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Abstract. The latest generation of national and regional
probabilistic seismic hazard assessments (PSHAs) in Europe
presents stakeholders with multiple representations of the
hazard in many regions. This raises the question of why and
by how much seismic hazard estimates between two or more
models differ, not only where models overlap geographically
but also where new models update existing ones. As modern
PSHA incorporates increasingly complex analysis of epis-
temic uncertainty, the resulting hazard is represented not as
a single value or spectrum but rather as probability distribu-
tion. Focusing on recent PSHA models for France and Ger-
many, alongside the 2020 European Seismic Hazard Model,
we explore the differences in model components and high-
light the challenges and strategy for harmonising the differ-
ent models into a common PSHA calculation software. We
then quantify the differences in the source model and seis-
mic hazard probability distributions using metrics based on
information theory, illustrating their application to the Upper
Rhine Graben region. Our analyses reveal the spatial varia-
tion in and complexity of model differences when viewed as
probability distributions and highlight the need for more de-
tailed transparency and replicability of the models when used
as a basis for decision-making and engineering design.

1 Introduction

Effective mitigation of seismic risk, be it at a local, national,
or regional scale, requires a quantitative assessment of not
only the strength or impacts of the perils an area may be

subjected to, but also their probability of occurrence over
a given time frame. For earthquakes, probabilistic seismic
hazard assessment (PSHA) is now established as the primary
means through which our understanding of the physical phe-
nomena is translated into a framework that can yield criti-
cal information of relevance for engineering design, urban
planning and development, and financial instruments to mit-
igate the economic impacts of these events on society. Given
the volume of information for risk mitigation that PSHA
can produce, national- and regional-scale PSHA models are
now available for every country across the globe (Pagani et
al., 2020), with many countries now having developed sev-
eral successive generations of seismic hazard models and,
in some regions, multiple models offering different perspec-
tives on seismic hazard for the same area of interest (Ger-
stenberger et al., 2020).

The issue of multiple perspectives on seismic hazard in a
region can be an important one to address from the point of
view of model developers, but it also has significant implica-
tions for the users of the seismic hazard outputs. In the case
that a new seismic hazard model for a region is produced
that is intended to update or supersede an existing model,
there may be recognition that new data for that region and/or
developments in PSHA practice justify revising or updating
a seismic hazard model periodically, although this revision
will inevitably have implications for stakeholders, particu-
larly when hazards are found to increase or decrease sub-
stantially at a location as a result of the new information.
In Europe, many different countries are confronted with this
situation as new generations of national seismic hazard mod-
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els emerge. There is, however, also a compounding issue,
which is the need for pan-European assessments of seismic
hazard. Two major models within the last decade have re-
sulted from large-scale multi-institution projects that have
put a strong focus on incorporating state-of-the-art develop-
ments in PSHA, namely the 2013 European Seismic Hazard
Model (ESHM13) (Wössner et al., 2015) and the 2020 Euro-
pean Seismic Hazard model (ESHM20) (Danciu et al., 2021).

Since the completion of ESHM13, many new seismic haz-
ard models have been developed at national scale, among
which are Switzerland (Wiemer et al., 2016), Spain (IGN,
2017), Türkiye (Akkar et al., 2018), Germany (Grünthal et
al., 2018), France (Drouet et al., 2020), Italy (Meletti et al.,
2021), the UK (Mosca et al., 2022), and many more. Fur-
thermore, in other countries such as Portugal and Greece, al-
though no new national seismic hazard model has been de-
veloped, ESHM13 was instrumental in prompting efforts to
collect and improve geophysical datasets as an initial step
toward new seismic hazard models in these countries in the
future. In many cases, it has been possible to leverage these
efforts within the model development process of ESHM20.
Several factors have motivated these national-scale develop-
ments, but chief among these is the establishment of Eu-
rocode 8 (EC8; CEN, 2004) as the predominant standard cov-
ering earthquake-resistant design. EC8 devolves some spe-
cific components of its seismic design requirements to each
of the participating member states via their respective na-
tional annexes. Among these components are the seismic
hazard map on which the design levels of seismic input are
based. In many cases, national building design authorities
have opted to undertake revisions to their national seismic
hazard maps, in part aiming to bring these into line with (or
even exceeding) standards for state-of-practice PSHA mod-
elling in Europe set by ESHM13 but also because new or
more detailed data may be available at local scale to allow
for a refined estimate of hazards that may not be scalable to
larger multi-national regions. These national models should
form the authoritative reference seismic hazard model for ap-
plication to engineering design in their respective countries.
In some cases, however, these models have integrated com-
ponents or ideas developed within ESHM13. We also expect
this trend to continue with expected updates to Eurocode 8
and following the publication of ESHM20.

The dual existence of both a regional-scale model (or mod-
els) and a national model that cover the same territory raises
the question of comparison between models. How and why
do models differ and how can we quantify differences? It
has become standard practice for modern seismic hazard as-
sessment to contain detailed assessments of epistemic un-
certainty in both the seismogenic source model (SSM) and
the ground motion model (GMM) components. These are
incorporated into the analysis in the form of logic trees,
which generate many seismic hazard curves by enumerating
(or sampling) combinations of alternative models or model
parameterisations and their associated weights. Logic trees

have been adopted as the standard tool for epistemic uncer-
tainty assessment in site-specific PSHA for several decades,
yet at national and/or regional scales the latest generation of
European seismic hazard models is only the second gener-
ation to consider epistemic uncertainties as standard prac-
tice. The increase in the sophistication and complexity of the
logic trees between the first and second generations is con-
siderable. A clear example of this can be found in the na-
tional seismic hazard models of Switzerland, which in the
previous-generation model contained 72 logic tree branches,
with no more than two or three different models capturing
epistemic uncertainties in the seismogenic source, the mag-
nitude frequency distribution, and the GMM (Giardini et al.,
2004), while the 2015 update boasts more than 1 million
logic tree branches describing epistemic uncertainties on a
much greater range of source and ground motion parameters
(Wiemer et al., 2016). A similar development can be seen in
Italy, where the 2004 national seismic hazard map (MPS04,
Stucchi et al., 2011) was based on a logic tree of only 16
branches, while MPS19 (Meletti et al., 2021) contains be-
tween 33 and 7986 branches depending on whether earth-
quake hazard at a location is affected by subduction and/or
volcanic earthquakes in addition to the shallow crustal seis-
micity. With comprehensive treatment of epistemic uncer-
tainty now standard in models, the breadth and definition
of outputs from PSHA mean that we cannot quantify differ-
ences purely in terms of an increase or decrease on a map in
peak ground acceleration (PGA) with a 10 % probability of
exceedance (PoE) in 50 years, but rather we need to consider
the differences in terms of distributions of hazard from the
epistemic uncertainty analysis and do so across the range of
outputs.

This paper aims to illustrate the full depth of what we
mean by comparison of PSHA models by focusing on three
recent models that overlap with one another in terms of
the territory covered: (1) the 2016 national seismic haz-
ard model for Germany prepared by Grünthal et al. (2018),
(2) the PSHA model for metropolitan France by Drouet et
al. (2020), and (3) the 2020 European Seismic Hazard Model
(ESHM20). These models and the overlapping area in ques-
tion are of particular interest to us for several reasons. Firstly,
the area of overlap for the three models corresponds to the
Upper and Lower Rhine region, one of the most populated
and economically productive regions of Europe with high
economic and human exposure (Crowley et al., 2021), mean-
ing that differences in the characterisation of seismic haz-
ard and its uncertainty may result in significant differences
in terms of economic risk or risk to life. In both France and
Germany, successive and/or alternative seismic hazard mod-
els have prompted discussions among the scientific and engi-
neering communities in both countries as to the causes of
differences between models, their interpretation, and their
implications for risk and/or engineering design. In this case,
however, each model adopts a complex logic tree to describe
the epistemic uncertainty in seismic hazard, and as such they
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illustrate the challenges faced in understanding and interpret-
ing differences between models developed according to the
current state-of-practice standards in PSHA.

We begin with a general overview of the three models in
Sect. 2, highlighting both the common elements in the mod-
els and the critical differences. As each model uses a different
PSHA calculation engine, we have endeavoured to translate
both the French and the German hazard models from their
original proprietary software into the open-source Open-
Quake engine, which allows us to explore the models in de-
tail, affording us more control over the calculation and better
understanding of the detailed modelling differences that the
PSHA software can introduce. Section 3 therefore describes
the motivations for translating the models across to another
software and some of the lessons learned from this process.
With the models implemented into a common PSHA soft-
ware, we outline various quantitative techniques to explore
the differences between them, firstly in terms of the spatial
variation in the distribution of activity rates (Sect. 4) and then
by looking at the differences in the hazard outputs for the
three models in the France–Germany border region (Sect. 5).
An overview of the extent of the France–Germany border re-
gion and the geographical features of relevance mentioned in
this article can be seen in Fig. 1. We conclude with recom-
mendations on how to approach model-to-model comparison
based on insights gained from our experience. An additional
set of notes has been compiled that expands upon certain top-
ics mentioned in the current paper, which can be found in the
Supplement.

We hope these recommendations may form a useful refer-
ence point for end users of these models when considering
how and why PSHA models for a given region can differ
and how to use this information to form a basis for decision-
making when it comes to adopting models or migrating from
one to another for use in application.

2 Overview of the recent PSHA models for Europe,
France, and Germany

The first seismic hazard model considered here is the 2016
national seismic hazard model of Germany (DE2016 here-
after), which was prepared by Grünthal et al. (2018) on be-
half of the Deutsches Institut für Bautechnik (DIBt) with the
aim of providing an up-to-date seismic zonation for the cur-
rent design code and national annex to Eurocode 8 (E DIN
EN 1998-1/NA:2018-10, 2018). Among the developments
included in DE2016 is a new earthquake catalogue for Ger-
many and the surrounding regions that updates the previ-
ous European-Mediterranean Earthquake Catalogue (Grün-
thal and Wahlström, 2012), seismogenic source and ground
motion model logic trees, and a novel rigorous approach to
characterise uncertainty in the magnitude frequency distri-
bution. The PSHA model covers the entire national territory
of Germany (plus a small band outside the national borders)

Figure 1. Extent of the France–Germany border region with the
main locations of interest for this study marked. Active faults
shown for the Lower Rhine Graben and Upper Rhine Graben are
taken from the ESHM20 seismogenic fault model and the European
Database of Seismogenic Faults (Basili et al., 2023).

with hazard curves calculated every 0.1° latitude and lon-
gitude, resulting in seismic hazard curves at 6226 locations
across the country for PGA and spectral accelerations for pe-
riods in the range of 0.02 and 3.0 s. Hazard curves are calcu-
lated on a reference site condition of VS30 800 m s−1.

The second seismic hazard model we consider is that of
Drouet et al. (2020), which covers the whole of metropolitan
France (FR2020 hereafter) and was developed to capitalise
on the outcomes of preceding research into seismic hazard
emerging from the SIGMA project (Pecker et al., 2017). New
developments included an updated magnitude-homogeneous
earthquake catalogue (FCAT-17, Manchuel et al., 2018), re-
cently developed ground motion models (GMMs) for France
(Ameri, 2014; Ameri et al., 2017; Drouet and Cotton, 2015),
and refinements to the characterisation of seismic sources
and magnitude frequency relations (MFRs) that built on in-
novative approaches adopted in the eastern United States
(EPRI, 2012). The hazard model is produced assuming a site
condition of VS30 800 m s−1 (Eurocode 8 Class A), with haz-
ard curves calculated at 6836 sites for PGA and spectral ac-
celeration with periods in the range of 0.01 to 3 s.

The 2020 European Seismic Hazard Model (ESHM20) is
the latest-generation seismic hazard model for Europe, cov-
ering 36 countries from Iceland in the northwest to Türkiye in
the southeast. As a comprehensive and state-of-the-art multi-
national-scale model that has built on new data and scientific
developments since ESHM13, ESHM20 provides a compre-
hensive set of seismic hazard curves, hazard maps, and uni-
form hazard spectra calculated at more than 100 000 loca-
tions, including the whole of continental Europe, the UK, and
Ireland, as well as Iceland and various islands in the Mediter-
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ranean and Atlantic. ESHM20 not only is the basis for the
seismic input parameter maps of Sα and Sβ (the short- and
long-period coefficients anchoring the elastic design spec-
trum) that will form an informative annex to the forthcoming
Eurocode 8, but also provides the seismic hazard input into
the 2020 European Seismic Risk Model for Europe (Crow-
ley et al., 2021). For Eurocode 8, seismic hazard is calculated
with respect to the reference soil condition of VS30 800 m s−1

(assuming depth to the VS 800 m s−1 layer of less than 5 m),
which is consistent with both FR2020 and DE2016.

Our comparison of the models begins at the level of the
model components. At the first level this comprises the seis-
mogenic source model(s) and the ground motion model(s),
but we subsequently deconstruct the former into elements re-
lating to the delineation of the sources and the calculation and
representation of earthquake recurrence in the logic tree. The
respective logic trees of our three hazard models (DE2016,
FR2020, and ESHM20) all implement branch sets to cap-
ture epistemic uncertainty in each of these components. An
overview of the components of the three models and how
they approach the characterisation of each aspect and its
epistemic uncertainty can be seen in Table 1. The complete
logic trees are shown for DE2016, FR2020, and ESHM20 in
Figs. 2, 3, and 4 respectively.

