dini, 2015), incorporating seismicity, tectonic and geologi-
cal datasets, and information. Within this probabilistic frame-
work, several assumptions are made; e.g. earthquake occur-
rence in time and space is modelled as a memory-less process
requiring declustering of the earthquake catalogue to remove
the dependent earthquakes; tectonic regionalization to sep-
arate regions with different geodynamical settings; seismo-
genic sources and active faults as proxies for future seismic-
ity; a novel backbone ground motion model; and open ac-
cess to its datasets, components, and results. The exceedance
probabilities of various ground motion intensity types and
levels are then computed for the entire Euro-Mediterranean
region using a regional hazard model that combines multiple
seismogenic sources and a backbone ground motion model
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to account for epistemic uncertainty. The main characteris- 2012; Danciu et al., 2018a; Pagani et al., 2020). This
tics of ESHM20 can be summarized as follows: approach was further adapted to regions of limited data
such as the stable cratonic region of northeastern Eu-

— It is a community-driven model, with earth science sci- rope (Weatherill and Cotton, 2020) and the subduction

entists, hazard and risk experts, engineers, and practi-
tioners participating in the development phase. A core
team was responsible for conducting research, coordi-
nating the development, and collaborating closely with
regional experts on a variety of tasks, from gaining ac-
cess to raw data to the design and implementation of
the model. Community feedback and recommendations
were carefully considered via multiple channels, such
as one-on-one meetings between core team members
and regional experts, regional workshops, technical we-
binars, and conferences.

It includes updated, unified, and cross-border harmo-
nized input datasets, i.e. earthquake catalogues both
historical (Rovida et al., 2022; Rovida and Antonucci,
2021) and instrumental (Griinthal and Wahlstrém, 2012;
Lammers et al., 2023), tectonic info, geological faults,
and subduction zones (Basili et al., 2022, 2023). There
is an extension of the model to cover the Canary Islands
and Azores archipelago.

Seismogenic source models are revisited and updated,
including a harmonized uniform area source model
and a hybrid source model that combines active faults
and background smoothed seismicity. Inherent epis-
temic uncertainties in the earthquake rates are handled
via multiple values of the parameters of a Gutenberg—
Richter (GR) model, specifically agr, bGr, and upper-
bound magnitude Mp,,x. We also used alternative mod-
els of the magnitude frequency distributions, e.g. double
truncated GR distribution and a tapered Pareto distri-
bution (Kagan and Jackson, 2000), to characterize the
seismic productivity of the area sources.

It uses the Engineering Strong Motion (ESM) database,
the largest database of ground motion recordings in the
Euro-Mediterranean region, curated and uniformly pro-
cessed as described by Lanzano et al. (2019);

It offers a novel ground motion model (GMM) logic
tree based on the concept of a regionalized backbone
approach (Kotha et al., 2020, 2022; Weatherill et al.,
2020, 2024; Weatherill and Cotton, 2020). This novel
approach capitalizes upon the large ESM database, and
it follows the concepts initially proposed by Douglas
(2018). A new ground motion predictive model for
ground shaking from shallow crustal seismicity was de-
veloped and calibrated to reflect region-to-region differ-
ences in source and attenuation scaling and their epis-
temic uncertainties across Europe (Kotha et al., 2020,
2022; Weatherill et al., 2020). Notably, such features of
the ground motion models have not been captured ex-
plicitly in earlier GMM logic trees (e.g. Delavaud et al.,
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and deep seismicity sources by capitalizing on recent
developments in regionalized ground motion modelling
worldwide.

— Statistical testing and sanity checks were routinely in-
tegrated as part of the model-building process. We used
statistical tests of earthquake rate forecasts to select the
declustering technique and determine the magnitude—
time completeness intervals, while sanity checks were
also conducted to assess the consistency of the earth-
quake rate forecast of individual source models and the
final ensemble model. Sensitivity analyses, as well as
comparisons with national hazard models, were con-
ducted as part of the model-building development.

— The main logic tree combines both the earthquake rate
forecast and backbone ground motion model, and it was
designed for the large-scale computation of the ground-
shaking hazard depicted by peak ground acceleration
(PGA) and a pseudo-acceleration response spectrum
(SA) at 15 spectral ordinates from 0.05 to 5 s. The hori-
zontal component is described by the 50th percentile of
the response spectra of two horizontal components pro-
jected onto all non-redundant azimuths, i.e. “RotD50”
(Kotha et al., 2020).

— Complex computational models and pathways were
implemented in the OpenQuake hazard engine (ver-
sion 3.14, https://github.com/gem/oq-engine, last ac-
cess: August 2024; Pagani et al., 2014) which was
continuously enhanced throughout the model devel-
opment cycle. The computational input files are re-
leased publicly under an open Creative Commons li-
cense (see https://creativecommons.org/, last access:
May 2024), which allows users to reproduce the re-
sults and adapt the model for different needs and appli-
cations. All input datasets and the results are publicly
available at http://www.hazard.efehr.org (last access:
August 2024; Danciu et al., 2017, 2021a) and at the
project’s repository (https://gitlab.seismo.ethz.ch/efehr,
last access: August 2024). Additional links and reposi-
tories are listed in the “Code and data availability” sec-
tion of this paper.

Furthermore, during the model development we estab-
lished a close collaboration with a working group from the
Technical Committee of the European Committee for Stan-
dardization (TC250/CEN). This working group is respon-
sible for updating the seismic action specifications within
the Eurocode standards (SC8). During its final development
cycle between 2020 and 2021, experts from Albania, Bul-
garia, Croatia, France, Finland, Greece, Germany, Italy, Ice-
land, Portugal, Romania, Slovenia, Sweden, Switzerland,
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Tiirkiye, and Norway evaluated and tested the ESHM20
components and outcomes. Although no final agreement had
been reached at the time this paper was submitted for publi-
cation, the convener suggested to SC8 that the two ground-
shaking hazard maps derived from ESHM?20 will be included
in the next generation of EN1998-1-1 Annex G (Labbé
and Paolucci, 2022). These maps will serve as an infor-
mative reference of ground-shaking values across the Euro-
Mediterranean region as part of the next update of the Euro-
pean seismic design code (CEN EN1998-1-1) in the region.

ESHM20 underwent a release cycle that included a com-
munity preview version, a beta version, and a final version
that was made available in December 2021 and publicly re-
leased in May 2022. The collaboration between the model
core team, community members, and communication experts
was essential to this release, with the goal of making outreach
products to efficiently communicate earthquake-related haz-
ards and risk models and results. The approach used to make
the hazard and risk model accessible and easily understand-
able to the general public drew upon communication con-
cepts derived from mass media, including communication
principles, key messages, specific products, and target audi-
ences. Two surveys were conducted to ensure that these out-
reach products met the needs of end users, with a focus on
the interactive hazard and risk web viewer and specialized
posters illustrating the European earthquake hazard and risk
maps (Dallo et al., 2024). The outreach materials are avail-
able in various languages.

In this contribution, we provide an overview of the back-
ground, scientific and collaborative framework, computa-
tional aspects, and key results of ESHM20. Many aspects
of the updated hazard model are presented and discussed
in the model’s technical report (Danciu et al., 2021a) and
the lessons learned in Danciu et al. (2022), while the re-
maining components are part of this special issue. Accom-
panying papers describe the historical catalogue (Rovida
et al., 2022), the ground motion models (Weatherill et at.,
2024), and overall model implementation and documentation
(EFEHR Technical Report; Danciu et al., 2021a). A descrip-
tion of the active fault database and subduction systems is
described by Basili et al. (2022, 2023). We begin by illus-
trating and discussing the key differences between ESHM20
and its precursor ESHM13 (Giardini et al., 2014) in Sect. 2.
In Sect. 3, we describe key input datasets underpinning
ESHM?20. Subsequently, in Sect. 4 we describe details of the
spatio-temporal earthquake rate forecasts and the method-
ologies adopted. Section 5 provides a concise overview of
ground motion models, while Sect. 6 explores the primary
logic tree and computational aspects in more detail. The lat-
ter section delves into the main findings of ESHM20, includ-
ing the contributions to hazard from different seismogenic
source models, as well as the associated range of uncertain-
ties. Finally, Sect. 7 summarizes the main outcomes and of-
fers an outlook for future research directions. Overall, this
paper aims to describe the key features of the model, its re-
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sults, and their accessibility. Readers are encouraged to ac-
cess ESHM20’s input datasets, documentation, and compu-
tational files on the publicly accessible repository listed in
the “Code and data availability” section of this paper.

