Nat. Hazards Earth Syst. Sci., 24, 1795-1834, 2024
https://doi.org/10.5194/nhess-24-1795-2024

© Author(s) 2024. This work is distributed under
the Creative Commons Attribution 4.0 License.

Modelling seismic ground motion and its uncertainty in different
tectonic contexts: challenges and application to the 2020
European Seismic Hazard Model (ESHM20)

Graeme Weatherill!, Sreeram Reddy Kotha?, Laurentiu Danciu®, Susana Vilanova*, and Fabrice Cotton'>

ISeismic Hazard and Risk Dynamics, GFZ German Research Centre for Geosciences, Potsdam, 14467, Germany
2Univ. Grenoble Alpes, Univ. Savoie Mont Blanc, CNRS, IRD, Univ. Gustave Eiffel, ISTerre, 38000 Grenoble, France

3Swiss Seismological Service (SED), ETH, Ziirich, Switzerland

“Instituto Superior Tecnico (IST), Lisbon, Portugal

SInstitute of Geosciences, University of Potsdam, Potsdam, Germany

Correspondence: Graeme Weatherill (graeme.weatherill @ gfz-potsdam.de)

Received: 24 July 2023 — Discussion started: 4 September 2023

Revised: 27 February 2024 — Accepted: 3 March 2024 — Published: 23 May 2024

Abstract. Current practice in strong ground motion mod-
elling for probabilistic seismic hazard analysis (PSHA) re-
quires the identification and calibration of empirical models
appropriate to the tectonic regimes within the region of ap-
plication, along with quantification of both their aleatory and
epistemic uncertainties. For the development of the 2020 Eu-
ropean Seismic Hazard Model (ESHM?20) a novel approach
for ground motion characterisation was adopted based on the
concept of a regionalised scaled-backbone model, wherein a
single appropriate ground motion model (GMM) is identi-
fied for use in PSHA, to which adjustments or scaling factors
are then applied to account for epistemic uncertainty in the
underlying seismological properties of the region of interest.
While the theory and development of the regionalised scaled-
backbone GMM concept have been discussed in earlier pub-
lications, implementation in the final ESHM20 required fur-
ther refinements to the shallow-seismicity GMM in three re-
gions, which were undertaken considering new data and in-
sights gained from the feedback provided by experts in sev-
eral regions of Europe: France, Portugal and Iceland. Explo-
ration of the geophysical characteristics of these regions and
analysis of additional ground motion records prompted recal-
ibrations of the GMM logic tree and/or modifications to the
proposed regionalisation. These modifications illustrate how
the ESHM20 GMM logic tree can still be refined and adapted
to different regions based on new ground motion data and/or

expert judgement, without diverging from the proposed re-
gionalised scaled-backbone GMM framework.

In addition to the regions of crustal seismicity, the
scaled-backbone approach needed to be adapted to earth-
quakes occurring in Europe’s subduction zones and to the
Vrancea deep seismogenic source region. Using a novel
fuzzy methodology to classify earthquakes according to dif-
ferent seismic regimes within the subduction system, we
compare ground motion records from non-crustal earth-
quakes to existing subduction GMMs and identify a suitable-
backbone GMM for application to subduction and deep seis-
mic sources in Europe. The observed ground motion records
from moderate- and small-magnitude earthquakes allow us
to calibrate the anelastic attenuation of the backbone GMM
specifically for the eastern Mediterranean region. Epistemic
uncertainty is then calibrated based on the global variabil-
ity in source and attenuation characteristics of subduction
GMMs.

With the ESHM20 now completed, we reflect on the
lessons learned from implementing this new approach in
regional-scale PSHA and highlight where we hope to see
new developments and improvements to the characterisation
of ground motion in future generations of the European Seis-
mic Hazard Model.
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1 Introduction