2.1 Representation of the seismic source

As our focus is on Germany and France, we work in areas of
primarily low to moderate seismicity and low tectonic defor-
mation. Although active faults have been mapped in certain
areas, most notably the Lower Rhine Graben (Vanneste et al.,
2013), not all the assessments have aimed to represent these
explicitly in the seismic source models or they have only cho-
sen to do so in some branches. An active fault in the current
context can be defined as a fault that is capable of generat-
ing earthquakes withM ≥ 5.5 and with a non-zero minimum
bound on the slip rate (e.g. Danciu et al., 2021). As such,
the distribution of active faults is limited only to the fastest-
slipping and most well constrained structures in and around
the Rhine Graben, and each set of seismogenic source models
principally comprises area source zones and/or gridded seis-
micity zoneless sources. These types of sources are known as
distributed seismicity sources, and earthquake recurrence is
modelled mostly by a double-truncated Gutenberg–Richter
model whose parameters, a, b, COV(a,b), and maximum
magnitude (MMAX), are constrained by fit to observed seis-
micity in each zone. The area zonations of the three models
can be found in the Supplement Part A Sect. S1.

DE2016 adopts five alternative area source zonations
(Models A, B, C, D, and E) alongside two zoneless
smoothed seismicity models. For the area sources, Grün-
thal et al. (2018) explicitly formulate their logic tree as a
combination of large-scale area source zones (LASZs) and
small-scale area source zones (SASZs). Models A and B are
LASZs, which assume that the regional-scale tectonics are

the main factors delineating the seismic sources and that seis-
micity may be uniform across large areas when viewed at
longer timescales than those captured by the observed seis-
micity. Models C to E are SASZs, which regard local-scale
seismicity and geological features as the primary guide to the
seismogenic sources and therefore delineate smaller-scale
zones. The smoothed seismicity branches differ in approach
from those found in both FR2020 and ESHM20, which use a
smoothing kernel with an adaptive bandwidth but for which
the bandwidth is calibrated on the local density of seismicity
(e.g. Helmstetter and Werner, 2012). Instead, DE2016 uses
an adaptive kernel with a magnitude-dependent bandwidth
based on the method of Woo (1996). The two branches are
equally weighted and consider the two cases in which the
bandwidth is capped at 25 km (H (m)≤ 25 km) and one in
which it is unconstrained (H (m)≤∞). One feature of note
among the SASZ models is that Model C adds explicit active
fault sources in the Lower Rhine Graben (LRG). These adopt
the fault geometry proposed by Vanneste et al. (2013) but
use observed seismicity withM ≥ 5.3 across two catchments
(area sources) to constrain long-term seismic activity rates
for the faults. The seismic activity rates for M ≥ 5.3 within
the two catchments are distributed among the faults within
the catchments according to their respective fault length,
while for M<5.3 the catchments are treated as area sources.
This combined area and fault source model receives the high-
est weighting of the five source models.

FR2020 adopts three area source zonations, which as-
similate those implemented in previous studies by differ-
ent organisations: Geoter (now Fugro) (GTR), Électricité
de France (EDF), and the Institut de Radioprotection et
de Sûreté Nucléaire (IRSN). In addition, a single zoneless
source model branch is included, which is developed using
smoothed seismicity with an adaptive kernel bandwidth ap-
plied to the observed seismicity in France from 1960 to 2017.
The smoothed seismicity produces seismic sources in the
form of 10 km× 10 km cells, with the activity rate (a value)
varying cell by cell but the b value and MMAX calculated
based on the location of the cell with respect to a set of su-
perzones, i.e. large-scale area zones delineating tectonically
based domains (Grands Domaines).

The seismogenic source model of ESHM20 follows a dif-
ferent approach to that of either FR2020 or DE2016. In terms
of the number of different source models considered, the
source model branch set is simpler. It contains one branch
of exclusively area source zones and another branch for a
combined smoothed seismicity and active fault model. As de-
scribed in Danciu et al. (2021), the area source model aims to
unify existing area source zonations from different national
PSHA models across Europe, modifying the source geome-
tries at the boundaries of models to ensure a seamless transi-
tion from one region to another. In the France–Germany re-
gion, the unified area source model adopts DE2016’s Model
C as its basis in Germany and the IRSN source model branch
of FR2020 for France, alongside existing models from Bel-
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Table 1. Comparison of seismic hazard model components for each of the three models (DE2016, FR2020, and ESHM20).

Model
component

DE2016 FR2020 ESHM20

Seismogenic
source
model

– Five area source zonations (two
LASZs, three SASZs)
– Two smoothed seismicity (zoneless)
models based on smoothing using the
Woo (1996) approach, i.e. adaptive ker-
nel and fixed-width kernel
– Active faults included for the Lower
Rhine Graben in Model C

– Three small-scale area source zona-
tions (SASZs)
– One smoothed seismicity (zoneless)
model with an adaptive kernel MMAX
and b value based on one large-scale
area source zonation (LASZ)
– No active faults

– One SASZ
– One combined active fault and
smoothed seismicity model with an
adaptive kernel
– Smoothed seismicity kernel optimised
using log-likelihood scoring

Magnitude
frequency
relation
calibration

– Parameters a and b fit via maximum
likelihood estimation (MLE) – depend-
ing on the number of events in the zone
(see explanation in Sect. 2.2)
– MMAX distribution using the EPRI
(2012) methodology
– Two MFRs, one fit to all magni-
tude data and the other to only larger-
magnitude data

– Parameters a,b, and COV(a,b) via
penalised MLE (EPRI, 2012)
– LASZ values used as prior distribu-
tions
– MMAX distribution using the EPRI
(2012) methodology

– Parameters a and b fit using penalised
MLE with LASZs used for prior distri-
bution
– MMAX based on three values (orig-
inally shaped on posterior distribution
from the EPRI methodology): Mobs

MAX,
Mobs

MAX+ 0.3, and Mobs
MAX+ 0.6

Magnitude
frequency
relation
logic tree

– Posterior distribution of MMAX dis-
cretised into five branches (Miller and
Rice, 1983)
– Activity rates determined from
COV(a,b) for eachMMAX branch, dis-
cretised into four branches according to
Appendix B in Stromeyer and Grün-
thal (2015)
– A total of 40 branches

– Parameters a and b sampled from
multivariate Gaussian, with a separate
branch each
– Stratified sampling (see the Supple-
ment)
–MMAX sampled from posterior distri-
bution with stratified sampling indepen-
dent of a and b
– 100 branches (1 per sample)

– For each MMAX, COV(a,b) is ran-
domly sampled, and the 16th, 50th, and
84th percentile activity rates are used
for each magnitude
– Two MFRs: (1) truncated Gutenberg–
Richter, (2) tapered Pareto
– For active fault sources, include
uncertainty in the b value, slip rate, and
MMAX

Ground
motion
model

– Five GMMs: Akkar et al. (2014a)
(Ak14), Bindi et al. (2014) (Bi14),
Derras et al. (2014) (De14),
Cauzzi et al. (2015) (C15),
Bindi et al. (2017) (Bi17)
– Weights split evenly between Euro-
pean models (Ak14, Bi14, De14) and
global models (Bi17, C15)
– Four branches with additional stress
drop scaling

– Four GMMs with equal weights:
Ameri (2014), Abrahamson et
al. (2014), Cauzzi et al. (2015),
and Drouet and Cotton (2015)
– Represents local (France) (Am14,
DC15) and global (ASK14, C15)
models
– A weight of 0.5 on local and 0.5 on
global models

– Regionalised scaled-backbone GMM
(Kotha et al., 2020; Weatherill et al.,
2020)
– Five branches for stress parameter
scaling and three for residual attenua-
tion scaling
– Branch weights based on uncertainty
distributions (Miller and Rice, 1983)
– Calibrated to local data, where avail-
able

Branches 4040 1600 315 (western Germany) and 5985 (east-
ern Germany)

Figure 2. Complete logic tree of seismogenic source models (a) and ground motion models (b) for DE2016 (Grünthal et al., 2018).

https://doi.org/10.5194/nhess-24-3755-2024 Nat. Hazards Earth Syst. Sci., 24, 3755–3787, 2024



3760 G. Weatherill et al.: Strategies for comparison of modern probabilistic seismic hazard models

Figure 3. Complete logic tree for France (Drouet et al., 2020) containing both the seismogenic source model and the ground motion model.

Figure 4. Complete logic tree of seismogenic source models (a) and ground motion models (b) for ESHM20 (Danciu et al., 2021).

gium, Switzerland (Wiemer et al., 2016), and the UK (Mosca
et al., 2022). The active fault and smoothed seismicity model
includes explicit characterisation of faults in both the Up-
per and the Lower Rhine Graben regions, as well as numer-
ous faults in France adapted from the dataset of Jomard et
al. (2017). Information regarding the dataset of active faults
can be found in Basili et al. (2023). Smoothed seismicity is
characterised using an isotropic power law kernel with adap-
tive bandwidth, whose parameters are optimised using log-
likelihood scoring (Nandan et al., 2022). To combine the
smoothed seismicity with the active faults, a buffer zone is
defined for each fault, within which magnitudes lower than
a fault-size-dependent threshold are kept as smoothed seis-

micity, while magnitudes larger than the threshold are asso-
ciated with the fault surface. For regions away from the fault,
the b value and MMAX are based on values determined from
area sources in a large-scale zonation, reflecting regional-
scale tectonics (named TECTO). More information on the
relevance of this is seen in Sect. 2.2.

In this first component we can see that the three
PSHA models display both similarities and differences
in their approach to characterising epistemic uncertainty
in the seismogenic source model. FR2020 and DE2016
aim to represent uncertainty in the sources predominantly
through multiple uniform area zonations, while ESHM20
divides its weights more evenly between two different
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source typology definitions. Though only DE2016 explicitly
adopts the LASZ/SASZ characterisation, this same philos-
ophy is present in FR2020’s Grands Domaines model and
ESHM20’s TECTO model. In the FR2020 model the dis-
tinction between large- and small-scale zone models within
the three zonations considered (GTR, EDF, and IRSN) is not
as clear and intentional as it had been for DE2016. Where
the contrast exists, it manifests mostly in the difference be-
tween the IRSN and EDF models (46 and 49 zones respec-
tively) and the zonation provided by GTR (92 zones). Each
of these three models could be described as delineating zones
accounting for both geology and seismology, albeit in pro-
portions that are difficult to define. Only DE2016 models the
LASZ explicitly in its A and B source zonations; however,
all three models will come to adopt similar approaches to-
ward earthquake recurrence by using their LASZ as a ba-
sis for fitting their earthquake recurrence models, which may
then inform (either by direct calibration or as a prior distri-
bution) the MFRs for the small-scale area sources with few
events. In that sense, their philosophies toward area zonation
are similar, but their implementation differs.

Adaptive kernel smoothed seismicity source models are
present in all respective logic trees, though each PSHA
model has taken a different approach to characterisation and
implementation. Both FR2020 and ESHM20 have used ap-
proaches similar to that of, for example, Helmstetter and
Werner (2012), optimising the parameters controlling the
adaptive kernel’s bandwidth using log-likelihood analysis
applied to a pseudo-prospective seismicity forecast. How-
ever, the models arrive at significantly different outcomes
in terms of the spatial distribution of activity rate. DE2016
adopts a different approach by using magnitude-dependent
adaptive kernels, which increase the bandwidth for larger
magnitudes, meaning that the rate in many low-seismicity re-
gions is dominated by activity from the most extreme events.
This contrasts with the adaptive bandwidth methods used in
FR2020 and ESHM20 for which the bandwidth is based on
the density of seismicity. For FR2020 and DE2016 the total
weight assigned to the smoothed seismicity branches is the
same (0.25), while for ESHM20 the combined seismic seis-
micity and active fault branch receives half the total weight.

2.2 Magnitude frequency relation (MFR)

For the majority of the seismic sources found within the three
source model logic trees (DE2016, FR2020, ESHM20), a
truncated form of the Gutenberg–Richter model (Gutenberg
and Richter, 1944) is adopted as the magnitude frequency re-
lation. The only exceptions to this are the DE2016 smoothed
seismicity models (which may be considered non-parametric
recurrence models) and the branches of ESHM20 for which
a tapered Pareto model is used. In all three regional seismic
hazard models, epistemic uncertainty in the recurrence model
is included, both in terms of its a and b values and in terms
of its MMAX.

The first issue to address in comparing the derivation and
representation of the magnitude frequency distribution is that
of declustering, as all three models choose to remove fore-
shocks and aftershocks from their respective catalogue prior
to fitting the MFR. This means that the distributions of activ-
ity rates shown subsequently refer to the rates of the main-
shocks and not of the total seismicity. Both FR2020 and
DE2016 claim to apply the declustering process described
in Burkhard and Grünthal (2009), which is based upon ear-
lier studies by Grünthal (1985). It is unclear whether the
same code for implementation was adopted by both stud-
ies, so it is difficult to assess the extent to which the same
seismic clusters are identified. ESHM20 explored the impact
that the choice of declustering algorithm has on the result-
ing activity rate models, noting a contrast in the proportions
of the catalogue removed by different algorithms when ap-
plied to more seismically active or stable regions (Danciu
et al., 2021). Despite the different outputs of declustering,
however, ESHM20 also opts to adopt the same algorithm as
FR2020 and DE2016 to remove non-Poissonian events from
the catalogue prior to calculation of activity rate in the final
model. At present, the use of declustering remains common
practice across many seismic hazard models, in both Europe
and worldwide. Whether this will remain the case for future
models remains an open question, particularly when emerg-
ing practice has shifted toward calculating activity rates using
the complete catalogue in recent state-of-the-art PSHA mod-
els in the United States (Field et al., 2024) and New Zealand
(Rollins et al., 2024).