2 ESHM20 (Danciu et al., 2021a) vs. ESHM13
(Woessner et al., 2015): what is different?

Regional seismic hazard models are evolving models that
progress over time, with the most recent models based on up-
dated input datasets and the most recent scientific outcomes.
This is obvious when comparing, for instance, the ground
motion datasets underlying some of the ground motion mod-
els used in ESHM13 (Delavaud et al., 2012; Woessner et al.,
2015), with an average of about 500 strong motion records
used, and more recent GMMs. Nowadays, the significantly
larger datasets make empirical ground motion models more
robust (Kotha et al., 2020, 2022; Kuehn et al., 2019; Lan-
zano et al., 2019, 2020; Manea et al., 2022) and support
the development of regional adjustments and modelling of
epistemic uncertainties (Douglas, 2018; Kowsari et al., 2023;
Lavrentiadis et al., 2023; Weatherill and Cotton, 2020). Sim-
ilarly, the updates to the earthquake catalogues and revisit-
ing the seismogenic source models must be accounted for
as a potential source of differences between the two mod-
els. The spatial distributions of the peak ground acceleration
(PGA) for a return period of 475 years of both ESHM13
and ESHM?20 have similar spatial patterns, and the differ-
ence map given in Fig. 1 illustrates how the PGAEgsum20
and PGAEgsym13 mean values differ at each location. Overall,
when compared with ESHM 13 the PGA values of ESHM20
for a return period of 475 years have been decreased in var-
ious regions. There are certain regions in Albania, Greece,
southern Portugal, southern Spain, and western Tiirkiye that
exhibit lower values when compared with ESHM13. Such
differences are the result of various factors including updated
input datasets, updated seismogenic source models, updated
subduction sources, updated slip rates and maximum mag-
nitude of the active fault, and a different source model logic
tree (Danciu et al., 2021a, 2022).

Indeed, all these changes resulted in an updated earth-
quake rate forecast. Comparison earthquake rate forecast
maps between the two versions of the European hazard mod-
els are given in the Supplement.

Moreover, the changes to the ground motion models are
significant due to the way in which epistemic uncertainties
were handled, with a paradigm shift from multiple ground
motion models (Delavaud et al., 2012) to the regional back-
bone approach (Douglas, 2018; Weatherill et al., 2020).
Weatherill et al. (2020) compare the ground motion of the
two regional hazard models for the active shallow crust and
find that the ESHM20 models compute lower values for very
short spectral periods (PGA and peak surface acceleration
(PSA) 0.1 s) than those used in ESHM 13; differences also oc-
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Figure 1. The top panel (a) highlights regions where the mean peak ground acceleration (PGA) values for ESHM20 increased (shown in
red) or decreased (shown in blue) as compared to ESHM13. The bottom panels (b) and (c¢) show the spatial distribution of the mean PGA for
a return period of 4745 years for ESHM13 (b) and ESHM20 (c). The maps are both estimated for a generic rock site class with a shear wave

velocity Vg3g~800m s—L.

cur at greater distances, where the general trend for ESHM20
is towards faster attenuation. Furthermore, the ground mo-
tion regionalization used in ESHM?20 can be considered a
partially non-ergodic model (Weatheril et al., 2024). Conse-
quently, the core and body of the ESHM?20 regional back-
bone logic tree predict smaller motions than the ESHM13
ground motion logic tree. It is worth noting that the ground
motion models of ESHM13 are based on datasets of ground
motion recordings from outside of Europe. These recordings
may have a different attenuation rate, reflect unique source
characteristics, or exhibit site conditions not found in the
ESM database (Lanzano et al., 2019). In contrast, the in-
creased number of strong motion records from the Apennine
region in Italy shifts the centre of the strong motion dataset
toward conditions that are predominantly more rapidly atten-
uating than the rest of Europe. Comparison plots between the
ground motion models used in ESHM20 and ESHM13 are
also given in the Supplement. Additional factors may also
contribute to these differences in weighting schemes applied
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to the two models, as well as the model implementation in
OpenQuake (Pagani et al., 2014). In ESHM13, the weight-
ing scheme is return-period-dependent and applied in post-
processing, whereas in ESHM?20 the weights are applied to
each branch. A sampling technique of the entire logic tree
was then used to obtain the results of ESHM20. To con-
clude, the transition from ESHM13 to ESHM20 represents
the continuous effort in regional seismic hazard advance-
ment, and ESHM?20, with its updated datasets, methodolog-
ical enhancements, and comprehensive model integration,
now stands as the reference model for the region, superseding
ESHM13.

3 Main input datasets

ESHM?20 is based on the integration of multidisciplinary
datasets and expert information. The main datasets include
the unified earthquake catalogue, both historical (Rovida
et al., 2022; Rovida and Antonucci, 2021) and instrumental

https://doi.org/10.5194/nhess-24-3049-2024
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(Lammers et al., 2023) earthquake catalogues, shallow ac-
tive faults and subduction systems (Basili et al., 2022), and
ground motion recordings (Lanzano et al., 2019). All datasets
were meticulously collected, uniformly processed, and har-
monized across the pan-Euro-Mediterranean region. How-
ever, due to the heterogeneous seismogenic characteristics
across the Euro-Mediterranean region, the compiled datasets
exhibited variations in completeness, both spatially and tem-
porally. This inherent variability in the quality of data pre-
sented significant modelling challenges for both seismogenic
source and ground motion characterization, ultimately influ-
encing ESHM20’s overall uncertainties and outcomes. A tec-
tonic regionalization of the Euro-Mediterranean region was
developed using the information and data from the ESHM13
and NEAMTHM18 models (Basili et al., 2021). The re-
gionalization consists of 11 tectonic domains, namely ac-
tive volcanoes, back-arc and orogenic collapse, continental
rift, oceanic rift, contractional wedge, accretionary wedge,
conservative boundary, transform zones proper, shield, stable
continental region, and stable oceanic region. This region-
alization is the basis for the tectonic layer (i.e. hereinafter
TECTO), which is later used for organizing the spatial con-
sistency of the seismogenic sources.

The European Fault-Source Model 2020 (EFSM20; Basili
et al., 2022) is a compilation of the existing regional active
fault databases. EFSM20 includes 1248 crustal faults span-
ning a total length of 95100 km and 4 subduction systems,
namely the Gibraltar, Calabrian, Hellenic, and Cyprus arcs.
The fault model covers a region with a buffer of 300 km
around all European countries (except for Overseas Coun-
tries and Territories) and a maximum depth of 300 km for the
subducting slabs. All parameters (i.e. fault trace, geometry,
depth, length, width, strike, dip, rake, and slip rate values)
needed to develop a seismogenic source model were esti-
mated for crustal faults and subduction systems (Basili et al.,
2023).

The Unified Earthquake Catalogue consists of two parts:
the European Prelnstrumental Earthquake Catalogue EPICA
v.1.1 (Rovida et al., 2022; Rovida and Antonucci, 2021),
with seismicity that occurred between the years 1000 and
1899 CE, and the so-called instrumental earthquake cata-
logue (with seismicity that took place after 1900 CE) based
on the updated European-Mediterranean Earthquake Cata-
logue (EMEC) (Lammers et al., 2023). EPICA v1.1 includes
earthquake data from 1000 to 1899 CE and builds upon the
latest knowledge gathered in the European Archive of His-
torical Earthquake Data (AHEAD; Albini et al., 2013; Lo-
cati et al., 2014; Rovida and Locati, 2015). It contains 5703
earthquakes with maximum observed intensity above 5.0 or
M, larger than 4.0. It is based on 160 macroseismic data
point (MDP) sources and 39 regional catalogues selected
from AHEAD. These datasets were considerably updated
with respect to those used for compiling the historical cat-
alogue for ESHM2013 (Stucchi et al., 2013). A systematic
analysis of these data resulted in the selection of the most
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representative description of each earthquake, independently
from national constraints. For 3297 earthquakes, parame-
ters are newly assessed from MDPs using harmonized pro-
cedures based on the attenuation of macroseismic intensity
from macroseismic data points (MDPs), with the goal of en-
suring consistency of earthquake parameters across coun-
tries. These parameters are then combined and integrated
with parameters harmonized from recent regional catalogues.
The instrumental earthquake catalogue spans from 1900 to
2014 CE and updates the earlier EMEC, constructed and
adapted for use in ESHM 13 by Griinthal et al. (2013). EMEC
compiles earthquake data from various local, national, and
international earthquake bulletins, along with special studies
for particular regions or earthquake sequences. The data are
then harmonized by applying region-specific hierarchies that
identify the preferred earthquake source from those compiled
for each event. Using region-specific and magnitude-scale
conversion relations, earthquake magnitudes are rendered
into a common reference magnitude scale, equivalent to mo-
ment magnitude (My). During the compilation process, the
European catalogue was aligned with existing harmonized
national catalogues where possible, which along with spe-
cial studies were prioritized over local and national bulletins.
The updated EMEC extends the most recent period of cover-
age that previously ended in 2006 (Griinthal and Wahlstom,
2012; Griinthal et al., 2013) and incorporates recent national
catalogues such as the Catalogo Parametrico di Terremoti
Italiani (CPTI) and the 2017 French Seismic Catalogue (F-
CAT; Manchuel et al., 2018), among others. The instrumental
earthquake catalogue now contains over 55 700 shallow and
deep earthquakes with M,, greater than 3.5 (Lammers et al.,
2023). The unified earthquake catalogue was further anal-
ysed to identify and remove the foreshocks and aftershocks
as a prerequisite of the Poisson assumption for the earth-
quake recurrence rates. The unified earthquake catalogue was
declustered using the default declustering method (Griinthal,
1985), the same as in ESHM13. We then performed compar-
isons amongst various declustering techniques, including the
time—space window method (Gardner and Knopoff, 1974;
Uhrhammer, 1986), cluster method (Reasenberg, 1985), and
the spatial-time-correlation metric-based declustering (Zali-
apin et al., 2008).