In modern practice, PSHA formally incorporates both the
aleatory variability inherent within the seismogenic source
model and ground motion model, as well as the epistemic un-
certainty associated with the choice and/or parameterisation
of these respective models. The result is a suite of seismic
hazard curves, each quantifying the probability of exceeding
a given level of ground motion at a site (developed by inte-
grating over all the probability distributions represented by
the aleatory uncertainty) and collectively describing the dis-
tribution of probabilities of exceedance for each given level
of ground motion that reflects our current knowledge of the
earthquake system for the region in question. Probabilistic
seismic hazard curves yield a wide array of products that
are useful for many stakeholders, including hazard maps of
ground motions with fixed probabilities of exceedance that
can form inputs to zonations adopted within seismic design
codes, as well as uniform hazard spectra that describe an ac-
celeration spectrum with constant probability of exceedance
across a range of periods. The probabilistic seismic hazard
models can also be combined with data describing the num-
ber and geographical distribution of buildings across a re-
gion, their typology and economic value, or the number of
occupants within buildings in a given time of day (expo-
sure), alongside probability distributions describing the like-
lihood of these buildings exceeding given degrees of dam-
age (fragility) and economic or human loss (vulnerability)
when subject to given levels of shaking. This latter process
forms probabilistic seismic risk analysis, which yields prod-
ucts such as the expected average annual economic loss or
fatalities (AAL) in a location or region, as well as loss curves
that describe the probability of exceeding given levels of loss
within a specified time period.

Probabilistic seismic hazard and risk models can now be
found for every country in the world (Pagani et al., 2020;
Silva et al., 2020), and within the last 2 to 3 decades sev-
eral regions have developed successive generations of earth-
quake hazard and risk models, each building upon lessons
learned, new developments and new data gathered since the
last model. Europe is one such region, boasting a varied suite
of national-scale earthquake hazard and risk models within
its constituent countries, as well as a state of the art, open and
transparent pan-European analysis in the form of the 2013
European Seismic Hazard Model (ESHM13) (Woessner et
al., 2015). Following the publication of ESHM13, insights
from subsequent national-scale analysis, alongside expan-
sion of earthquake data across Europe, prompted the devel-
opment of a new seismic hazard model and, for the first time,
an open and reproducible seismic risk model for Europe.
These are the 2020 European Seismic Hazard Model (Dan-
ciu et el., 2021) and the 2020 European Seismic Risk Model
(Crowley et al., 2021), which we will refer to as ESHM20
and ESRM?20 respectively.
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The characterisation of expected ground motion and its
aleatory variability was one of the critical areas for update
and revision in the ESHM20 and ESRM20. Both specified
their own needs from the ground motion models (GMMs).
The ESHM?20 aimed to characterise seismic hazard on refer-
ence rock (Eurocode 8 soil class A, Vs3g SOOms_l) across
Europe, while ESRM20 also needed to consider local site
amplification effects to characterise the levels of shaking to
which the buildings in the exposure models may be sub-
ject. Additionally, both the ESHM?20 and ESRM20 aimed to
quantify the epistemic uncertainty in hazard and losses, mak-
ing this a crucial focal point for the GMM development.

In setting out to undertake this update to the European
GMMs we had several overarching objectives. Firstly, we
wanted to capitalise on the expanded data set of ground mo-
tions for Europe made available via the Engineering Strong
Motion database (Luzi et al., 2020) and corresponding har-
monised flatfile (Lanzano et al., 2019). From these data we
aimed to refine the regionalisation of ground motion from
its larger-scale divisions by tectonic region class (e.g., active
shallow seismicity, stable cratons, subduction zones and non-
subduction deep seismicity) to identify and integrate changes
in ground motion over local scales and to allow the epis-
temic uncertainty to reflect the degree of information avail-
able from region to region. Finally, we aimed to take into
account feedback and insights into ground motion modelling
and its uncertainty that emerged from national-scale PSHA
models since ESHM13. The outcomes of several years’ work
were a set of GMMs and their corresponding epistemic un-
certainties developed for application to PSHA in Europe,
which represented a paradigmatic change from previous ap-
proaches by building upon the concept of a regionalised
scaled-backbone logic tree. This approach was then adapted
to different tectonic environments across Europe, reflecting
different degrees of knowledge or volumes of data. These in-
cluded active regions of shallow seismicity; stable cratonic
regions of low seismicity; subduction zones in the Hellenic,
Cypriot and Calabrian arcs; and the complex, yet hazardous,
Vrancea deep seismogenic zone.