The general form of the truncated Gutenberg–Richter
model to determine the rate ν(M) of earthquakes with a mag-
nitude greater than or equal to M is

ν (M)= ν0

∫ MMAX

M

βe−βm

e−βMMIN − e−βMMAX
dm, (1)

where β = b ln(10), and ν0 is the rate of earthquakes greater
than or equal to minimum magnitude MMIN, which can be
retrieved from the a value by ν0 =

eα

β
(e−βMMIN − e−βMMAX )

where α = a ln(10). As both France and Germany are regions
that would be characterised as having low to moderate seis-
micity, the number of events per individual source zone is of-
ten too small to determine a and b. All three models address
this issue in a similar way by invoking the concept of large-
scale superzones that span a sufficiently large region from
which to define estimates of the recurrence parameters using
a maximum likelihood estimator accounting for the temporal
variation in catalogue completeness (Weichert, 1980). The a
and b values from these superzones then act as prior distribu-
tions for estimates of each source zone in the respective seis-
mogenic source models within a penalised maximum likeli-
hood estimation (MLE) approach (FR2020) or alternatively
by maximising a likelihood function assuming a common b
value across multiple zones but with the seismicity rate vary-
ing for each zone (described in Appendix B of Stromeyer
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and Grünthal, 2015). For specific details of how the two ap-
proaches perform the MLE and how they account for uncer-
tainties in the catalogue and its completeness, the reader is
referred to the original publications. The relevant point here
is that either approach will define for each source zone an ex-
pected â and b̂ value (or similarly α̂ and β̂) and correspond-
ing covariance matrix COV(α,β) from which we retrieve the
uncertainties σα and σβ and their correlation ρσα,σβ . Where
individual source zones contain very few events or span an
insufficiently wide magnitude range, the distributions of the
recurrence parameters may be informed by, or be fit accord-
ing to, the superzone to which the source zone is assigned.

The superzone concept is critical for each of the models,
not only in defining estimates of a and b values, but also
for characterising MMAX. Here, both FR2020 and DE2016
adopt the EPRI methodology to characterise the distribution
MMAX (Johnston et al., 1994; EPRI, 2012). This invokes a
Bayesian approach in which a global prior Gaussian distri-
bution of MMAX is defined based on the observed maximum
magnitudes in analogous tectonically stable regions across
the Earth, which is then updated for each superzone such that
f (MMAX)= 0 for MMAX <M

obs
MAX in any given region, and

the posterior distribution combines the shape of the prior and
corresponding likelihood function L(M|βNEQ). L is depen-
dent on both the b value of the zone and the number of earth-
quakes observed during the corresponding period. The re-
sulting posterior distribution is either sampled (in the case of
FR2020) or approximated by a discrete set of weighted val-
ues using the approach of Miller and Rice (1983) (in the case
of DE2016). ESHM20 updates an earlier work of Meletti et
al. (2013) to define the MMAX distribution, which yields the
three branches Mobs

MAX, Mobs
MAX+ 0.3, and Mobs

MAX+ 0.6 with
assigned weights of 0.5, 0.4, and 0.1 respectively. Though
not explicitly applying the EPRI methodology, the weights
assigned to each of the three branches reflect an interpreta-
tion of a posterior distribution for f (MMAX) that is broadly
consistent with that of the EPRI approach.

As the superzones act as larger-scale constraints on the
parameters of the MFR (a, b, and MMAX) for regions of
tectonic similarity, it is inevitable that their definition is
based almost exclusively on tectonic and geological crite-
ria rather than local-scale seismicity. This is applied con-
sistently across all three models: the Grands Domaines for
FR2020, the LASZ Model A for DE2016, and the TECTO
model for ESHM20. The three superzonations are compared
in Fig. 5. In the regions where these models overlap, there is a
considerable degree of divergence in the tectonic zonations,
with different models providing strongly contrasting inter-
pretations of the extent of the larger-scale tectonic structures
that influence the spatial distribution of seismicity. ESHM20
and DE2016 are perhaps more consistent with one another
in defining three zones of similar extent that delineate the
Paris Basin, the Upper Rhine Graben, and the South German
Block. However, in the Lower Rhine Graben and continuing
through Belgium and the Netherlands and into the North Sea,

Figure 5. Large-scale area source zonations (LASZs) assumed for
DE2016 (a) and FR2020 (b) and the two LASZs for ESHM20 based
on regional tectonics (c) and maximum magnitude (d). Colours for
DE2016 indicate the groupings of LASZs (from Model A) sharing
a common b value.

all three models diverge. Though far from the only factor that
will eventually contribute toward the differences between the
three models in terms of seismic hazard, this divergence in
the tectonic interpretations in the superzone models will in-
evitably propagate into the recurrence models, particularly in
regions of low seismicity where the superzones act to fix pa-
rameters of or provide strong priors for the resulting MFRs.

Though we have so far focused our attention on the def-
inition of the superzones and their influence in constraining
the MFRs themselves, equally important in terms of the im-
pact on PSHA is how the resulting distributions of â, b̂, and
COV(a,b) (or COV(α, β)) are evaluated within the logic
tree. Here, there is yet again significant divergence between
the models, with each model constructing the logic tree for
MFR epistemic uncertainty using an entirely different ap-
proach.

DE2016 follows the methodology set out by Stromeyer
and Grünthal (2015), who describe the uncertainty in cumu-
lative activity rate ν at each magnitudem from the covariance
matrix such that

σ 2 (m)=

(
1
−m

)T
COV(a,b)

(
1
−m

)
= σ 2

a − 2mσaσb+m2σ 2
b . (2)

The cumulative rate of events greater than or equal to mag-
nitude νc(m) then becomes

νc,i (m)=

∫ MMAX

M

10a−bm+σ(m)zi dm, (3)

where zi is the number of standard deviations of a stan-
dard normal distribution. The incremental activity rate in any
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given bin of width dm then simply becomes 10a−bm+σ(m)zi .
The uncertainty in each magnitude is now represented by
a marginal distribution of N (0, σ (m)). This epistemic un-
certainty can thus be mapped onto a discrete set of i =
1, 2, . . . ,k branches such that zi and its corresponding
weight, wi , are discrete approximations to the standard nor-
mal distribution according to the Gaussian quadrature ap-
proach of Miller and Rice (1983). As Eq. (1) is dependent
on MMAX, the posterior distribution f (MMAX) returned by
the EPRI approach for each zone is first approximated into
five discrete branches using the same Gaussian quadrature
method. Each of the five MMAX values is then input into
Eq. (3), which is then discretised into four branches to ap-
proximate N (0, σ (m)). The epistemic uncertainty in the
MFR for each area source is therefore represented by 20 logic
tree branches (shown in Fig. 2).

ESHM20 starts from a similar point to DE2016, as it de-
fines â, b̂, and COV(a,b) according to Stromeyer and Grün-
thal (2015) but then approximates the distribution differently.
Monte Carlo sampling is used to generate 1 million real-
isations of a and b from the multivariate normal distribu-
tion, and from these samples the pairs corresponding to the
16th, 50th, and 84th percentile values are taken to define the
lower, middle, and upper branches respectively, with weights
of 0.2, 0.6, and 0.2 respectively. MMAX is defined indepen-
dently of a and b using the three branches described previ-
ously. Though ESHM20 evaluates the multivariate distribu-
tion of a, b, and COV(a,b) in a slightly less formally cor-
rect manner compared to DE2016, one would still expect the
distribution of resulting hazard curves to be similar. How-
ever, ESHM20 diverges further from both the DE2016 and
the FR2020 approaches by introducing as an alternative set
of MFR branches a tapered Gutenberg–Richter recurrence
model (Kagan, 2002):

ν (M0)=

(
Mt

M0

)β
exp

(
Mt−M0

Mcm

)
for Mt ≤M0 <∞, (4)

whereM0 is the seismic moment of an event with magnitude
m, Mt is the threshold moment, β = b ln(10), and Mcm is
the corner moment. Unlike the truncated Gutenberg–Richter
model, the tapered Gutenberg–Richter distribution is theoret-
ically unbounded at large moments; however, the exponential
decay in the functional form aboveMcm effectively tapers the
rate of events to triviality for magnitudes larger than the cor-
responding Mcm, so truncation can be safely applied within
0.2–0.3 magnitude units above Mcm with only minimal im-
pact on the hazard calculation. For the set of branches cor-
responding to this distribution, the rate and b value are fixed
according to the â and b̂ values defined previously, while the
three MMAX branches are applied as epistemic uncertainty
in Mcm. In total, for area sources the source model logic tree
contains 12 branches to represent the uncertainty in the MFR:
for the truncated Gutenberg–Richter model three branches
of a and b and another three of MMAX and for the tapered
Gutenberg–Richter model only three branches for Mcm.

For both DE2016 and ESHM20 it is also necessary to de-
fine activity rates for both the smoothed seismicity sources
and the active fault sources. Because of its implicitly non-
parametric approach to defining activity rates, no MFR un-
certainty is considered for the zoneless smoothed seismic-
ity model of DE2016. Similarly, for ESHM20 the smoothed
seismicity model is optimised through an iterative forecast
testing approach, which yields a single preferred smoothed
seismicity model without epistemic uncertainty in the MFR.
Both models do define epistemic uncertainty in the activ-
ity rates for the fault-based models. In the case of DE2016
the maximum magnitudes on the composite fault sources are
characterised according to their fault dimension using a nor-
mal distribution of N (MMAX,0.3) (Vanneste et al., 2013).
These distributions are mapped onto five branches using the
Miller and Rice (1983) methodology. On-fault recurrence is
modelled using a truncated Gutenberg–Richter relation, but
as the authors could not constrain the proportion of aseismic
slip, they opted to assign the seismicity for MW ≥ 5.3 to the
fault sources and the rest to their respective catchment zone
(Model C, zones C15 and C22), with the proportion of seis-
micity rate for each fault assigned according to the relative
length of the fault. This results in a total of 20 MFR branches
on the fault sources, comprising fiveMMAX branches and the
four branches of recurrence uncertainty from the catchment
zones. In ESHM20 the recurrence models for the active fault
sources also use a truncated Gutenberg–Richter model, albeit
moment balanced from the geological coseismic slip rate. As
the slip rates are themselves uncertain, three branches for al-
ternative coseismic slip rates are considered along with three
branches for MMAX.

FR2020 takes a different approach to characterising epis-
temic uncertainty compared to either ESHM20 or DE2016.
For each area source and for each larger-scale superzone the
seismicity is represented by a truncated Gutenberg–Richter
model represented by â, b̂, and C(a,b), in addition to the
posterior density function f (MMAX) that is defined for each
superzone. Rather than discretise the distributions of ν(m)
(as DE2016) or of a, b, and MMAX into a small set of
branches according to Miller and Rice (1983), Drouet et
al. (2020) instead use Monte Carlo sampling, drawing 100
samples from each distribution, with each sample then repre-
sented as an equally weighted MFR branch (weight= 1/100)
in the logic tree. Samples are drawn independently from
f (MMAX) and the multivariate normal distribution repre-
senting the a and b value MVN

(
â
b̂
,C(a,b)

)
. This results in a

total of 400 source model branches from four source models
(GTR, EDF, IRSN, and zoneless), each with 100 MFR sam-
ples. Implementation of the model revealed that the original
authors had adopted a stratified sampling strategy for a and
b, which is illustrated in more detail in the Supplement Part
A Sect. S2.
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2.3 Upper Rhine Graben source example: similar
approaches, different outcomes

To illustrate how the different approaches to characterisa-
tion and implementation of the MFRs in a logic tree can
yield quite different distributions of activity rates for a given
source, even where many inputs to the source model are sim-
ilar, we consider the case of the Upper Rhine Graben (URG).
Among the different source zonations within the different
logic trees there are some differences to the exact shape of the
source(s) in the Upper Rhine, though most models describe
a source that follows the main outline of the graben starting
just north of the Basel earthquake sequence in the south and
terminating close to Karlsruhe in the northwest. We select
the DEAS107 zone from the ESHM20 unified area source
model branch, the Fosse-Rhenan Sud (FRS) zone from the
FR2020 GTR source zonation, and the D051 zone from the
DE2016 model to look at in detail as they depict similar ge-
ometries with respect to the spatial seismicity distribution.
These sources are shown with seismicity from their respec-
tive earthquake catalogues in the top row of Fig. 6. Here we
observe a first point of divergence, as the catalogues show re-
markably different patterns of seismicity for the same zone.
This is somewhat surprising as ESHM20 adopts the same
earthquake catalogue as FR2020 within the French territory,
namely FCAT-17 (Manchuel et al., 2018), and the same cat-
alogue within the German territory as DE2016 for the post-
1900 seismicity. Differences emerge in the pre-1900 earth-
quake catalogues as ESHM20 adopts the European Preinstru-
mental Earthquake Catalogue (EPICA) (Rovida et al., 2022),
which is compiled independently from the other catalogues.