At a glance, the cluster method retained the highest num-
ber of events post-declustering, surpassing both Zaliapin’s
approach and the standard time—space window technique
(Griinthal, 1985) used in ESHM13. Additional spatial anal-
yses, i.e. comparison of events per 50km by 50km grid
cells, as well as statistical tests, suggested that the cluster
method (Reasenberg, 1985) is an alternative to the refer-
ence declustering method (Griinthal, 1985). Various statis-
tical tests (i.e. Kolmogorov—Smirnov (KS), Student’s ¢ test,
and w test; Mizrahi et al., 2021; Nandan et al., 2021) were
used to evaluate the declustering technique by comparing the
rate forecasts derived from learning (up to December 2006)
and target (January 2007 to December 2014, M, > 4.5) cat-
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alogues. The target catalogue was declustered with the same
technique, and the activity rates were estimated at the re-
gional level. None of the declustering methods significantly
outperformed the reference (i.e. Griinthal, 1985) method.
However, the cluster method (Reasenberg 1985) emerged as
a potential alternative due to its robust testing performance
and identification of more mainshocks. Initially, two alterna-
tive declustering methods were part of the logic tree of the
seismogenic sources of the pre-release model. However, due
to an overall increase in computational complexity, we de-
cided to simplify the model. After conducting several sen-
sitivity analyses, the alternative cluster-based declustering
method (Reasenberg 1985) was not implemented. In addi-
tion, there were open discussions within the scientific com-
munity about the implications and challenges associated with
declustering. Numerous studies (Beauval et al., 2006, 2013;
Marzocchi et al., 2020; Marzocchi and Taroni, 2014; Meletti
etal., 2021; Mizrahi et al., 2021; Sesetyan et al., 2018; Taroni
and Akinci, 2021) have explored the effects of declustering
and implications for seismic hazard modelling. These stud-
ies suggest that the use of declustering could lead to reduced
seismicity rates, potentially resulting in underestimated haz-
ard estimates, especially in regions characterized by seismic
swarms and prolonged aftershock sequences. However, we
acknowledge the ongoing need for further research to ex-
plore this topic in greater depth, as well as time to reach a
community consensus; nonetheless our approach closely ad-
heres to current practices in the field (Gerstenberger et al.,
2020). Likewise, the assessment of the catalogue complete-
ness is arguably as crucial, if not more so, than the choice
of the declustering algorithm. The key parameter in this case
is the magnitude of completeness (M), defined as the low-
est value of magnitude at which all events are detected in
space and time. M, is variable in space and time, and — in
general terms — it decreases with time given the increase
in the density of seismic stations. To effectively accomplish
this in ESHM20, a new algorithm that combines the tempo-
ral course of earthquake frequency (TCEF) approach (Nasir
et al., 2013) with the maximum curvature method (Wiemer
and Wyss, 2000; Woessner and Wiemer, 2005) was proposed.
This innovative method involved an iterative process begin-
ning with the declustering of the earthquake catalogue, fol-
lowed by dividing it into various magnitude intervals and
generating cumulative earthquake time series for each inter-
val. The time series were used to visualize and detect the
change points in the catalogue’s completeness. Next, statisti-
cal tests were used to validate the findings. Finally, the re-
sults of this procedure were the M. values and complete-
ness time intervals for the completeness super zones (CSZs)
of ESHM20. Details are given in Sect. 2.2 of the ESHM20
Technical Report (Danciu et al., 2021a).

Nat. Hazards Earth Syst. Sci., 24, 3049-3073, 2024

4 Seismogenic source models: spatio-temporal
earthquake rate forecast

The ESHM20 seismogenic source characterization builds
upon the ESHM13 legacy, and it comprises four distinct
source models to capture the spatial and temporal variability
in earthquake occurrence across the pan-European region.

— Unified area source model. This model updates the
ESHM13 area source model by incorporating new area
sources of the recent national seismic hazard models
and considering the feedback and opinions of the lo-
cal experts. More specifically, the model incorporates
contributions from the recent earthquake hazard mod-
els from Italy (Meletti et al., 2021; Visini et al., 2022),
Germany (Griinthal et al., 2018), Spain (Benito Oterino
et al., 2012; Rivas-Medina et al., 2018), the United
Kingdom (Mosca et al., 2022), Slovenia (gket Mot-
nikar et al., 2022), Switzerland (Wiemer et al., 2016),
Tirkiye (Sesetyan et al., 2018), Iceland (Halld6rsson
et al., 2022), France (Baize et al., 2013), Bulgaria (So-
lakov et al., 2014), Finland (Filop et al., 2023), the
Balkan region (Mihaljevi¢ et al., 2017), and Romania
(Vacareanu et al., 2016). Further, cross-border harmo-
nization (i.e. removing the overlapping area sources at
national borders) is applied to all sources, following
Danciu et al. (2018b) and Pagani et al. (2020). This
source model includes regions of homogenous seismic-
ity classified as shallow crustal, volcanic, subduction in-
slab, and deep seismicity (e.g. Vrancea region, Roma-
nia). They define regions with a known history or poten-
tial for seismic activity but not necessarily all associated
with specific faults (see Fig. 2a).

— Hybrid model of active faults and background smoothed
seismicity. The model integrates active faults with back-
ground seismicity in regions where the active faults are
identified; otherwise, a grid-based smoothed seismicity
is used. An adaptive kernel was regionally calibrated
and used for smoothing the seismicity. In Fig. 2b, the
active faults (red lines) are primarily observed along
the tectonic boundary that extends through the Mediter-
ranean region. This would likely include countries like
Greece, Tiirkiye, and Italy and regions along the coast-
lines of the Adriatic, Aegean, and Ionian seas. The
European Fault-Source Model 2020 (EFSM20; Basili
et al., 2023) is the update of active faults across the
Euro-Mediterranean region, following the European
Database of Seismogenic Faults (EDSF) (Basili et al.,
2013) which was used for ESHM13. The dataset cov-
ers the Mid-Atlantic Ridge, the Caucasus, northern
Africa, and Iceland, with 1248 crustal faults spanning
95100km and 4 subduction systems. The model in-
cludes a 300 km buffer around all European countries
(excluding Overseas Countries and Territories) and a
maximum subducting slab depth of 300 km. The shal-
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Figure 2. Schematic illustration of ESHM20’s seismogenic source models: (a) shallow crust area sources (outlined in black), volcanic area
sources (filled black polygons), and deep seismicity and subduction in-slab (purple polygons); (b) shallow crust active faults (red lines),
subduction interface (orange polylines). Tectonic zonation is highlighted as black polygons.

low faults are defined as composite faults (Haller and
Basili, 2011; Basili et al., 2013), are not segmented, and
can accommodate earthquake ruptures of any size up to
the maximum magnitude (Mp,x) at any location along
their length and width. This definition inherently in-
cludes multi-segmented ruptures within individual fault
systems such as the 2023 Tiirkiye—Syria My, 7.8 rup-
ture, which is represented in our model as a single event
within its respective fault system. However, ruptures
that jump from one fault system to another are not con-
sidered in the current implementation.