The next point of divergence can be seen in the estimate
of completeness magnitude and its variation in time, which
can be seen in the middle row of Fig. 6 and is given in
Table 2. FR2020 and DE2016 estimate completeness using
the method of Hakimhashemi and Grünthal (2012), although
adopting different spatial zones to apply the method, while
ESHM20 estimates completeness using an inversion method
based on forecast testing (Nandan et al., 2022). Drouet et
al. (2020) provide the uncertainty range for the completeness
estimates, and although the preferred values are different for
many magnitude bins, the earliest years of completeness for
magnitudes in the range 4.0≤MW ≤ 6.5 for the DE2016 and
ESHM20 models are consistent with the uncertainty range
shown in Table 2 for FR2020. Taking the best estimates,
however, and contrasting these against the catalogues (shown
in the middle row of Fig. 6), it is obvious that both the cata-
logues and the completeness estimates are dissimilar.

The bottom row of Fig. 6 shows the distributions of ac-
tivity rate with magnitude for all the MFR branches as-
sumed by the respective logic trees. Although each model
uses some form of maximum likelihood estimate (Johnston
et al., 1994; Stromeyer and Grünthal, 2015) to determine
the Gutenberg–Richter parameters for the zone, the results
are significantly different. ESHM20 has an expected a and b

Table 2. Variation in completeness window for each magnitude bin
assumed for the selected URG source zone.

Magnitude bin DE2016 FR2020 ESHM20

2.5–3.0 1973/1974 1970 (1965–1975) –
3.0–3.5 1870 1950 (1940–1960) –
3.5–4.0 1870 1850 (1800–1875) 1857
4.0–4.5 1870 1850 (1800–1875) 1822
4.5–5.0 1800 1700 (1650–1800) 1822
5.0–5.5 1650 1600 (1500–1700) 1479
5.5–6.0 1450 1500 (1400–1600) 1479
6.0–6.5 1250 1500 (1400–1600) 1479
≥ 6.5 1250 1500 (1400–1600) 1479

value of 1.9565 and 0.7334 respectively, which are mapped
onto three branches of a− b pairs: (1.886, 0.685), (1.9565,
0.7443), and (2.0278, 0.803). By contrast, FR2020 yields
a and b values of 2.3711± 0.182 and 0.8696± 0.0918 re-
spectively, with ρab = 0.8991, and while DE2016 is depen-
dent on MMAX, the a and b values range from 3.89 to 2.86
and from 1.08 to 0.95 respectively. Not only do the MFR
parameters themselves then vary significantly, but the dif-
ferent mappings onto logic tree branches also yield signif-
icantly different activity rate distributions, as illustrated in
Fig. 6. ESHM20 places more weight on the middle branches,
and in this case the MFR logic tree mixes both the truncated
Gutenberg–Richter distribution and the tapered Pareto distri-
bution. FR2020 clearly shows the largest spread of MFRs,
which arises in part from the independence of a and b from
MMAX and in part because of the large number of evenly
weighted sample values. DE2016 is something of a middle
point, with a narrower range of values and notably higher
weights on a specific subset of branches.

The comparison here is not an exhaustive description of all
the reasons for the differences in seismic hazard that we will
eventually see between the three models, but it is illustrative
of how they can diverge significantly in the critical informa-
tion for PSHA (namely activity rate per magnitude bin) de-
spite adopting theoretically similar approaches. Particularly
insightful is the contrast in the way in which the distribution
of a and b is mapped onto the epistemic uncertainty, which
would potentially suggest that even if the three models pro-
duced a similar fit in their recurrence models, they could still
diverge significantly in the resulting activity rate distributions
inside the PSHA calculation. We discuss in the “Discussion
and conclusion” section the implications for future harmon-
isation of the seismic hazard, but a key point to take from
this brief analysis is that each step of the process, from the
basic earthquake data through to the distribution of activity
rates, requires both transparency and scrutiny. Though the
models considered here are arguably better documented than
many, there are still many steps in the processes that are not
completely described, or if they are described it may be dif-
ficult to perceive how this can influence the hazard. These
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Figure 6. Example comparison of fit and representation of earthquake recurrence for the Upper Rhine Graben (URG) for DE2016 (a, d,
g), FR2020 (b, e, h), and ESHM20 (c, f, i). Example geometry of the selected URG seismic source in different models and the respective
earthquake catalogues with symbols scaled according to magnitude (a, b, c), distribution magnitude with time for the respective zones and
the corresponding temporal completeness magnitude assumed by the model (d, e, f), and distribution of magnitude frequency relations for
the zone colour scaled according to weight. All catalogues share the same symbol size scaling with magnitude (a, b, c), and all magnitude
frequency distributions share the same colour scale (g, h, i).

factors contribute to the differences in hazard model compo-
nents and hazard model outputs shown in Sects. 4 and 5.

2.4 Ground motion models

For the ground motion model (GMM) logic tree it is not nec-
essarily the technical process itself and the decisions made
therein that differ significantly between the three PSHA mod-
els but rather the general philosophy of how to characterise

epistemic uncertainty. Specifically, between the three models
we see an example of a multi-model (or “weight-on-model”)
GMM logic tree (FR2020), a hybrid multi-model logic tree
with backbone scaling factors (DE2016), and a fully region-
alised scaled-backbone logic tree (ESHM20). All three mod-
els explicitly invoke the same objective of “capturing epis-
temic uncertainty in terms of the centre, body and range of
the technically defensible interpretations of available data”
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(U. S. Nuclear Regulatory Commission, 2012). To contrast
distributions of GMMs from different PSHA models, we cre-
ated a set of trellis plots in which the GMM selections from
two different models are plotted side by side for the same set
of predictor variables. The range of GMM median or stan-
dard deviation values for the contrasting model is described
by a shaded region beneath the GMMs for the model in ques-
tion.

The GMM logic tree for DE2016 was initially based on
a multi-model approach, with five models identified as suit-
able for application in Germany (Akkar et al., 2014a; Bindi
et al., 2014; Derras et al., 2014; Cauzzi et al., 2015; Bindi et
al., 2017), but it adds to each of these models a set of scaling
factors to the median ground motions (0.7, 1.0, 1.25, and 1.5)
to account for epistemic uncertainty in regional stress drop.
Of the five models selected, Akkar et al. (2014a), Bindi et
al. (2014), and Derras et al. (2014) are fit to data from the
pan-European RESORCE dataset, while Cauzzi et al. (2015)
and Bindi et al. (2017) are fit using data predominantly from
Japan (supplemented by some records from other regions of
the globe). The latter is fit using records from the NGA-
West2 dataset but using a simpler functional form than the
NGA-West2 GMMs. This makes Bindi et al. (2017) bet-
ter suited for the level of parameterisation commonly found
in moderate- to low-seismicity regions where seismogenic
sources are predominantly based on distributed seismicity
rather than directly on active faults. The DE2016 GMM logic
tree combines a standard multi-model approach with ele-
ments of a scaled-backbone approach to capture some of the
uncertainty in the underlying seismological properties of the
target region; hence, we refer to it as a hybrid multi-model
and backbone GMM logic tree.

Grünthal et al. (2018) outline several key factors that influ-
ence their decision-making process: (i) varying strengths of
the different databases of ground motion, e.g. tectonic sim-
ilarity for Europe (RESORCE), a wealth of short-distance
records (NGA-West2), and detailed site parameterisation
(Japan – Cauzzi et al., 2014); (ii) variation in functional form
and how this influences ground motion prediction for small-
to moderate-magnitude events; and (iii) the observation of
several earthquakes with higher-than-average stress drop in
stable regions of France, Germany, and the UK. The multi-
model approach and the choice of models selected largely
address the first two of these issues. Three different datasets
(RESORCE, NGA-West2, and Japan) are represented, which
also implicitly incorporate GMM source-region-to-source-
region variability (i.e. Europe, western United States, and
Japan). The highest weight assigned to the three GMMs de-
rived from RESORCE and then split evenly between the
three models therein is 0.5, while the Cauzzi et al. (2015)
and Bindi et al. (2017) models receive equal weights of
0.25. Functional form variation and parameterisation are ac-
counted for by mixing classical random effect models (each
with slight differences in functional form) with purely data-
driven neural network models (Derras et al., 2014).

The GMM logic tree adopted for FR2020 is the sim-
plest of the three, using four ground motion models each as-
signed an equal weight of 0.25 (Ameri, 20141; Abrahamson
et al., 2014; Cauzzi et al., 2015, with variable reference VS30;
Drouet and Cotton, 2015, using rupture distance and with
10 MPa stress drop for large-magnitude events). Two of these
models (Ameri, 2014; Drouet and Cotton, 2015) are based
exclusively on French seismological data, while the Abra-
hamson et al. (2014) model is fit to records from the NGA-
West2 dataset (global in scope but with most records origi-
nating from California), and the Cauzzi et al. (2015) model
is fit predominantly to Japanese strong-motion data. None of
the selected GMMs is based on the pan-European RESORCE
ground motion dataset (Akkar et al., 2014b), although Drouet
et al. (2020) indicate that several of the GMMs that were de-
rived using pan-European ground motion data were consid-
ered in the selection process. The analysis to support their
model selection is based on the exploration of the model
space of the GMMs using Sammon’s maps (Scherbaum et
al., 2010), which reveal that the four models are relatively
well separated within the model space described by all pre-
selected GMMs and by a set of reference models derived
from the mean of the considered GMMs scaled up and down
(representing stress drop variation) and with faster or slower
attenuation. In this sense, the multi-model logic tree accounts
for epistemic uncertainty in both the model functional form
and the geophysical properties of the target region, with the
latter being represented by the different GMM source regions
implicit within the selected models: France (Ameri, 2014;
Drouet and Cotton, 2015), the western United states (Abra-
hamson et al., 2014), and Japan (Cauzzi et al., 2015).

In practice, the DE2016 and FR2020 approaches yield
similar outcomes, with the same three source regions rep-
resented: local/Europe, Japan, and the western United States,
with the local region receiving a weight of 0.5 and the other
two a weight of 0.25 each. The two sets of GMMs for the
DE2016 and FR2020 models are compared in terms of their
range of median ground motions (Fig. 7) and their aleatory
uncertainty σT (Fig. 8). For these comparisons and those
in the subsequent figures (Figs. 9 to 12), the three scenario
magnitudes (MW4.0, 5.5 , and 6.5) are chosen because they
represent the minimum magnitude considered by the models
(MW4.0), the typical controlling magnitude of the hazard for
return periods of engineering interest (MW5.5), and a fea-
sible but low-probability extreme scenario (MW6.5) that is
close to the MMAX in stable zones but lower than the MMAX
of the active fault sources found in the Rhine Graben and
Alpine front.

The uncertainty in stress drop is the motivation behind
adding the additional scaling factors, which capture both the

1The original paper of Drouet et al. (2020) indicated that the
Ameri et al. (2017) model was adopted here; however, discussions
with the authors revealed it was in fact the earlier Ameri (2014)
model that was used.
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possibility that stress drop may be lower in Germany than
in the respective source regions of the models (0.75) and the
possibility that it is higher (1.25 and 1.5). Weights of 0.36 are
assigned to each of the 1.0 and 1.25 scaling factors, while the
outer branches (for lower-than-average or much-higher-than-
average stress drop) are assigned smaller weights of 0.14
each. This pushes the balance of the weight toward higher
stress drop in Germany.

Compared to the strategies adopted for FR2020 and
DE2016, the ESHM20 model has taken a different approach
to defining a GMM logic tree that captures the centre, body,
and range of the technically defensible interpretations of
available data, and it does so by abandoning the multi-model
concept entirely in favour of a regionalised scaled-backbone
logic tree. The full explanation of the logic tree, including
both its motivation and its calibration, is given in Weatherill
et al. (2020). This change in approach is motivated in large
part by the development of the Engineering Strong Motion
(ESM) database and flatfile (Lanzano et al., 2019), which in-
creases the number of ground motion records available in Eu-
rope by nearly an order of magnitude, particularly those of
small- to moderate-magnitude earthquakes, including many
more from France and Switzerland compared to RESORCE.
The backbone GMM is fit to this dataset (Kotha et al., 2020),
but with such a large volume of data additional random ef-
fects are included to capture region-to-region variability in
the stress parameter scaling of the model (δL2Ll) and in the
attenuation (δc3, where c3 is the coefficient of the anelas-
tic attenuation term of the model). These two random ef-
fects are both normally distributed variables with means of
0 and standard deviations of τL2L and τc3 respectively, and
individually they quantify the total regional variability in the
stress parameter and residual attenuation within Europe. For
regions with little or no ground motion data, the distributions
of N (0, τL2L) and N (0, τc3) are mapped onto sets of dis-
crete branches using the method of Miller and Rice (1983),
making the model a scaled-backbone model. Where data are
available the distributions can be adjusted to reflect the lo-
cal stress parameter or attenuation properties implied by the
data; thus the model is also regionalisable.

Even in the larger ESM flatfile there are few events from
Germany, and those that are present are almost all located in
the Upper Rhine Graben and Alpine Foreland. In France the
majority of earthquake and records come from the Alpine
and Pyrenees regions. Observations were available for the
regions where δc3 could be calibrated, so regions of sim-
ilar δc3 were grouped together to differentiate between re-
gions of slower, average, or faster attenuation. These differ-
ences are reflected in the model, where the attenuation pa-
rameters of the backbone GMM for sites in these regions are
adjusted to incorporate these differences. Altogether, the re-
gionalised scaled-backbone logic tree maps the unadjusted
(un-regionalised) δL2Ll term onto five branches and the
regionalised δc3 term onto three branches, resulting in 15
GMM branches altogether. The median accelerations pre-

dicted by ESHM20 GMMs are compared against those of
FR2020 and DE2016 in Figs. 9 and 10 respectively and the
aleatory uncertainties in Figs. 11 and 12.

Among the most important trends to be seen in the plots
in Figs. 7 to 12 are the general tendencies toward higher me-
dian ground motions at short distances and small magnitudes
for the GMM logic trees of the DE2016 and ESHM20 mod-
els compared to those of FR2020. For larger magnitudes the
trends reverse, and it is the ESHM20 GMM logic tree that
provides a lower central tendency in the ground motions. At
intermediate magnitudes and distances, where we are best
constrained by data, ESHM20’s GMM logic tree tends to-
ward lower short-period motions at most magnitudes and dis-
tances, while longer-period motions are comparable. How-
ever, we note that the very high and very low stress parameter
branches of the ESHM20 GMM logic tree that envelope the
range of values in the plots have very little weight associated
with them, and it is the three more central branches that have
the greatest influence on the mean hazard.

For the DE2016 and FR2020 comparisons, the DE2016
GMMs tend to skew higher. This reflects the influence of
the stress drop scaling, where more weight is put on to-
ward the scaling factors greater than or equal to 1.0. With-
out these adjustments the GMM selections would likely have
returned a similar centre and range of ground motions, ex-
cept at near-source distances (RJB < 10 km) where the Der-
ras et al. (2014) GMM with the point-source to finite rupture
distance correction seems to extrapolate toward much higher
motion than the other models.

For the aleatory variability the ESHM20 is based on a
scaled-backbone model with no branches for epistemic un-
certainty in this term; thus the range of σT collapses to a
simple line in Figs. 11 and 12. What is evident, however, is
the heteroscedastic variability that is present in the ESHM20
model and in the Abrahamson et al. (2014) model. This re-
sults in lower σT at high magnitudes, which in turn lowers
the aleatory uncertainty in the ESHM20 model compared
to the other GMM logic trees. We also observed that the
ESHM20 model shows a lower aleatory variability in gen-
eral compared to the spread found in other GMM logic trees.
Two factors play a role here: the first is that the Kotha et
al. (2020) model was derived using robust linear mixed-effect
regression that down-weights outlier values and the second
is that the ESHM20 GMM implementation adopts different
site-to-site variability (φS2S) for the cases when the site con-
dition (VS30) is measured and when it is inferred from a proxy
(Danciu et al., 2021; Crowley et al., 2021). For the measured
VS30 case, which is the one being considered in the ESHM20
application, φS2S is reduced compared to most other GMMs
shown here because it is fit to the site-to-site variability of
the subset of stations with measured VS30, while most other
models have calibrated this variability based on records from
stations that mix measured and inferred VS30.
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Figure 7. Trellis plots comparing the median ground motions of the GMM selections of the FR2020 and DE2016 logic trees. (left) Attenua-
tion with distance for Sa (0.15 s) for MW 4.0, 5.25, and 6.0 and (right) scaling with period at a site RJB 30 km from the source for MW 4.0,
5.25, and 6.0. The range of values from the compared models is shown by the grey-shaded region in each plot, while the dashed black lines
show the sum of the median ground motions from each model (µi ) weighted by their logic tree weights (wi):

∑
i(µi ·wi).

Figure 8. As Fig. 7 but comparing the aleatory uncertainty distributions of the FR2020 and DE2016 GMM logic trees. The dashed black
lines refer to the sum of the aleatory variabilities of each GMM (σi ) weighted by their logic tree weight (wi):

∑
i(σi ·wi).
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Figure 9. As Fig. 7 but comparing the median ground motions of the ESHM20 and FR2020 GMM logic trees.

Figure 10. As Fig. 7 but comparing the median ground motions of the ESHM20 and DE2016 GMM logic trees.
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Figure 11. As Fig. 8 but comparing the aleatory uncertainty distributions of the FR2020 and ESHM2020 GMM logic trees.

Figure 12. As Fig. 8 but comparing the aleatory uncertainty distributions of the ESHM2020 and DE2016 GMM logic trees.
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3 Harmonising model implementations into a common
software format

We have so far looked at some of the fundamental differ-
ences in the seismic hazard inputs between the three national
seismic hazard models, and though there are different ap-
proaches and philosophies underpinning each, there are also
many key similarities, most notably in the types of sources
being adopted (i.e. uniform area zones; smoothed seismicity;
and, in the case of ESHM20 and DE2016, active fault sur-
faces). An important difference, however, is not just in the
construction of the inputs but also in how they are processed
in the PSHA calculation. Here, the PSHA calculation soft-
ware plays an important role. Each of the three models was
implemented in a different PSHA software: FR2020 used a
proprietary software developed by Fugro that is based on a
customised version of FRISK88 (McGuire, 1976); DE2016
also used a proprietary software that is their own customi-
sation of FRISK88 for the area and fault sources, which
was combined with their own software code to implement
smoothed seismicity PSHA; and ESHM20 was developed us-
ing OpenQuake (Pagani et al., 2014).

Our first major objective in this work was to harmonise all
three models into a common format around the OpenQuake
engine seismic hazard and risk software. This harmonisation
serves multiple purposes. The first is to migrate the models
from the proprietary software in which they were originally
implemented and to support them using open-source soft-
ware so that they can be reproduced by other parties. The
second purpose is the main objective of this paper, which is
to define a common representation of hazard inputs and out-
puts that will allow for the quantitative comparisons shown
in Sects. 4 and 5. Finally, OpenQuake includes both a seis-
mic hazard calculator and a seismic risk calculator, which in
combination with the exposure and vulnerability models pro-
vided as part of ESRM20 allow us to explore implications of
the different models in terms of seismic risk. This latter ob-
jective will, however, be the subject of a future study and is
beyond the scope of the current paper.

3.1 PSHA software comparisons: rationale and
applications

Although PSHA models have developed in sophistication
over the decades, the fundamental framework for PSHA has
remained largely unchanged since its establishment by Cor-
nell (1968) and McGuire (1976). Arguably the most no-
table evolutions in practice emerge with the “grand inver-
sion” methodology for modelling fault systems (e.g. Field
et al., 2015, 2024) and more widespread usage of Monte
Carlo techniques (e.g. Ebel and Kafka, 1999; Musson, 2000;
Weatherill and Burton, 2010; Assatourians and Atkinson,
2014). These later adaptations do not alter this core prob-
abilistic framework but rather evaluate it in a manner that
may be flexible or better suited to incorporating new mod-

elling developments or providing input into a broader range
of applications. Yet, despite the robustness of the conceptual
probabilistic seismic hazard integral, different PSHA soft-
ware can be remarkably divergent in the way the input source
and ground motion models are processed and translated into
the PSHA framework.

Differences between PSHA software can be broadly
grouped into three categories:

– Irreconcilable discrepancies owing to fundamental dif-
ferences in software operation. These can include char-
acterisation of the seismic source and/or magnitude
frequency relation and their discretisations within the
hazard integral; treatment of rupture finiteness in dis-
tributed seismicity sources; and its scaling with earth-
quake magnitude, calculation of fault rupture to site
distances, and evaluation and/or approximation of the
statistical density functions to retrieve probabilities of
exceedance of ground motion. Such differences can be
identified but not necessarily replicated from one soft-
ware to another without significant changes to the code.

– Implementation discrepancies, which mainly refer to
bugs or errors in the source codes themselves, poten-
tial instability due to rounding errors, or different inter-
pretations of ambiguously described features or param-
eters in implemented models such as GMMs. These can
be identified and resolved by following quality assur-
ance procedures and can be greatly assisted by model
authors providing open-source implementations of their
models.

– Free modelling parameters and configuration choices
that allow users to control the operation of the software
but that are seldom fully documented (particularly in
scientific papers). These may resemble the irreconcil-
able discrepancies more if one software implements a
part of the hazard calculation in a flexible manner that
affords the user control of the operation, while another
software may hard-code this same process and afford
the user no control.

The way that different software packages characterise
common elements of a PSHA calculation and the corre-
sponding impacts on the resulting hazard curves have been
evaluated as part of the PEER Probabilistic Seismic Haz-
ard Code Verifications (PEER Tests hereafter) (Thomas et
al., 2010; Hale et al., 2018). These are elemental PSHA cal-
culations usually comprising a single source, a ground mo-
tion model, and a limited number of target sites with fixed
properties, which are designed specifically to assess how the
different software programmes approach a particular mod-
elling issue. The results are compared against either “exact”
solutions calculated by hand, where possible, or the range of
curves determined from the participating PSHA codes when
the problem cannot be evaluated by hand.

https://doi.org/10.5194/nhess-24-3755-2024 Nat. Hazards Earth Syst. Sci., 24, 3755–3787, 2024



3772 G. Weatherill et al.: Strategies for comparison of modern probabilistic seismic hazard models

The PEER Tests have been particularly insightful in identi-
fying how and why PSHA codes diverge, which is especially
important given that many codes participated in them (both
proprietary and open source) that are widely used in com-
mercial application. As they are elemental in nature, how-
ever, they cannot necessarily predict the extent to which dif-
ferent codes will yield different outputs for seismic hazard
at a given location, where many modelling differences come
into play. The importance of this type of application and the
benefits of multi-software implementations of a seismic haz-
ard model as part of a quality assurance (QA) process for the
design of critical facilities have been emphasised by Bom-
mer et al. (2015) and Tromans et al. (2019), among others,
and both are becoming more widely used in practice. The
QA application is only one context, however, and arguably a
favourable one in which multiple parties are involved, and re-
sources are often made available to document and debate the
implementations and to resolve discrepancies as and when
they emerge.

More relevant for the case at hand is migration of an ex-
isting or established hazard model from one software to an-
other. Here the challenges are different, as the existing model
forms the reference, and the new software may need to repli-
cate the behaviour of the previous one in order to ensure
consistency in the outputs. In some cases, if the new soft-
ware user is different from or does not have the support of
the original software developer, and the source code of the
software is closed, then there can often be critical elements
of the PSHA calculation process that are hidden from the
user. In this instance complete agreement between the exist-
ing and migrated models may not be possible, primarily due
to the irreconcilable differences between the software high-
lighted above. Instead, a target level of “acceptable agree-
ment” between the previous and new implementation needs
to be defined (e.g. Abbot et al., 2020; Allen et al., 2020).

In the migration processes described in this section, we
set a target level of agreement in terms of the OpenQuake-
calculated seismic hazard curves at given target sites agree-
ing with those produced from the original PSHA software
code to within a ±10 % annual probability of exceedance
(APoE) for the corresponding range of ground motion in-
tensity measure levels (IMLs) for APoEs greater than 10−4

(corresponding to a return period of approximately 10 000
years). Although in many cases agreement can be achieved
for lower APoEs, the irreconcilable differences due to issues
of discretisation, rounding, numerical instability etc. may be-
gin to influence the extreme tails of the distributions that
assume greater importance at these longer return periods.
An APoE of 10−4 is sufficient to span the range of return
periods considered for conventional design building codes,
which reflect the applications for which these specific haz-
ard models are intended. As both the FR2020 model and the
DE2016 model have logic trees, we undertake comparisons
in two steps, the first comparing specific branches of the
logic tree to ensure broad agreement over source and ground

motion model combinations and the second comparing the
curves in terms of the respective means and quantiles. We
note that from the seismic hazard curves similar agreement
targets could be set in terms of the IMLs for a fixed range of
APoEs, which may be slightly more intuitive. Both options
were explored, and no cases were found in which the agree-
ment in curves for the IMLs failed to reach the set ±10 %
target when the agreement in terms of APoEs did. As all
three software programmes considered return seismic haz-
ard curves in terms of PoE for a user-input set of IMLs, and
statistics of means and quantiles were calculated based on
PoE, we opted to use APoE as the variable for the compar-
isons to avoid introducing potential discrepancies from dif-
ferent interpolation approaches. Summaries of the migration
issues for both FR2020 and DE2016 can be found in the Sup-
plement Part A Sects. S3, S4, and S5, and further details of
the issues encountered in the migration of FR2020 to Open-
Quake can be found in Weatherill et al. (2022). Illustrative
comparison plots of the two software implementations for
both national seismic hazard maps and seismic hazard curves
at selected locations can be seen in the Supplement Part B.