— Subduction sources. These sources represent the sub-
duction interface and in-slab seismicity of the Hellenic,
Cyprian, Calabrian, and Gibraltar arcs.

— Non-subducting deep seismicity sources. This model ac-
counts for nested seismicity with depth in Vrancea, Ro-
mania, and the cluster of deep seismicity in the southern
Iberian Peninsula.

Earthquake activity rates for individual seismogenic
sources are estimated under the assumption that regional
seismicity follows a memoryless Poisson process. This pro-
cess is characterized by a stationary mean rate of occurrence
defined by a Gutenberg—Richter (GR) model and its main
parameters (agr and bgr). The activity rate parameters are
estimated for large-scale tectonic domains (TECTO zona-
tion layer) and the zonation-based area source model (ASM)
using the declustered unified earthquake catalogue and the
magnitude—time completeness intervals. The TECTO zona-
tion layer as shown in Fig. 2b is used to organize the spa-
tial distribution of the source models within the model, de-
lineating the areas with similar characteristics inferred from
geological, geophysical, and seismological data. Each poly-
gon within the TECTO layer represents a combination of
multiple area sources and provides a basis for estimating
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more stable GR parameters given the larger number of earth-
quakes within each TECTO zone. The seismic productivity
of the active shallow faults is calculated by converting long-
term geological or geodetic slip rates into activity rates un-
der the assumption of moment conservation (Anderson and
Luco, 1983; Bungum, 2007; Danciu et al., 2018b). In this
approach, the seismic moment rate is analytically converted
into the number of earthquake ruptures per magnitude bin per
year, and then this number is uniformly distributed over the
entire fault area. Therefore, we do not apply any statistical
fitting procedure. For each fault, three slip rates (converted
to agr), three Mp.x values, a single regional bgr value
(from TECTO), and the average fault area are considered.
The M.« values of each fault source are obtained from em-
pirical magnitude and fault geometry scaling relationships
(Leonard, 2010, 2014) and take into account the full range of
uncertainties of the fault geometries and the scaling relations.
The three M. values of each fault correspond to represent
the 2nd, median, and the 98th quantiles of the M.« distribu-
tion.

Similarly, the empirical equations of Allen and Hayes
(2017) were used to estimate the My,,x for subduction in-
terface sources; the activity parameters were obtained from a
rather complex logic tree with more than 2800 end-branches.
For area sources, the Mpx is updated following the strat-
egy of ESHM13. The lower value of the My, is calculated
using the highest-magnitude value observed for that tectonic
regime, including the average standard error in that magni-
tude in the entire earthquake catalogue. The second and third
values of Mmax add 0.3 and 0.6 magnitude increments to
the lower-bound magnitude value, respectively. Finally, two
types of magnitude—frequency distributions (MFDs) are used
to characterize the earthquake recurrence models for the area
sources: a double truncated GR and a tapered Pareto distri-
bution (TPD; Kagan and Jackson, 2000).
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Statistical testing and sanity checks are critical compo-
nents of the model-building process, particularly when reach-
ing scientific consensus is difficult (Meletti et al., 2021). We
performed statistical analyses to assess earthquake rate fore-
casts within the seismogenic source model at each develop-
ment stage. Sanity checks were routinely conducted by com-
paring the forecasted total number of earthquakes across dif-
ferent magnitude bins (M, ~ 4.5 to 8.5) against the observed
number of events within various tectonic domains. These
sanity checks helped us to identify and address discrepan-
cies in the forecasts and reconcile them when possible. Ad-
ditionally, retrospective testing was conducted by estimating
the information gain, which quantifies the differences in per-
formance between earthquake rate models using only the ob-
served My, > 6 earthquakes from the unified earthquake cat-
alogue. Again, the information was used to assess the per-
formance of each individual source model, as well as of the
ensemble earthquake rate forecast.

Figure 3 illustrates the spatial distribution of the fore-
casted annual rates of the two main source models. Fig-
ure 3a displays the rates for events with M, >4.5 from
shallow area sources, while Fig. 3b shows those from the
hybrid model incorporating active shallow faults and back-
ground smoothed seismicity. Similarly, Fig. 3¢ presents the
rates for events with My, > 6.5 from shallow area sources and
Fig. 3d from the hybrid model with active shallow faults and
background smoothed seismicity. It is worth noticing that
the earthquake rate forecasts across the two primary source
models of the ESHM?20 model exhibit remarkably consistent
trends, though the spatial variability in the earthquake rates is
still evident. For instance, in the case of M, > 4.5, the spatial
variability in the earthquake rates is more clearly driven by
the shapes of specific area sources, as opposed to the more
diffused pattern observed in the smoothed seismicity. Simi-
larly, for magnitudes greater than My, > 6.5, the consistency
of the spatial pattern of the forecasted earthquake rates is
even more evident. This is a direct consequence of a deliber-
ate modelling decision to use active faults as spatial proxies
in the delineation of area sources, as seen in Fig. 3c and d.
However, the forecasted earthquake rates tend to be higher
for active faults in comparison to those of area sources. ASM
forecasts a net yearly rate of My, >4.5 of about 91.60 and
1.26 for events with M,, >6.5. On the other hand, hybrid
rate forecasts (active faults and smoothed seismicity) fore-
cast a net yearly rate of about 82.40 for My, >4.5 and 2.03
for My, > 6.5.

5 Ground motion characteristic models: synopses

The ground motion model (GMM) used in ESHM20 incor-
porates regional features of the seismic source, path and site
conditions, and aleatory (random) and epistemic (model-to-
model) uncertainties. Epistemic uncertainty is typically cap-
tured using multiple ground motion models selected from the
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literature and applied as alternative branches in a logic tree
(Delavaud et al., 2012; Danciu et al., 2018b; Lanzano et al.,
2020). However, the widely used multiple model approach
has some limitations, such as the tendency for selected mod-
els to share common underlying data, leading to similar pre-
dictions for well-represented scenarios (e.g. magnitude range
4.5 to 5.5 and source-to-site distances from 30 to 100 km),
inconsistent parameterizations between models, and cases
where epistemic uncertainty may be underestimated owing
to a lack of suitable models in the literature. To address
these issues, in ESHM20 we adopt a scaled-backbone ap-
proach that develops on ideas first suggested by Douglas
(2018). For shallow crustal seismicity a suitable backbone
GMM is developed from the large dataset of ground mo-
tion observations in the ESM database (Lanzano et al., 2019).
With these data, region-specific adjustments are constrained
within the regression and their corresponding distributions
applied in the hazard calculation to capture epistemic uncer-
tainty. These adjustments account for region-to-region vari-
ability in the model and allow for a more complex representa-
tion of the underlying uncertainty. The use of region-specific
adjustments also enables the transition from an ergodic to a
non-ergodic model, where systematic effects in specific re-
gions are identified and extracted from the aleatory variabil-
ity. This process helps reduce aleatory uncertainty and al-
lows new data to refine the model calibration over time. The
ESHM20 backbone model for active shallow crust is built
upon the regional ground motion model of Kotha et al. (2020,
2022), with the development of the ESHM20 GMM logic
tree proposed by Weatherill et al. (2020) and the final details
of the implementation given in Weatherill et al. (2024).

The purely data-driven approach for the development and
calibration of the “regionalized, scaled-backbone logic tree”
cannot be applied as is to all regions of Europe as data are
limited or absent in some cases. For example, in the tec-
tonically stable “cratonic” region of northeastern Europe the
seismological properties of the crust differ significantly from
those of southern and western Europe, warranting a different
approach to ground motion characterization and its epistemic
uncertainty. Weatherill and Cotton (2020) propose a GMM
logic tree for application in northeastern Europe. They do so
by first analysing different geophysical datasets for Europe
to demonstrate the close analogy between the stable “shield”
region of the Baltic Sea and its surrounding countries and
the tectonically stable crust of the central and eastern United
States (CEUS). Then, leveraging the suite of GMMs recently
developed for the CEUS as part of the Next Generation At-
tenuation East (NGA East) project (Goulet et al., 2021), they
fit a modified form from Kotha et al. (2020) to the distribution
of expected ground motions predicted by the different NGA
East GMMs. The model-to-model variability, o, is used to
quantify the scaling factors to be applied to this new back-
bone to represent the epistemic uncertainty in the expected
ground motions for this low-seismicity region.
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Figure 3. Spatial distribution of annual recurrence rates in log units as forecasted by ESHM20’s seismogenic source models. Panel (a)
displays the annual rates for events with My, > 4.5 forecasted by the shallow area sources, while panel (b) shows those from the hybrid model
incorporating active shallow crust faults and background smoothed seismicity. Similarly, panel (c¢) presents the annual rates for events with
My, > 6.5 from shallow area sources and panel (d) from the hybrid model with active shallow faults and background smoothed seismicity.