3.2 Defining means and quantiles

In OpenQuake the mean is calculated as the weighted arith-
metic mean of the probabilities of exceedance (PoEs) for
each given intensity measure level (IML). Similarly, quan-
tiles are determined based on the probabilities of exceedance
for each intensity measure level by sorting the PoEs from the
lowest to the highest at each IML and interpolating the corre-
sponding cumulative density function to the desired quantile
values (typically 0.05, 0.16, 0.5 (median), 0.84, and 0.95).
As OpenQuake adopts the earthquake rupture forecast (ERF)
formulation for the PSHA calculation (Field et al., 2003),
all hazard statistics are extracted from the probabilities of
exceedance rather than the rates of exceedance. This for-
mulation of the mean and quantiles represents one of sev-
eral different ways of retrieving this term. Other PSHA soft-
ware programmes may apply the statistics to the IMLs for a
given PoE and/or work with the geometric means rather than
arithmetic means, and each approach yields different results.
From communication with the model developers, we verified
that FR2020 defines the mean hazard as the arithmetic mean
of the probabilities of exceedance, while for DE2016 the
means are based on the arithmetic mean of the annual rates
of exceedance. For consistency with OpenQuake, in the com-
parisons of means and quantiles, we retrieved these values
from the complete suite of hazard curves and processed them
identically rather than taking the mean or quantiles from the
software itself.
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3.3 Source-to-source correlation in MFR epistemic
uncertainties

We see in Sect. 2 how the three different models attempt
to translate the uncertainty in a, b, and COV(a,b) into the
logic tree and how this yields quite different distributions
of activity rates. A factor that is not discussed is the issue
of source-to-source correlation in the MFRs. To summarise,
consider an idealised model with just four area sources, each
with their own truncated Gutenberg–Richter MFR, and a
corresponding logic tree with three branches for uncertainty
in a and b (e.g. −1 · (a,b) ,

(
a,b

)
,+1 · (a,b)) and three

for uncertainty in MMAX (e.g. MLOW
MAX, MMAX+M

HIGH
MAX ).

If the MFRs are fit independently for each zone, then the
resulting logic tree would need to permute every com-
bination of the MFR parameters for each source, which
would in this simple case result in 94

= 6561 logic tree
end branches, i.e. (NBRANCHES)

NSRCS . Applying this same
logic to the area source zonations for DE2016, for example,
we have between 31 and 107 sources per model and 20
MFR branches, which would result in between 2031 and
20107 logic tree branches for each source model. This is
clearly intractable for any PSHA calculation software,
and OpenQuake cannot even construct such a logic tree
from which to sample. A common alternative is to assume
perfect correlation between the sources, which in the
idealised case would be to apply the same branches (e.g.
−(a,b) |M low

MAX,
(
a,b

)
|MLOW

MAX, +(a,b) |M
LOW
MAX, −(a,b) |

MMAX, . . .,+(a,b)|M
HIGH
MAX ) to all of the sources at the same

time. This results in a more manageable logic tree of just 9
branches in the simple idealised case and 20 MFR branches
per source model in the DE2016 case.

Both DE2016 and ESHM20 adopt discrete MFRs for each
of the sources, meaning that in order to execute the calcula-
tion, perfect correlation between sources had to be assumed
in both cases. However, by sampling the MFRs for each
source separately in the 100 branches, FR2020 preserves in-
dependence in the source model MFRs. This issue of cor-
relation can impact on the outcomes of the hazard as the
assumption of perfect source-to-source correlation in MFRs
could conceivably assign disproportionately large weights to
the extreme cases such that all sources may have higher or
lower activity rates. This inflates the uncertainty, meaning
that the resulting hazard distributions may be larger than in-
tended, potentially skewing the mean toward higher values
compared to the case in which MFR epistemic uncertainties
are characterised independently for each source. Work is cur-
rently ongoing to explore this issue and its impacts on seis-
mic risk assessment for a country in further detail.

3.4 Calculation scale

A final issue of PSHA implementation relates to the scale
of calculation, by which we refer to the volume of data and,
by extension, the CPU time and RAM needed to execute the

PSHA for logic trees of this size. Each of the three software
programmes address this differently, and as two of the soft-
ware programmes are proprietary, we have not been able to
benchmark the calculations. For OpenQuake, however, this
type of logic tree with many source and MFR branches has
not been efficiently handled at the time of writing. The main
reason for this is that for each source model and MFR branch
a new earthquake rupture forecast is constructed. This re-
quires re-calculation of distances and ground motions for
each logic tree branch and MFR branch, increasing both the
CPU requirements and the RAM requirements. Calculations
here were run on a 192 CPU server with 760 GB RAM, and
this was insufficient to execute the calculations in a single
run. Instead, the models for FR2020 and DE2016 were split
into subsets of branches, and the resulting hazard curves were
later recombined and post-processed to retrieve the mean and
quantiles. It is hoped that future efforts will be undertaken
to improve the efficiency of the calculations for this type of
epistemic uncertainty, which is commonly applied in regions
of low to moderate seismicity.

4 Quantitative comparisons of the seismogenic source
models by visualising activity rate model space

In Sect. 2 we show the overall structure of the different mod-
els, contrasting some of the assumptions behind them and
looking in detail at the France–Germany border region to un-
derstand the differences in catalogues, definitions of source
models, and the fitting and characterisation of the recurrence
models. Although this process brings to light some of the
main factors that go toward explaining the differences in seis-
mic hazard results shown in the next section, it is also impor-
tant to be able to quantify and interpret differences in the
two primary components of the PSHA model: the seismic
source model and the ground motion model. Comparisons
at this point can be particularly useful as they can allow us
to understand the cumulative impact of the diverging steps
that have led to the construction of the respective source and
ground motion models before these are then integrated into
the PSHA calculation. A crucial motivation for the migration
of the PSHA models into a common software, as described in
detail in Sect. 3, is to have the three models represented in a
common format that allows us to isolate the model-to-model
differences from the software differences. In this section all
the analyses work with the OpenQuake implementations of
the models rather than the original implementations (in the
case of FR2020 and DE2016).

4.1 Interpreting the seismogenic source model space
using descriptive statistics

Section 2 explains how all three models share some similar-
ities in the source types that they use, as well as their differ-
ences. As each model adopts a logic tree with epistemic un-
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certainty in both the source types and the recurrences, how
can one quantitatively compare not just the sources but also
their respective distributions? The starting point is to ren-
der each source into a common representation that allows for
quantitative comparisons of the models and their respective
distributions. Each source branch of each model is translated
into a three-dimensional array λ(φ,θ ,M) of longitude, lati-
tude, and magnitude, with each cell containing the incremen-
tal rate of activity for the corresponding longitude, latitude
and magnitude bin λijm, where i = 1, 2, . . .,Nφ corresponds
to the longitude bin, j = 1, 2, . . .,Nθ to the latitude bin, and
m= 1, 2, . . ., Nm to the magnitude bin. For area sources, the
rate of the uniform area source is partitioned into each grid
cell according to the proportion of total area overlapping with
each cell. In the case of gridded seismicity, the rate assigned
to each target grid cell corresponds to that of the original
source cell’s centroid falls (which can result in latitudinally
dependent striations of “empty” cells depending on the dif-
ferent map projections used). Finally, for the fault sources the
seismicity rate per cell is partitioned according to the propor-
tion of the fault’s surface projection that intersects the cell.
All seismogenic sources here are shallow crustal sources, so
although hypocentral depth is relevant to the seismic hazard,
for the current purposes, rates are not distributed across dif-
ferent depth layers.

Each source model logic tree branch k of Nk total
branches is rendered into the three-dimensional rate grid
λk (φ ,θ ,M), and each grid is associated with its respective
logic tree branch weight. This relatively simple translation of
the respective source models into a common grid representa-
tion facilitates quantitative comparisons by virtue of simple
descriptive statistics. For example, Fig. 13 shows the spa-
tial variation in the mean cumulative rate of seismicity above
M 4.5 for each of the three models, which is weighted by the
logic tree branch weight for each source branch:

λ(φ ,θ |M ≥ 4.5)=
∑Nk

k=1
wk ·

∑NM

m=1
λk (φ ,θ ,Mm)

·H [Mm ≥ 4.5] , (5)

where H [·] is the heaviside step function. Similarly,
weighted percentiles can be extracted for each spatial bin,
which we show in Fig. 13 as the 16th and 84th percentiles.
The minimum magnitudemmin =M4.5 is used in these com-
parisons as this is the common minimum magnitude in the
PSHA calculations for all three models. Other values of
mmin could be compared depending on the relevant context;
however, mmin = 4.5 is sufficient to illustrate the application
here. From these descriptive statistics we can extract a mea-
sure of the centre and body of the activity rate distributions,
with the latter illustrated in terms of the weighted interquar-
tile range in Fig. 14. Note that the striations in the maps
for the FR2020 model emerge from the gridded seismic-
ity branches being regularly Cartesian spaced every 10 km,
while the reference grid is in a geodetic system (latitude and
longitude).

It is not our intention to provide a complete interpreta-
tion of all the features visible in these maps, though for the
comparisons of hazard in the France–Germany border re-
gion, noteworthy differences include the relative activity of
the Albstadt Shear Zone (SE Germany) and the Upper and
Lower Rhine Graben. The Albstadt Shear Zone is a particu-
larly complex feature where the smoothed-seismicity-driven
branches of DE2016 and ESHM20 produce a very localised
zone of high activity, while several area zonations (partic-
ularly those based on regional tectonics) do not isolate this
region from the larger regional seismicity. Therefore, higher
quantiles tend to reflect the smoothed seismicity branches in
which the ASZ is highly visible, and lower quantiles reflect
the larger-scale zonations where the ASZ is not present.

Relative differences between the models can be quanti-
fied from this same characterisation via the use of difference
maps, both for the mean activity rates (Fig. 15, top) and for
the relative differences in the model range shown by the ratio
of the interquartile ranges (Fig. 15, bottom). The difference
maps present a somewhat incoherent picture, which is not
unexpected given the complexities and variations in the con-
stituent source models. We note that in the presentation of
the relative comparisons in Fig. 15 (and in subsequent fig-
ures), we do not identify any specific model as a reference
and instead show all combinations.

4.2 A non-parametric statistical approach

Comparisons of the mean and quantiles of the rate distri-
butions such as those shown in Figs. 13 and 15 are cer-
tainly important as they highlight regions where the un-
derlying source models have a general tendency toward in-
creased or reduced activity. However, these metrics alone
do not necessarily provide insight into the complete sim-
ilarity or dissimilarity of the full distributions of activity
rate divergence or how this divergence varies geographically.
To visualise this sort of information we can instead adopt
metrics from information theory to help quantify dissimi-
larity between distributions: weighted Kolmogorov–Smirnov
statistic (DKS) (e.g. Monohan, 2001) and Wasserstein dis-
tance (DWS) (Vaserstein, 1969). If λk(φ,θ ,mmin) is the rate
grid for source branch k, with weight wk we can then de-
fine for each complete source model logic tree a probability
distribution fMODEL(λk|φ,θ,mmin) at each location, where
λk|φ,θ,mmin is the total activity rate in the spatial domain
(φ,θ ) greater than or equal to a specified minimum magni-
tude mmin. In the simplest case the spatial domain refers to
each grid cell; however, this same process applies to any spa-
tial subdomain of the region enclosed by the original rate grid
and could be applied to larger regions or somehow coars-
ened with respect to the grid. If fMODELA(λk|φ,θ,mmin) and
gMODELB(λk|φ,θ,mmin) are the respective empirical proba-
bility density functions for the two full seismic source mod-
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Figure 13. Grids of activity rates for M ≥ 4.5 for FR2020 (a, b, c), DE2016 (d, e, f), and ESHM20 (g, h, i) in terms of mean rate (a, d, g),
16th percentile (b, e, h), and 84th percentile (c, f, i).

Figure 14. Interquartile ranges of activity rates from each source model logic tree: FR2020 (a), DE2016 (b), and ESHM20 (c).
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Figure 15. Relative increase (in %) between the mean activity rate grids for each model comparison (a, b, c) and the increase in interquartile
range (%) (d, e, f): FR2020/DE2016 (a, d), ESHM20/DE2016 (b, e), and ESHM20/DR2020 (c, f).

els A and B implied by their logic trees, then

DKS =
sup
λk

∣∣FMODELA (λk|φ,θ,mmin)

−GMODELB (λk|φ,θ,mmin)
∣∣ (6)

and

DWS =

∫
∞

−∞

∣∣FMODELA (λk|φ,θ,mmin)

−GMODELB (λk|φ,θ,mmin)
∣∣ dλk, (7)

where FMODELA and GMODELB are the respective empirical
cumulative density functions of models A and B. The con-
ceptual definitions of these terms are illustrated in Fig. 16,
where we can see DKS as the maximum absolute distance
between the empirical cumulative density functions (CDFs)
and DWS as the total area enclosed between the CDFs. DKS
is constrained to the domain [0, 1], with 0 indicating per-
fect agreement in the CDFs and 1 indicating no overlap in
the respective ranges of λk , while DWS is constrained only
by a lower bound of 0 (total agreement). By working on the
cumulative density functions, both terms account for the dis-
tribution of weights in each of the logic trees.

With DKS and DWS we have metrics that allow us to
assess spatial variation in the similarity between the effec-
tive rate distributions predicted by two different models,

which is shown for the combinations of FR2020/DE2016,
ESHM20/DE2016, and ESHM20/FR2020 in Fig. 17. The
most immediate contrast between the maps using the two dif-
ferent metrics is the apparent “noisiness” of the DKS met-
ric compared to that of DWS. The Kolmogorov–Smirnov
statistic can appear to change significantly over short dis-
tances, often highlighting boundaries of source zones, while
Wasserstein distances show a smoother transition, particu-
larly in regions of higher seismicity. The sharp spatial con-
trasts and variability appear to be particularly exacerbated
for comparisons involving ESHM20. This behaviour may
be anticipated by the conceptual definitions of the metrics
shown in Fig. 16, in which the largest absolute distance be-
tween empirical CDFs can change significantly even with
relatively small changes in the shape of the CDF. In the em-
pirical CDFs for FMODELA and GMODELB , notable changes
in shape may appear from one source zone to another due
to changes in the MFRs for each of the zones, while in the
case of ESHM20 the comparatively few MFR branches re-
sult in empirical CDFs that are more step-like, which results
from having gaps in the probability density function (PDF)
that can arise due to coarse discretisation of the continuous
distributions and/or transitions from one type of source or re-
currence model to another. In this respect, DWS appears to
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Figure 16. Definition of the Kolmogorov–Smirnov (KS) statistic (a) and Wasserstein distance (b) with respect to empirical CDFs F(x) and
G(x).

be a better-suited metric for interpretation as it is less sensi-
tive to small changes in the empirical CDFs than DKS. Fo-
cusing on this metric, in the France–Germany border regions
we can see more coherent trends, such as greater divergence
in the Lower Rhine Graben than along the Upper Rhine for
all models, with the ESHM20 providing a notably divergent
distribution here. Similarly, the Albstadt Shear Zone emerges
as a point of divergence between FR2020 and the other two
models.

The rendering of each model into regular rate grids allows
us to make comparisons of the source models in a common
framework and to interpret differences using simple descrip-
tive statistics as well as through more non-parametric mea-
sures that are based on information theory. Here, we con-
trast the source models from the three different PSHA mod-
els (FR2020, DE2016, and ESHM20), though similar com-
parisons could be made for successive generations of mod-
els; however, one need not go back more than one or two
generations of regional-scale models before concepts such as
the logic tree are no longer found. From the comparisons of
the source models shown here, a recommendation would be
to compare models firstly via difference maps of mean rates
and potentially a small number of selected quantiles and then
to apply DWS to be able to interpret quantitatively how and
where the distributions diverge.

5 Quantitative comparisons of the seismic hazard
model results

With the components of the seismic hazard models compared
in the previous section, the obvious endpoint to this analy-
sis is to make a comparison of the distribution of the seis-
mic hazard results. To make such comparisons, we limit the

area of investigation to the France–Germany border region,
stretching from the border with Switzerland in the south to
the Luxembourg border in the north. The focus is now lim-
ited to this region as it is only here that we have sufficient
overlap between all three models to capture contributions
from sources up to the stated integration distance of 200 km.
Although the Lower Rhine Graben to the north is also of
critical importance for understanding seismic hazard in Ger-
many, this region is located at the very eastern extreme of
the source models for France; thus the FR2020 sources do
not provide complete coverage. Seismic hazard calculations
have been run using the OpenQuake engine implementations
of each model for a target region enclosed by 47–50.5° N and
5–9.5° E, with target locations spaced every 0.05° (≈ 5.5 km
spacing NW and ≈ 3.5–3.7 km spacing EW). Mean hazard
and its respective quantiles are calculated using the arith-
metic mean of the probabilities of exceedances rather than
the levels of ground motion. Hazard curves are determined
for all model PGAs and spectral accelerations at periods be-
tween 0.05 and 3.0 s. Seismic hazard maps and correspond-
ing difference maps for the 10 % probability of exceedance
in 50 years are shown for three intensity measures (PGA, Sa
(0.2 s) and Sa (1.0 s)) in Fig. 18.

As we have seen for the distributions of activity rate, com-
parisons of the resulting hazard maps for means and quantiles
only reflect part of a larger picture. Instead, we can also frame
the concept of similarity in hazard at a given probability of
exceedance in terms of similarity or dissimilarity in the full
distribution of hazard values emerging from the logic tree.
Once again, we can invoke the two distances (DKL andDWS)
as measures of dissimilarity for a given ground motion level,
A, with a P % probability in T years. In addition, we consider
a third metric developed by Sum Mak (personal communica-
tion, 2020), which we refer to as overlap index (OI). The OI
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Figure 17. Seismicity rate distribution differences between the models given in terms of KS distance,DKS (a, b, c), and Wasserstein distance,
DWS (d, e, f): FR2020 to DE2016 (a, d), ESHM20 to DE2016 (b, e), and ESHM20 to FR2020 (c, f).

is illustrated conceptually in Fig. 19 for the distribution of
ground motions from the FR2020 and DE2016 models. The
distribution of hazard (represented here as PGA with a 10 %
probability of exceedance in 50 years) is rendered into a his-
togram, with the weight of each value corresponding to its
branch weight from the logic tree. OI between the distribu-
tions of seismic hazard from two different PSHA models at
a given probability of exceedance is calculated from

OI=
∫
x

min(f (x),g (x)) dx, (8)

where f (x) and g(x) correspond to the observed probability
densities of ground motion values for the two models respec-
tively. As with DKS, OI is bounded in the region [0, 1], but
here 0 indicates no region of overlap between the models,
and 1 indicates perfect agreement.

The spatial distribution of dissimilarity between the full
hazard models (in terms of the 10 % probability of ex-
ceedance in 50 years) can be mapped using the three metrics
(DKL, DWS, and OI) shown in Figs. 20 and 21. The different
maps reveal several interesting features about the differences
in the models in this region. Along the main channel of the
Rhine as it forms the border between France and Germany
from Basel to near Karlsruhe, both DKS and DWS measure

less dissimilarity between the ESHM20 and DE2016 mod-
els, while for these same two models the OI finds less overlap
along much of the entire Rhine Graben. Differences between
the FR2020 and other models are clearly period dependent in
the same region, with the Upper Rhine Graben seemingly in
good agreement with other models for PGA and Sa (1.0 s).
Yet, for Sa (0.2 s), this same region is clearly illuminated as
an area of significant disagreement. Dissimilarity seems to
be lower in the northwest of the target region close to the
France–Luxembourg border, while it is in most cases at its
greatest in northern Switzerland. The Albstadt Shear Zone in
the southeast is once again clearly highlighted, with the di-
vergence between the FR2020 and other models clearly visi-
ble.

The hazard maps and the corresponding dissimilarity maps
show how the distributions of seismic hazard for a given in-
tensity measure type (IMT) and return period change with
space, but these should also be complemented with more in-
depth comparisons of the hazard curves and uniform hazard
spectra (UHS) at specific locations. In Fig. 22 we show two
such comparisons for the cities of Saarbrücken (49.23° N,
7.0° E), in an area of lower hazard, and Strasbourg (48.58° N,
7.76° E), which is located in the region of higher hazard
along the Upper Rhine Graben. Here, the full seismic hazard
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Figure 18. (left) Probabilistic seismic hazard maps covering the France–Germany border region for PGA (top row), Sa (0.2 s) (middle row),
and Sa (1.0 s) (bottom row) for 10 % PoE in 50 years. (right) Corresponding difference maps for the hazard comparing FR2020/DE2016
(right column), ESHM20/DE2016 (middle column), and ESHM20/FR2020 (right column).

curves, including the mean, 16th percentile, and 84th per-
centile, are shown for Sa (0.15 s) (a period close to the peak
of the UHS), alongside corresponding UHS for a 10 % and
2 % probability of exceedance in 50 years. Saarbrücken is
located in a region that, as inferred from Figs. 20 and 21,
shares a similar seismic hazard distribution in the FR2020
and ESHM20 models but is notably lower in DE2016, while
Strasbourg lies about halfway along the Upper Rhine Graben,
a region where all three models seem to agree with one an-
other. If we recall the comparison of the URG source zone in
Sect. 2 (Fig. 6) and the differences between the recurrence
models for the three PSHA models found therein, the de-
gree of agreement between the three models for Strasbourg
is somewhat surprising. For both return periods the mean
curves and UHS predicted by each model fall within the 16th
to 84th percentile of each of the others. Though this is il-
lustrative of the considerable range of ground motion values

described by the 16th to 84th percentile, it does suggest a de-
gree of consistency between them that may not be understood
if one were to consider solely the changes in mean hazard.

6 Discussion and conclusion

The key aim of this study has been to set out a broader per-
spective of what we mean by comparison in the sense of
PSHA models and to illustrate different quantitative tech-
niques to undertake this. Through the examples compared
here (FR2020, DE2016, and ESHM20), we consider seis-
mic hazard models that are sufficiently complex for “sim-
ple” difference maps to be an insufficient metric of com-
parison. However, the degree of complexity observed in the
models is indicative of the current state of practice, par-
ticularly for PSHA in low- to moderate-seismicity regions.
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Figure 19. Illustration of the overlap index (OI) between the distri-
bution of hazard at a site using the FR2020 and DE2016 models.

Model comparison therefore needs to account for this degree
of complexity. In the current analysis we consider three mod-
els developed by three separate teams of modellers, each of
which worked for different objectives, with different tools,
and with a different geographical scope. Under such circum-
stances it is inevitable that the perspectives on seismic hazard
that emerge for a common region (in this case the France–
Germany border region) will display a degree of divergence,
even if there are many similar elements in each of the mod-
els. These can reflect different views as to which uncertain-
ties should be captured by the logic tree and, depending on
the tools available, how these uncertainties are evaluated. An
important point often overlooked in model comparison is the
extent to which the calculation software can influence the ac-
tual decisions made by the modeller. The execution of the
epistemic uncertainty in the magnitude frequency relation in
the three models is a clear example of the complex relation-
ship between tools and modelling decisions and how these
can lead to quite different outcomes.

To understand why and how PSHA models for a region di-
verge, one needs to break down the key factors in the model
development and implementation process and analyse each
systematically: the input data, modelling approach and phi-
losophy, modelling tools, seismic hazard model components
(e.g. seismogenic source model and ground motion model),
and – finally – seismic hazard model outcomes. The first two
factors are compared in a more qualitative sense than a quan-
titative one. This is reflected in the presentation of the three
models in Sect. 2 of this paper, which juxtaposes the ap-
proaches the three different models have taken to represent
the seismogenic sources, to model the recurrence of earth-
quakes from each source, and to capture the expected ground
motions from each earthquake. Each of the three models
works from input data that share many common character-
istics, such as the earthquake catalogue, which for ESHM20

comprises data from both the FCAT-17 catalogue and the in-
put seismic catalogue used by DE2016. Likewise, all three
models had available geological data for active faults in both
the Upper Rhine Graben and the Lower Rhine Graben, and
these have been discarded, partly integrated, or fully inte-
grated depending on the model. In terms of the modelling
approach and philosophy, however, it is interesting to note
the many places in which the models have largely adopted a
similar philosophy, yet the respective implementations yield
substantially different outcomes. A key example of this is
the use of large-scale area zones (LASZs) based on tecton-
ics and smaller-scale area zones based on local seismicity
or geological features, both of which are balanced against a
smoothed seismicity model. The LASZs then form the prior
zones or direct measurements for the MFRs of the small area
source zones within the maximum likelihood estimation, the
outcomes of which are distributions of a and b values and
their covariances. However, each model differs in the spe-
cific zonations and in how the MFRs are, first, fit to the data
and, second, mapped onto branches of a logic tree.

One of the main opportunities that emerged from this work
was to have all three models implemented in a common for-
mat for use with the OpenQuake engine seismic hazard and
risk calculation software. This served several purposes, one
of which being to understand to what extent the three mod-
els differ by virtue of the calculation engine used to run
them. The migration process of a PSHA model from one soft-
ware tool to another is seldom a trivial issue. Discrepancies
emerge in computational implementation of the PSHA cal-
culations from one software to the next, which we separate
into the following categories: (i) irreconcilable differences
in operation, (ii) bugs/errors and/or differences of interpreta-
tion, and (iii) configurable parameters. Migration of an im-
plemented or existing model from one software to another is
therefore a time-consuming process that focuses on the finest
details of the PSHA calculation rather than on the general
strategy for source and ground motion modelling.

Model migration differs from dual implementation, a prac-
tice that is becoming more widely adopted for quality assur-
ance for critical facilities. This approach executes models in
multiple software programmes side by side, identifying dis-
crepancies that are then discussed and potentially resolved
(e.g. Bommer et al., 2015; Aldama-Bustos et al., 2019). Mi-
gration assumes a reference seismic hazard output from the
original software, which the target software aims to repro-
duce regardless of whether the calculation processes of the
original software are deemed optimal. As perfect agreement
in the calculations is rarely, if ever, achievable, we can only
define agreement between the implementations of a model in
its original software and those in the target software in terms
of a degree of mismatch over an APoE range of relevance for
application. We adopted±10 % for APoE≥ 10−4 (return pe-
riod ≈ 10000 years) for this purpose, which applies first at a
branch-by-branch level and then in terms of the mean and
quantiles. For DE2016 the target agreement was achieved
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Figure 20. Spatial variation in the dissimilarity between distributions of seismic hazard values for a 10 % PoE in 50 years for PGA (top row),
Sa (0.2 s) (middle row), and Sa (1.0 s) (bottom row) using KS distance (left-column set) and Wasserstein distance (right-column set).

for the mean and upper quantiles of seismic hazard for the
vast majority of sites considered and across multiple spec-
tral periods. In some cases, the OpenQuake implementation
estimated lower quantiles that exceeded those of the origi-
nal software beyond the specified target range. For FR2020
the target agreement could be achieved for all area source
branches individually; however, for the smoothed seismicity
branches the OpenQuake hazard curves appeared to be on
average 20 %–30 % higher over the APoE range of interest.
This resulted in OpenQuake’s estimations of the mean and
quantiles to exceed those of the original software by between
10 %–20 % depending on the location and period, which does
not meet the target agreement. At the time of writing, no spe-
cific cause for this disagreement had been identified, and we
hope that this may still be resolved in subsequent iterations
of the model.