All rates are normalized per unit of area.

The regionalized backbone GMM concept was further ex-
panded to encompass deeper seismic activity, specifically in
regions such as Vrancea, Romania, as well as subduction sys-
tems including the Hellenic, Cypriot, Calabrian, and Gibral-
tar arcs. Given the limited availability of ground motion data
pertaining to earthquakes occurring in subduction zones, the
development of a new GMM for subduction and deep seis-
micity was not straightforward. The so-called “BC Hydro”
model of Abrahamson et al. (2016) has been identified as
a suitable backbone GMM for the subduction regions. This
GMM fulfils the necessary criteria of the project and ex-
hibits a consistently good fit to observed data in the ESM
database across various spectral periods in each of the three
subduction regions. Moreover, it was determined that the
Abrahamson et al. (2016) ground motion model (GMM) for
subduction in-slab events is also applicable to the Vrancea
deep non-subduction zone. Using the ground motion data
for these regions included in the ESM database for small-
to moderate-magnitude earthquakes, we adjust the anelastic
attenuation term to align it with the seismological properties
of the eastern Mediterranean; however, the narrow magnitude
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range of recordings prevent us from recalibrating the source
scaling GMM selected. Additionally, the BC Hydro GMM
includes a fore-arc and back-arc scaling term with faster at-
tenuation for back-arc sites, and a trend also presents itself
in the ground motion data from the Hellenic arc and Vrancea
deep seismic zones. While the fore-arc and back-arc scaling
coefficients were not themselves revised owing to the limited
dataset in the back-arc regions, further modifications were
made to the BC Hydro model to allow a smoother transition
from the fore-arc to the back-arc regime, thus preventing sud-
den drops in hazard across the fore-arc and back-arc margin.
Scaling factors to capture epistemic uncertainty in the source
stress parameter and anelastic attenuation coefficients for the
subduction and deep seismicity GMM were calibrated from
the analysis of region-to-region variability equal across dif-
ferent subduction zones worldwide, following observations
from the NGA-Subduction project. The complete descrip-
tion of the development of the scaled-backbone GMM logic
tree for subduction and deep seismicity is found in Weatherill
et al. (2024).
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Figure 4. Schematic overview of the main logic tree for shallow crust regions as defined for the ESHM20 computational model. Panel (a)
illustrates the asymmetric branching structure of the seismogenic source models. Panel (b) presents the branching levels of the ground motion
models, highlighting both the default and cluster-specific scaled-backbone models as implemented by Weatherill et al. (2024).

6 ESHMZ20: main logic tree and computational aspects

The epistemic uncertainties in ESHM?20 are handled in a
logic tree framework, reflecting the current state of practice
in seismic hazard assessment. Given the size of the computa-
tional region and the complexity of the two sub-components
of the logic tree, we aimed at a balanced logic tree struc-
ture where the epistemic uncertainty of both the individual
source models and the ground motion models is adequately
represented. In ESHM13, due to combined factors such as
the complexity of the input models, large-scale geograph-
ical grid, size and volume of the hazard results, and soft-
ware and hardware constraints, a collapsed earthquake rate
for each of the three seismogenic sources was used. This
was combined with the multiple ground motion prediction
equations (GMPEs) in a post-processing step to estimate the
weighted mean and the weighted quantiles of ESHM13. A
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consequence of this decision is that the quantile range of the
results is very narrow in many parts of the model. Hence, in
ESHM?20, we aimed to capture the body, centre, and range of
the expected ground motion. The main logic tree combines
the two main components, i.e. the seismogenic sources and
the ground motion models as illustrated in Fig. 4. The for-
mer, given in Fig. 4a, consists of four branching levels, cor-
responding to a source-type branching level and three more
branching levels depicting the epistemic uncertainty of the
type of magnitude frequency distribution, activity parame-
ters (Gutenberg—Richter parameters, i.e. agrs, bgrs), and
upper magnitudes (Mmax). A key aspect was related to the
use of correlated or non-correlated uncertainties of the activ-
ity rate parameters. The implementation of uncorrelated un-
certainties is suitable for site-specific hazard analyses, while
they pose computational challenges at the regional level. For
instance, having a source model with three fully correlated
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L. Danciu et al.: The 2020 European Seismic Hazard Model: overview and results 3059

branches for aggr, three for bgr, and three for M,.x would
result in nine logic tree branches in total. However, the upper
and lower branches would represent extreme cases, leading
to exceptionally high or low activity rates. On the other hand,
uncorrelated uncertainties would require permuting all com-
binations of agr, bgr, and Mp.x for all sources, resulting
in an exponentially large number of realizations (i.e. 9 end-
branches and 400 area sources will result in 9*%° uncorre-
lated end-branches) that makes it impracticable for large-
scale regional models like the Euro-Mediterranean region.
Sensitivity analyses were conducted, and for the model im-
plementation we considered the correlated end-branches for
the seismogenic source model (Papadopoulos and Danciu,
2022). The epistemic uncertainty of the ground motion is
extensively described by Weatherill and Cotton (2020) and
Weatherill et al. (2020), and its development involved several
iterations. Initial tests of the complete seismic hazard model
were followed by minor modifications to the GMM logic
trees (see Fig. 4b) for shallow seismicity in ESHM20. The
original logic tree structure was preserved, with adjustments
made to improve the representation of epistemic uncertainty.
Specifically, the number of branches for source region uncer-
tainty was increased to five, while the three-branch represen-
tation for attenuation region uncertainty was retained. This
approach was also applied to the logic tree case for the cra-
tonic sources. A higher numbers of branches were considered
but were found to be computationally prohibitive (Weather-
ill et al., 2024). Practical decisions were made to streamline
computational time and make the best use of hardware re-
sources. These decisions include using a single branch for
smoothed seismicity and the subduction interface and a re-
duced number of grid points, particularly offshore. Other op-
timizations included using point ruptures, weighted depths
for sources, and the dominant style of faulting. For a compre-
hensive representation of epistemic uncertainty, we used the
random sampling technique in OpenQuake to sample 10 000
logic tree end-branches. Moreover, it is worth noting that for
the implementation and computation of the 2020 European
Seismic Risk Model (ESRM20; Crowley et al., 2021), a col-
lapsed earthquake rate model was adopted to mitigate the po-
tential impact of biased correlations within epistemic uncer-
tainty for stochastic catalogue generation. Additionally, dif-
ferences exist in the utilization of ground motion models for
risk assessment, and the consideration of regional-scale site
response modelling, as detailed in Crowley et al. (2021). The
configuration file for ESHM20 and ESRM20 calculations in
OpenQuake and the main input files (Danciu et al., 2021c)
are publicly available (see the “Code and data availability”
section). Noteworthy, OpenQuake features open-source li-
braries and supports standardized, backward-compatible file
formats. Some of the main results and products derived from
the ESHM20 computational model are presented and dis-
cussed in the next section.
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6.1 ESHM20: main results

The ESHM20 results provide time-independent earthquake
ground-shaking exceedance probabilities described as hazard
curves, uniform hazard spectra, and hazard maps. Mean, me-
dian (50th percentile), and four key quantiles (5th, 16th, 84th,
and 95th) are provided for various intensity measure types:
PGA and spectral acceleration (SA) over a range of funda-
mental periods (0.05 to 5s) with 5% damping. The hazard
maps and the uniform hazard spectra (UHS) are reported
for five annual probabilities of exceedance (APEs), i.e. 0.02,
0.0021, 0.001, 0.000404, and 0.0002, which correspond to
the five return periods of 50, 475, 975, 2475, and 5000 years,
respectively. The ESHM20 results are valid for RotD50 of
the horizontal components (Boore et al., 2006; Boore, 2010)
as provided by the selected ground motion models and esti-
mated for a uniform rock site condition of V3o~ 800ms~!.
Hazard curves are calculated up to extremely low annual
probabilities (e.g. 10™%, which corresponds to return peri-
ods of about 10000 years). However, a degree of caution
is required when interpreting curves or derived results at
these low probability levels, where the aleatory uncertain-
ties of the ground motion (Bommer and Abrahamson, 2006)
and the robustness of the earthquake rates must be carefully
analysed, similar to site-specific hazard modelling (Bommer
et al., 2013; Renault et al., 2010). Therefore, hazard maps
are limited to a maximum APE of 1/5000 or an equivalent
return period of 5000 years to address these challenges. Fig-
ure 5 illustrates the hazard curves, mean, and five quantiles
(5th, 16th, 50th, 84th, and 95th) for Bucharest (Romania), Is-
tanbul (Tiirkiye), Zagreb (Croatia), Syracuse (Italy), Lisbon
(Portugal), and Stockholm (Sweden).

The quantiles were obtained from a distribution of hazard
curves (in grey lines in Fig. 6) corresponding to 10000 end-
branch samples of the main logic tree given in Fig. 4. The
body and range of hazard curves depict the combined uncer-
tainties of both the seismogenic sources and ground motion
at each location. Bucharest and Syracuse exhibit a similar
range of hazard estimates and a narrow quantile range. No-
tably, at these locations, the configuration of the logic tree is
different, combining more than a single seismotectonic en-
vironment, i.e. active shallow and non-subduction deep seis-
micity of Vrancea for Bucharest and for Syracuse, a complex
combination of active shallow, subduction interface, in-slab
of the Calabrian arc, and volcanic seismicity. Similarly, Is-
tanbul is subjected to shallow active seismicity, in particu-
lar to the very seismically active faults of the north Anato-
lian fault system. Zagreb is primarily exposed to the shallow
seismicity, while Lisbon is affected by shallow seismicity
both on- and offshore, including the southern offshore source
responsible for the 1755 earthquake. The range of seismic
hazard curves depicting the end-branch realizations is wide
for Stockholm when compared with the other locations. This
wide distribution depicts the complexity of the ground mo-
tion characteristic models considered for this craton region,
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i.e. the scalable regional backbone logic tree (Goulet et al.,
2021; Weatherill and Cotton, 2020), as well as the contri-
bution from the area source and the smoothed seismicity
branches. Furthermore, the hazard curves at different loca-
tions have different decay within the range of the APE of
interest from 1/50 to 1/5000.

The decay of the hazard curves indicates changes in hazard
estimates: a fast decay results in high hazard values, whereas
a slow decay indicates a low hazard value at a given APE. In
comparison with other locations, Istanbul and Bucharest ex-
hibit high seismic hazard values across all APEs as indicated
by the faster decay of the hazard curves, while the decay of
the hazard curves for Stockholm is the slowest, resulting in
the lowest hazard PGA values.

We conducted thorough investigations into the correlation
between hazard curve decay and input source parameters, ex-
amining how the decay rate changes across varying return pe-
riods and geographical locations. One notable finding from
our analysis is the lack of a clear correlation between the
hazard curve decay exponent and seismic parameters such
as bGgr or Mpax. Surprisingly, our tests indicate that ground
motion aleatory variability does not play a significant role in
influencing the hazard curve decay factor. Instead, in high-
seismicity areas, the hazard exponent tends to increase, par-
ticularly for very long return periods exceeding 5000 years,
while in regions of low to moderate seismicity, this increase
is less pronounced. Furthermore, we observed localized de-
creases in the hazard curve decay near active faults, espe-
cially in moderately active zones where fault activity dom-
inates long-return-period hazard estimates. These insights,
summarized by Bard et al. (2022) and Danciu et al. (2022),
suggest that the dynamics governing hazard curve decay are
more complex than previously assumed, prompting ongo-
ing investigations at the time of this publication (Bard et al.,
2024).

Figure 6 provides a comparison between ESHM?20 and
ESHM13 for hazard curves (Fig. 6a) and for UHS (Fig. 6b)
for L’ Aquila, Italy. The hazard curves cross each other at
an APE of about 0.1, with the ESHM13 hazard curves be-
ing higher than the those of ESHM?20 for lower acceleration
levels and then ESHM?20 hazard curves exceeding those of
ESHM13. The range between the two quantiles (16th and
84th) is also consistent. Next, the UHS comparison indi-
cates that median spectral acceleration values are consistent
with the previous model, ESHM13, for spectral periods less
than 0.1 s. However, for longer spectral periods, ESHM20
provides higher values. The mean and quantile values (5th,
16th, 84th, 95th) at an APE of 1/475 from ESHM20 are
higher than those from ESHM13; in contrast, the range be-
tween the 16th and 84th quantiles for L’ Aquila of ESHM13
is notably narrower than those in ESHM?20. This difference
is important because it reflects the methodological differ-
ences in the two regional hazard models. ESHM20’s broader
uncertainty range indicates potentially a more robust distri-
bution around the mean and median values, a result of the
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balanced logic tree of both seismogenic source and ground
motion models. In contrast, ESHM13 only considers mean
recurrence parameters and few GMPEs, which may result
in underestimating the uncertainty range. This is evident in
Fig. 6, where the mean and medians are depicted together
with the distribution of hazard curves for each of the 10000
samples of the logic tree. It is important to reiterate that the
ESHM13 quantiles are sensitive to the model implementa-
tion, which did not explore the full logic tree of the source
model and ground motion due to computational constraints.
The observations for L’ Aquila are not representative of the
entire model, as at each site across the Euro-Mediterranean
region, the hazard estimates are driven by different compo-
nents of the model. Hence, to explore additional materials
and comparison plots, including hazard curves and UHS for
420 cities, we encourage the readers to visit the dedicated
repository listed in the “Code and data availability” section.
A table depicting the ground-shaking estimates of ESHM20
and ESHM13 at the location of capital cities in the Euro-
Mediterranean region is provided in the Supplement. Last but
not least, all results of these two hazard models are available
online at http://www.hazard.efehr.org.

Next, in Fig. 7 we illustrate the spatial distribution of the
spectral acceleration at the fundamental period of vibration
of 0.2, i.e. SA (0.2s) mean values for APE of 1/475. This
hazard map incorporates both the uncertainties of the seis-
mogenic sources and the spatially variable backbone ground
motion model and uncertainty that is depicted by percentile
estimates (5th, 95th), which are also shown in Fig. 5. The
distribution of equiprobable probabilistic ground motion lev-
els is consistent with and resembles the patterns observed
in regions with a history of documented seismic activity or
located near active faults. High-ground-shaking regions are
observed along the Mediterranean belt, extending through
Greece, Italy, and parts of the Balkans. These regions are tec-
tonically active due to the complex interactions between the
African, Eurasian, and Anatolian tectonic plates. Similarly,
in the Iberian Peninsula, southern Spain and Portugal show
a moderate to high level of ground-shaking hazard. This is
consistent with the historical and geological data, as these
regions have experienced significant earthquakes in the past,
such as the 1755 Lisbon earthquake. Low-ground-shaking
levels are visible in the northern, northwest, and central parts
of Europe, including the UK, northern France, Germany, and
Scandinavia. These regions exhibit low seismotectonic activ-
ity and historically experienced less frequent and severe seis-
mic events. For the first time, the model includes the Canary
Islands. The inclusion of the Azores Islands is also worth
noticing, as this archipelago is another seismically active re-
gion. This is due to the complex tectonic junction of three
major plates (i.e. northern American, Eurasian, and African
plates), resulting in elevated levels of seismic hazard. Like-
wise, the ground-shaking values for Iceland fall within the
moderate to high range, incorporating both shallow seismic-
ity from tectonic origin and volcanic activity. This reflects
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Figure 7. (a) Spatial distribution of the mean values of spectral acceleration at 0.2 s for ESHM?20 with an APE of 1/475; the 16th, 50th, and

84th quantiles are shown in (b). All values are estimated on a generic rock soil conditions of V39 ~800ms

the intricate nature of the Mid-Atlantic Ridge, as well as
the relatively frequent volcanic activity. The hazard maps for
the 16th, 50th, and 84th quantiles of SA at 0.2s are also il-
lustrated in Fig. 7. Additional hazard maps and comparison
plots for ESHM?20 and ESHM 13 are available in the Supple-
ment, as well as online at http://www.hazard.efehr.org. Last
but not least, at the time of this submission, the disaggrega-
tion matrices of different ground motion levels correspond-
ing to the APE of 1/475 and 1/2475 are scheduled to be up-
loaded to the online repository. The disaggregation of seismic
hazard will provide insights into the predominant scenarios
(magnitude and distance) at the selected APE for all compu-
tational grid points of the Euro-Mediterranean region.