The process of model migration for FR2020 and DE2016
was greatly facilitated in this case by the authors of the origi-

nal models, who supplied us with digital files of both the soft-
ware inputs and the resulting seismic hazard curve outputs.
Despite this, each migration took several iterations, with
more information regarding the calculation details needed
as each discrepancy was identified and, where possible, re-
solved. In both cases the specific details of the calculations
were not found in the accompanying documentation to the
model and required clarification from the authors. In sev-
eral cases the points of clarification were related to not only
small details of implementation but also major differences
in how the models were being executed within the calcula-
tion, sometimes even contradicting the supporting literature
for the model. Though we are sincerely grateful for the in-
put of the model authors in aiding this migration, this high-
lights a larger problem of model reproducibility and a lack of
standardisation in PSHA model documentation. One recom-
mendation for improving practice here would be to require
that where PSHA models are intended for use in large-scale
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Figure 21. As Fig. 20 but considering the overlap index (OI).

applications (e.g. a seismic design code), the digital input
and output files for the calculation are made available. In
addition, a standard documentation template may be devel-
oped that requires the modellers to specify explicitly how the
software they are using implements each component of the
PSHA model, which parts of the process are configurable,

and what values are adopted. Such information could greatly
reduce the effort in model migration and ensure greater trans-
parency in the entire PSHA model implementation.

With the FR2020 and DE2016 models migrated to Open-
Quake with a satisfactory level of agreement, we have a con-
sistent framework within which we can make quantitative
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Figure 22. Comparison of the distributions of seismic hazard for Saarbrücken (a, b, c) and Strasbourg (d, e, f) for hazard curves at Sa (0.15 s)
(a, d) and UHS for 10 % PoE in 50 years (b, e) and 2 % PoE in 50 years (c, f).

comparisons of the hazard models, both in terms of the fun-
damental components of the model inputs (i.e. the source
and ground motion model) and in terms of the resulting haz-
ard outputs. The latter describes the extent to which mod-
els differ, while the former provides insights into why they
differ. The key issue we have sought to address in the com-
parisons is the growing complexity of the logic trees, which
means we must now describe both the hazard model inputs
and the hazard model outputs in terms of probability distri-
butions and model space. This is the fundamental difference
between the current generation of PSHA models in Europe
and many of their predecessors. The logic trees of each of
the three models considered here incorporate not only alter-
native source models but also multiple branches for epistemic
uncertainty in the magnitude frequency relation. This results
in a much larger number of alternative predictions of activ-
ity rate and magnitude recurrence (400 for FR2020 and 200
for DE2016), which begin to better resemble probability dis-
tributions (albeit of no specific functional form) rather than
individual alternative models. We have illustrated here how

we can compare models in this context quantitatively, first
by looking at metrics describing the centre and variance of
the distributions and then by invoking more information the-
oretic metrics that quantify the proximity of different prob-
ability distributions in model space, such as Kolmogorov–
Smirnov distance (DKS) and Wasserstein distance (DWS).
Combining these different metrics and exploring their spa-
tial trends can help provide insight into where the models are
most divergent, which can help identify where future efforts
could be focused to improve consistency across models in
future generations of seismic hazard models for Europe.

This last point takes us toward a critical question that we
believe emerges from the work and affects how we may use
the models in practice. What can we do to effectively har-
monise multiple seismic hazard models that cover a region?
This question is not necessarily a scientific one but rather a
procedural one. Multiple groups developing separate models
for a region and making individual modelling decisions will
inevitably result in different estimates of seismic hazard. This
is widely recognised, and procedures such as those adopted
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by the Senior Seismic Hazard Analysis Committee (SSHAC)
(Ake et al., 2018) are intended specifically to formalise the
management of information and scientific review in order to
define the set of technically defensible interpretations and en-
sure that their centre, body, and range are adequately repre-
sented. Seismic hazard modelling in Europe (illustrated here
for FR2020, DE2016, and ESHM20) does not currently take
place within such a framework, as each model has been com-
missioned for different purposes and by different organisa-
tions with no designation of a body to oversee coordination.
ESHM20 aimed to integrate components of both the FR2020
model and the DE2016 model, yet practical limitations, the
desire to incorporate new data and developments in PSHA,
and the need to create a harmonised model at a larger scale
prevented it from faithfully incorporating all elements of the
existing models into its framework. Divergence is therefore
ensured from the very beginning of this process. Efforts such
as the European Facilities for Earthquake Hazard and Risk
(EFEHR) are seeking to provide a community structure to
hazard and risk modelling around which data and tools are
made openly available, and its working groups aim to focus
on broadening the discussion of key issues and challenges
for modelling. EFEHR cannot necessarily act in the role of
technical integrator to the various organisations with remits
to model hazard and risk in their respective countries, but it
can and does provide harmonised datasets and tools for use
as well open-source implementations of hazard and risk, all
combined with extensive documentation. These can facilitate
harmonisation from the bottom up, eventually moving differ-
ences in modelling decisions, alternative interpretations, and
parameter uncertainties into a broad distribution of techni-
cally defensible interpretations across a region. We hope that
if the EFEHR community is successful and can continue to
expand, divergence between the models may eventually be
minimised to better reflect the actual epistemic uncertainty
in a region.
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is available from https://github.com/gem/oq-engine (Pagani et al.,
2014). Additional code used to convert the Drouet et al. (2020)
PSHA model (FR2020) from its original format into OpenQuake
is available from Zenodo (https://zenodo.org/records/13991952,
Weatherill, 2022).

Data availability. The input files for the computation of seismic
hazard for the 2020 European Seismic Hazard Model (ESHM20)
are publicly available at https://gitlab.seismo.ethz.ch/efehr/eshm20
(Danciu et al., 2021). The corresponding seismic hazard input files
for the OpenQuake version of the Drouet et al. (2020) PSHA model
(FR2020) are also distributed with the code via the Zenodo repos-
itory https://zenodo.org/records/13991952 (Weatherill, 2022). The
seismic hazard input files for the National Seismic Hazard Model

for Germany (Grünthal et al., 2018) (DE2016) are not available for
public release at the time of publication.

Supplement. Additional information relating to the France (Drouet
et al., 2020) and Germany (Grünthal et al., 2018) PSHA mod-
els and their implementation in OpenQuake is available with the
online version. These include images and information about the
model translation (Part A) and comparisons of the seismic haz-
ard results for the respective countries and selected cities (Part
B). The supplement related to this article is available online
at: https://doi.org/10.5194/nhess-24-3755-2024-supplement.

Author contributions. Conceptualisation: GW, FC, GD, IZ.
Methodology and investigation: GW, PI, CB. Writing (original
draft): GW. Data curation and software: GW, CB, PI. Writing
(review and editing): GW, FC, GD, IZ, PI, CB. Funding acquisition:
FC, GD, IZ.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. The work presented here has benefitted from
discussion with and data provided by Emmanuel Viallet, Stephane
Drouet, David Baumont, and Gabriele Ameri (FR2020); Gottfried
Grünthal and Dietrich Stromeyer (DE2020); and Laurentiu Danciu
(ESHM20) and members of the European Facilities for Earthquake
Hazard and Risk (EFEHR). We thank Sum Mak (formerly of GFZ)
for his proposal and explanation of the overlap index. The paper
has benefitted from reviews from Peter Powers, Ilaria Mosca, and
two anonymous reviewers, whose comments have helped improve
its clarity and quality. Seismic hazard calculations have been under-
taken using the OpenQuake engine, for which we thank the GEM
Foundation for their ongoing development and support. Other quan-
titative analyses used tools from the Python scientific stack (includ-
ing NumPy, SciPy, Pandas, Matplotlib, H5Py, and GeoPandas), and
some maps have been prepared using QGIS. This work has been
supported by the Sigma2 research programme and partially funded
by Électricité de France.

Financial support. This research has been supported by the
Électricité de France (Research and Development Program on
Seismic Ground Motion, Sigma2).

The article processing charges for this open-access

Nat. Hazards Earth Syst. Sci., 24, 3755–3787, 2024 https://doi.org/10.5194/nhess-24-3755-2024

https://github.com/gem/oq-engine
https://zenodo.org/records/13991952
https://gitlab.seismo.ethz.ch/efehr/eshm20
https://zenodo.org/records/13991952
https://doi.org/10.5194/nhess-24-3755-2024-supplement


G. Weatherill et al.: Strategies for comparison of modern probabilistic seismic hazard models 3785

publication were covered by the Helmholtz Centre Potsdam –
GFZ German Research Centre for Geosciences.

Review statement. This paper was edited by Solmaz Mohadjer and
reviewed by Peter Powers, Ilaria Mosca, and two anonymous refer-
ees.

References

Abbott, E., Horspool, N., Gerstenberger, M., Huso, R., Van
Houtte, C., McVerry, G., and Canessa, S.: Challenges and
opportunities in New Zealand seismic hazard and risk
modeling using OpenQuake, Earthq. Spectra, 36, 210–225,
https://doi.org/10.1177/8755293020966338, 2020.

Abrahamson, N. A., Silva, W. J., and Kamai, R.: Sum-
mary of the ASK14 Ground Motion Relation for Ac-
tive Crustal Regions, Earthq. Spectra, 30, 1025–1055,
https://doi.org/10.1193/070913EQS198M, 2014.

Ake, J., Munson, C., Stamatakos, J., Juckett, M., Copper-
smith, K., and Bommer, J.: Updated Implementation Guide-
lines for SSHAC Hazard Studies, Report No. NUREG-
2213, U. S. Nuclear Regulatory Commission, Washington D.
C., 145 pp., https://www.nrc.gov/reading-rm/doc-collections/
nuregs/staff/sr2213/index.html (last access: October 2024),
2018.

Akkar, S., Sandıkkaya, M. A., and Bommer, J. J.: Empirical ground-
motion models for point- and extended-source crustal earth-
quake scenarios in Europe and the Middle East, Bull. Earthquake
Eng., 12, 359–387, https://doi.org/10.1007/s10518-013-9461-4,
2014a.

Akkar, S., Sandíkkaya, M. A., Senyurt, M., Azari Sisi, A., Ay, B. Ö.,
Traversa, P., Douglas, J., Cotton, F., Luzi, L., Hernandez, B., and
Godey, S.: Reference database for seismic ground-motion in Eu-
rope (RESORCE), Bull. Earthquake Eng., 12, 311–339, 2014b.

Akkar, S., Azak, T., Çan, T., Çeken, U., Demircioğlu Tümsa, M. B.,
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Altuncu Poyraz, S., Şeşetyan, K., Tekin, S., Yakut, A., Yılmaz,
M. T., Yücemen, M. S., and Zülfikar, Ö.: Evolution of seismic
hazard maps in Turkey, Bull. Earthquake Eng., 16, 3197–3228,
https://doi.org/10.1007/s10518-018-0349-1, 2018.

Aldama-Bustos, G., Tromans, I. J., Strasser, F., Garrard, G., Green,
G., Rivers, L., Douglas, J., Musson, R. M. W., Hunt, S., Lessi-
Cheimariou, A., Daví, M., and Robertson, C.: A streamlined
approach for the seismic hazard assessment of a new nuclear
power plant in the UK, Bull. Earthquake Eng., 17, 37–54,
https://doi.org/10.1007/s10518-018-0442-5, 2019.

Allen, T. I., Halchuk, S., Adams, J., and Weather-
ill, G. A.: Forensic PSHA: Benchmarking Canada’s
Fifth Generation seismic hazard model using the
OpenQuake-engine, Earthq. Spectra, 36(1_suppl), 91–111,
https://doi.org/10.1177/8755293019900779, 2020

Ameri, G.: Empirical Ground Motion Model Adapted to the French
Context, Seismic Ground Motion Assessment (SIGMA) Deliver-
able No. SIGMA-2014-D2-131, 2014.

Ameri, G., Drouet, S., Traversa, P., Bindi, D., and Cotton,
F.: Toward an empirical ground motion prediction equa-
tion for France: accounting for regional differences in the

source stress parameter, Bull. Earthquake Eng., 15, 4681–4717,
https://doi.org/10.1007/s10518-017-0171-1, 2017.

Assatourians, K. and Atkinson, G. M.: EqHaz: An Open-Source
Probabilistic Seismic Hazard Code Based on the Monte Carlo
Simulation Approach, Seismol. Res. Lett., 84, 516–524, 2014.

Basili, R., Danciu, L., Beauval, C., Sesetyan, K., Vilanova, S. P.,
Adamia, S., Arroucau, P., Atanackov, J., Baize, S., Canora, C.,
Caputo, R., Carafa, M. M. C., Cushing, E. M., Custódio, S.,
Demircioglu Tumsa, M. B., Duarte, J. C., Ganas, A., García-
Mayordomo, J., Gómez de la Peña, L., Gràcia, E., Jamšek
Rupnik, P., Jomard, H., Kastelic, V., Maesano, F. E., Martín-
Banda, R., Martínez-Loriente, S., Neres, M., Perea, H., Šket Mot-
nikar, B., Tiberti, M. M., Tsereteli, N., Tsironi, V., Vallone, R.,
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