6.2 ESHM20: hazard contribution per seismogenic
source model

Hazard maps for each component of the seismogenic source
model, i.e. the area source model and the hybrid source
model combining the active faults plus background smoothed
seismicity, subduction in-slab plus deep seismicity, and sub-
duction interface, are given in Fig. 8. These hazard maps
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depict the mean PGA values for APE of 1/475 for a refer-
ence rock condition of V3o~ 800ms~!. The calculation is
done with the corresponding logic tree of each source model
(i.e. for the shallow crust, the upper or lower part of the
logic tree described in the upper panel of Fig. 4) and the
full backbone ground motion models. The area sources, il-
lustrated in Fig. 8a, provide a narrower range of PGA values
than the result computed with the hybrid model. The delin-
eation of the area source geometries is visible in the ground-
shaking map, in particular in regions of low to moderate seis-
micity (i.e. Spain, France, Germany, UK, and northern Eu-
rope). Moreover, as expected, the hybrid model shows peaks
of ground motion along the main seismically active faults
incorporated in the model. The hybrid source model, given
in Fig. 8b, provides the largest PGA values in regions with
faults of high seismicity such us the north and east Anato-
lian fault systems, Tiirkiye, Gulf of Corinth, Greece, and the
central Apennines in Italy. The contribution of background
seismicity in the proximity of faults results in similar pat-
terns with the area source in regions like the Balkans, south-
ern Spain, Portugal, and France. There is a consistent haz-
ard pattern due to smoothed seismicity and area sources in
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Figure 8. Ground-shaking hazard maps for PGA [g] mean for the main components of ESHM?20 seismic source characterization: (a) shallow
area sources, (b) hybrid model combining the active faults and the smoothed seismicity, (¢) deep seismicity and subduction intraslab, and
(d) subduction interface models for an APE of 1/475. These results are applicable to generic rock soil conditions with a Vg3 of 800 ms— L.

southern Europe, particularly in Italy, Greece, and Tiirkiye.
Obvious differences between these two models are also visi-
ble in northern Europe, i.e. Norway, Sweden, and Finland.
This is a clear indication that in central and northern Eu-
rope, the area sources are controlling the seismic hazard. The
contribution of deep seismicity to the overall hazard, as seen
in Fig. 8c, is typically lower than that of the other source
models. However, the Vrancea source is an exception, ex-
hibiting remarkably high hazard estimates with PGA values
that are strongly azimuth-dependent relative to the orienta-
tion of the Carpathian Mountains. As indicated in Fig. 7d,
the subduction interface model is particularly important in
regions prone to subduction zone earthquakes in southern
Europe. This model shows a wide range of PGA values de-
pending on the specific characteristics of the subduction in-
terface. Its contribution can be significant in terms of poten-
tial ground-shaking levels due to the large magnitudes associ-
ated with subduction zone sources. It is important to note that
the subduction sources of the Hellenic, Cyprian, Calabrian,
and Gibraltar arcs, along with the deep seismicity sources,
complement the two source models proposed for the shallow
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crust: the area sources and the hybrid fault and background
smoothed seismicity model.

If we consider lower APEs, i.e. 1/2500 or 1/5000, the rel-
ative contributions of each component of the source models
to the overall hazard are expected to change. The recurrence
rates and higher magnitudes, which play a more important
role in controlling the hazard at these low return periods, will
likely identify the contribution of active faults and the sub-
duction interface due to the increased contribution of Myx.
In general, the components of the source model make a bal-
anced contribution to the overall hazard, as shown by the dis-
tribution of the hazard curves illustrated in Fig. 5. This is
the outcome of the first seismogenic source model in Europe
which accounts both for the spatial and temporal variability
in each component and for the epistemic uncertainties of the
individual seismogenic sources.

6.3 ESHM?20: epistemic uncertainty range
We use the quantile ratios, i.e. logl0(95th/5th) and

log10(84th/16th), to map the spatial variability across the
Euro-Mediterranean region. Figure 9 illustrates the spatial
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Figure 9. Spatial distribution of quantile ratios: 84th to 16th (a) and 95th to 5th (b) for ESHM20. The log10(ratio) depicts PGA for a return
period of 475 years and a reference rock condition of V30~ 800 ms— L.

distribution of these two ratios for PGA at an APE of 1/475.
The spatial pattern appears to be similar between the two
quantile ratios, and as expected the 95th to 5th quantile ra-
tio is generally higher than the 84th to 16th quantile ratio.
Relatively high values, i.e. a factor greater than 3, are shown
in northern Europe, the Baltic area, and specific regions in
northern Scotland. These high ratio values are mainly due to
very low values of the 5th and 16th quantiles as seen in the
hazard curves for Stockholm in Fig. 5. Note that the ratio
values are in log10 scale; thus the very low values of 0.1 will
correspond to a very narrow range of about 1.25 between the
quantiles (mainly log10(84th/16th)), which might suggest a
very strong correlation of the logic tree branches, resulting
in overlapping end-branches. However, in the majority of re-
gions the log10(84th/16th) value is lower than 1.0, result-
ing in a range of up to 10 between the 16th and 84th PGA
values. This range increases in northern Europe, where the
log10(84th/16th) ratio values are greater than 1.5, resulting
in a very high range between these two quantiles for the esti-
mated PGA. Similarly, the spatial pattern of log10(95th/5th)
depicts very high values in northern Europe, suggesting a
very large variability in the ground motion hazard estimates
in the region. This observation is consistent with what was
found in ESHM 13, albeit the range of ratio values is slightly
lower mainly due to a different logic tree configuration and
model implementation (Danciu et al., 2022). However, the
quantile ratios exhibit values that are in line with other re-
gional seismic hazard models (Sesetyan et al., 2018) or site-
specific seismic hazard models (Douglas et al., 2014).

6.4 ESHM?20: transfer to engineering community

The engagement of the scientific and engineering communi-
ties has been a priority in the development cycle of ESHM20
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since the early stages of the project. The engineering require-
ments were specified by the CEN SC8 working group, which
is coordinating the definition of the seismic action of the next
version of the European seismic design code (Bisch, 2018).
Their requirements were aligned with the new definition of
the standard response spectra, particularly with regard to its
anchoring points. Specifically, the current scaling practice
based on a single parameter (PGA) is being replaced by a
new anchoring system with two parameters: S«, which is
the spectrum value on a plateau that covers a certain spec-
tral period range (i.e. 0.05s and 0.4 s), and SB, which is the
spectrum value at 1s spectral period (Labbé and Paolucci,
2022). The pseudo-acceleration response spectrum contin-
ues to be the basis of the new design spectrum definition in
EC-8. The ESHM20 core team has interacted with the SC8
working group for knowledge transfer, providing access to all
inputs, datasets, models, and results. Several bilateral meet-
ings and four plenary meetings took place in the last phase of
the model development cycle from 2020 to 2021. Moreover,
ESHM?20 was evaluated with different comparison and test-
ing activities for several countries in Europe: France, Greece,
Italy, Norway, Portugal, Romania, Slovenia, and Switzer-
land. Iervolino et al. (2023) have analysed two Italian seismic
hazard models (MPS04: Stucchi et al., 2011; MPS19: Meletti
et al., 2021) and ESHM20 against ground motion record-
ings. The strong motion data were gathered from 143 seis-
mic stations of the Italian seismic network, and the analysis
was conducted for several intensity measure types, i.e. PGA,
SA at 0.3s, and SA at 1s, as well as four return periods. A
hypothesis test was set up to account for the number of ex-
ceedances observed at each station, and if a value falls within
the non-rejection band, the test is considered successful. In
total, 36 hypothesis tests were performed, each represent-
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ing the combination of all models and parameters. The re-
sults suggested that all three models (i.e. MPS04, MPS19,
and ESHM20) perform adequately considering a 5 % signif-
icance level. Another important finding of the study was that
the all-hazard models tend to overpredict exceedances at a
50-year return period.

The two informative hazard maps, namely Sa475 and
Sp475, as derived from ESHM20 for a 475-year return pe-
riod, for soil type A (Vg30 ~ 800ms~!) as requested by the
CEN ECS8 are shown in Fig. 10. To calculate the Sa475, it is
first necessary to identify the Tpeax, which corresponds to the
largest value of the median UHS for a 475-year return period;
then the Sa475 is estimated as an average of spectral values
between the period range of 0.5 Tpeak t0 1.5 Tpeak. The use of
median values was a decision taken by the CEN/TC 250/SC 8
and summarized in Labbé and Paolucci (2022). Additionally,
the second-generation Eurocode 8 draft (FprEN 1998-1-1,
2024) states that while these median values are used for these
specific informative maps, they do not pass judgement on
other results from ESHM?20, maintaining a neutral view of
hazard values of other intensity measure types or other re-
turn periods (Labbé and Paolucci, 2022). These informative
hazard maps are now subject to the inquiry and formal vot-
ing process conducted by CEN member nations. However,
it is also critical to emphasize that the results obtained from
ESHM?20 should not be directly used as seismic design val-
ues. Instead, seismic design provisions and national annexes
should be followed and enforced for seismic design purposes.

7 Summary and outlook

The European Seismic Hazard Model (ESHM20) represents
a significant step forward in the assessment of seismic hazard
for the Euro-Mediterranean region. It incorporates the lat-
est datasets, as well as advanced methods for building the
model and computing hazard when compared to ESHM13.
ESHM?20 was developed through a collaborative, regional ef-
fort that integrates the expertise and data from various Euro-
pean countries. The development of ESHM?20 involved a rig-
orous process of compilation, standardization, and curation
of input data, including earthquake catalogues, ground mo-
tion recordings and models, tectonic information, active fault
databases, and/or seismogenic sources from various coun-
tries. A key feature of the model is its cross-border harmo-
nization, which guarantees a consistent assessment of seis-
mic hazard across national borders. ESHM20 supersedes
ESHM13 as a reference model for seismic hazard assessment
in the Euro-Mediterranean region, and it is also part of the
recent update of the GEM Global Mosaic of Hazard Models
(Pagani et al., 2020).
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From the communication point of view, an important mile-
stone was achieved with the first-ever release of a European
regional seismic hazard and risk model to the scientific com-
munity and the general public. In May 2022, an official me-
dia release was made, accompanied by various materials such
as flyers, fact sheets, posters, and video content. These mate-
rials were translated into multiple languages, facilitating the
dissemination of the model’s findings to a wider audience.
This media event played a key role in enhancing awareness
and understanding of earthquake hazard and risk in the Euro-
Mediterranean region (Dallo et al., 2024).

EHSM20 results show differences from the results of na-
tional seismic hazard models mainly due to variations in
datasets and methodologies used (Griinthal et al., 2018;
Halldérsson et al., 2022; Meletti et al., 2021; Mosca et al.,
2022; Sket Motnikar et al., 2022; Vacareanu et al., 2016;
Wiemer et al., 2016). These differences should be explored
and understood to fully integrate the insights of the regional
models into a national hazard (Pavel et al., 2016; Trevlopou-
los et al., 2023; Weatherill et al., 2023) or risk model (Pa-
padopoulos et al., 2023). Note that, despite being of key
importance, there is no straightforward way of understand-
ing the importance and the significance of the changes be-
tween seismic hazard models. What may be considered low
seismic activity in a specific region or country (e.g. south-
ern Europe) might be classified as high in another specific
region (e.g. northern Europe), and vice versa. The impact
of earthquakes depends on factors such as building vulner-
ability, local site conditions, asset exposure, and popula-
tion density (Douglas et al., 2023). Thus, to understand and
compare the impact of earthquakes in different regions, the
ground-shaking estimates must be analysed in the context of
seismic risk (ESRM20; Crowley et al., 2021). Furthermore,
the availability of products such as ESHM20 and ESRM20
opens the possibility of developing operational services in
Europe, such as applications similar to the ShakeMap ser-
vice, time-dependent earthquake forecasts, or rapid loss as-
sessment. Some of these applications have been developed or
are currently being developed in recent pan-European initia-
tives (Bose et al., 2023; Mancini and Marzocchi, 2023; Spas-
siani et al., 2023).

Despite its advancements, ESHM20 faces challenges typ-
ical of large-scale seismic hazard models (Gerstenberger
et al., 2020). The heterogeneity of data used and their vari-
ability in completeness, particularly in regions of low seis-
micity, pose a significant challenge to the development of a
uniform hazard model. The seismogenic source model, while
comprehensive, may require future refinements as new data
and models are integrated, particularly geodetic and geologic
data. However, in recent years significant progress was made
in regional seismic hazard models, including those in the
USA (Field et al., 2017; Petersen et al., 2020), New Zealand
(Gerstenberger et al., 2022), Australia (Allen et al., 2020),
Italy (Meletti et al., 2021), Germany (Griinthal et al., 2018),
and Switzerland (Wiemer et al., 2016) and at a global scale
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Figure 10. Informative hazard maps for median Sa475 (left) and SB475 (right) values for 475-year return period and class type A of EC8

with a V30 of 800 ms~—! (Labbé and Paolucci, 2022).

(Pagani et al., 2020), it is worth observing that the overall
uncertainties have not seen a significant reduction over time.
The complexity of the seismic hazard models steadily in-
creased given the continuous expansion of earthquake data
and information, leading also to an increase in uncertainties
around these models that were previously neglected. Looking
ahead, one can anticipate the development of more advanced
methods for handling the uncertainties in seismic hazard
datasets, components, and models. These methods are likely
to involve the use of physics-based simulations (Bradley,
2019; Liet al., 2023; Paolucci et al., 2021) of both earthquake
ruptures and/or ground shaking (Milner et al., 2021). The in-
tegration of physics-based simulations into seismic hazard
modelling has the potential to improve the main pool of ex-
isting records, enhance ground-shaking characterization par-
ticularly in the magnitude—distance range poorly covered in
current strong motion databases, improve the ground motion
characteristic models, augment our understanding of earth-
quake scenarios, and support earthquake preparedness and
mitigation strategies (Graves et al., 2011). In addition to us-
ing physics-based simulations, one can also anticipate sig-
nificant progress in computational capabilities, such as high-
performance computing (Folch et al., 2023), and artificial in-
telligence (AI)-driven analytics in the coming years. These
leading-edge tools have the potential to significantly accel-
erate the processing of extensive, multidisciplinary datasets
and complex calculations (Dal Zilio et al., 2023). However,
the future application of Al and machine learning in seismic
hazard modelling is not without challenges, including black
box dilemma, computational demand, scalability, represen-
tation of data, bias, over-fitting, and ethical considerations
(Jiao and Alavi, 2020; OECD, 2023). Furthermore, it is ev-
ident that we are entering a decade of interoperability and
close interdisciplinary collaboration. Advanced research in-
frastructures such as the European Plate Observing System
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(EPOS; Haslinger et al., 2022), with their next generation of
Earth science data and services, can facilitate such data inter-
operability for advancement in the field and support the next
generation of geo-related hazard and risk models.

In conclusion, ESHM20 is foreseen to be a living and
collaborative model that includes a broader European com-
munity of Earth scientists, seismic hazard experts and mod-
ellers, engineers, practitioners, and stakeholders. ESHM20
will coexist with the national hazard models, which is not
intended to replace but rather advance and enhance them;
this coexistence will rely on an ongoing feedback loop be-
tween the two, where new data, methodologies, and/or in-
novative approaches will contribute to the future versions of
these hazard and risk models. Ultimately, this will support
efforts to create a more earthquake-resilient society in the
Euro-Mediterranean region.

Code and data availability. The following lists the datasets and on-
line resources of ESHM20.

An overview of the ESHM?20, complete with links to the main
elements, is available at http://hazard.efehr.org/en/Documentation/
specific-hazard-models/europe/eshm2020-overview/ (Danciu et al.,
2021a).

The ESHM20 main repository can be accessed at https://gitlab.
seismo.ethz.ch/efehr/eshm20 (Danciu et al., 2021a).

For the main input datasets, ESRI shapefiles con-
taining the main input datasets can be accessed at
https://doi.org/10.12686/ESHM20-MAIN-DATASETS (Dan-
ciu et al., 2021Db).

OpenQuake configuration files and OpenQuake input nrml (.xml)
files can be accessed at https://doi.org/10.12686/ESHM20-0Q-
INPUT (Danciu et al., 2021d).

ESHM20 main results are online available at
https://doi.org/10.12686/ESHM20-OUTPUT  (Danciu et al.,
2021c) (last access: August 2024).
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EFEHR web service is available at http://hazard.efehr.org/en/
web-services/ (Danciu et al., 2021a).

For communication and outreach, posters, fact sheets, and addi-
tional media products are available at http://www.efehr.org/explore/
Downloads-information-material/ (Danciu et al., 2021a; Dallo et
al., 2024).

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/nhess-24-3049-2024-supplement.
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