The work to develop the ground motion model logic tree
for ESHM20 and ESRM?20, as well as all its constituent com-
ponents, has been so extensive that it is disseminated across
several connected publications. The core (backbone) ground
motion model for application to shallow seismicity in Eu-
rope was developed by Kotha et al. (2020) and subsequently
updated following feedback and further analysis into large-
magnitude scaling of ground motion by Kotha et al. (2022).
The adaptation of this model into the regionalised scaled-
backbone GMM logic tree framework is described in Weath-
erill et al. (2020), while the approach taken to apply it to
the special case cratonic region of northeastern Europe is ex-
plained in Weatherill and Cotton (2020). With the ESRM20
requirement of characterising ground motion on the soil sur-
face across all regions of building exposure in Europe, a
novel approach was needed to represent the local-scale site
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amplification in the seismic risk calculations and to propa-
gate the increased uncertainties from the regional-scale ap-
proach into the probabilistic assessments of loss. This is ex-
plained in detail by Weatherill et al. (2023), and the way the
site model is calibrated to represent the most suitable in-
put for the given exposure model is described by Dabbeek
et al. (2021). In addition, a brief overview of the whole
model can be found in the technical reports released with the
ESHM?20 (Danciu et al., 2021) and ESRM20 (Crowley et al.,
2021).

Despite multiple publications on this topic, not every part
of the ESHM20 GMM logic tree is fully described in the
scientific literature. Two areas require further attention, and
the aim of the current paper is to present these with a com-
plete discussion of the rationale and analysis that under-
pinned their development. The first of these two areas is the
discussion of the special case regions. Following comple-
tion and implementation of the logic tree in the first iteration
on PSHA for Europe, we received feedback from scientists
across different areas of Europe who highlighted where re-
finements could be made, mostly based on additional or new
data not used in the compilation of the Engineering Strong
Motion (ESM) database. These include France, Portugal and
Iceland, where we undertook further analysis that prompted
us to adjust the current models to reflect the insights gained
from these additional data. The second of the two areas is the
GMM for subduction and deep seismicity. Here the scaled-
backbone GMM was developed using a different approach
from that presented in Weatherill et al. (2020) and Weath-
erill and Cotton (2020), which brought its own challenges
in trying to transform insights from available data and from
developments in subduction ground motion modelling. The
current paper is divided into four main sections. In Sect. 2,
we present an overview of the regionalised scaled-backbone
logic tree for shallow seismicity (both stable non-craton and
stable craton), including its rationale, development and in-
sights from the initial hazard applications. In Sect. 3 we
will focus on the special cases, explaining what prompted
further consideration and how we used insights from other
models and data to adapt the GMM logic tree in the fi-
nal ESHM20 and ESRM20. Section 4 presents a compre-
hensive overview of the subduction scaled-backbone logic
tree, covering the classification of subduction ground mo-
tions from the ESM data set, the identification and calibra-
tion of the scaled-backbone model, and the subsequent ad-
justments that were needed to improve the application of the
models in the PSHA calculations. Finally, we finish the pa-
per in Sect. 5 with a discussion reflecting upon the develop-
ment of the GMM logic tree, its advantages and limitations,
the adaptability of the framework to future models of seis-
mic hazards, and the insights gained from the work that will
begin to form the areas of research focus for the next gen-
eration(s) of European seismic hazard and risk models. All
of the ground motion models described in this publication
are available in the OpenQuake software for seismic hazard
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and risk calculation (http://github.com/gem/og-engine, last
access: May 2024; Pagani et al., 2014) and can be explored
by the eGSIM interactive web service for GMMs (https:
/legsim.gfz-potsdam.de/home, last access: May 2024); how-
ever, to facilitate their adoption in other applications we have
also provided open-source implementations of the GMMs
in the Python language in a stand-alone software reposi-
tory (https://gitlab.seismo.ethz.ch/efehr/eshm20_gmms, last
access: May 2024).

2 The regionalised scaled-backbone ground motion
model for shallow crustal seismicity

2.1 Background and motivation

The path toward updating the GMM logic tree for ESHM20
began in several preliminary studies that were undertaken
early in the SERA project (circa 2017-2018). Shortly fol-
lowing the completion of the ESHM13 a new generation of
ground motion models emerged, including those from the
NGA West 2 project (Abrahamson et al., 2014; Boore et al.,
2014; Campbell and Bozorgnia, 2014; Chiou and Youngs,
2014) and the European RESORCE project (Akkar et al.,
2014a, b; Bindi et al., 2014; Derras et al., 2014) along-
side new GMMs that update those that had been selected
in ESHM13 (e.g., Pezeshk et al., 2011; Cauzzi et al., 2015;
Abrahamson et al., 2016; Zhao et al., 2016a, b, c). In light
of this, and with a focus on constraining broadband seismic
hazards in Europe, Weatherill and Danciu (2018) undertook
an interim update to the GMM selection for Europe, updating
existing GMMs where possible and adding in new models to
better capture epistemic uncertainty for parts of the logic tree
where available models had been previously limited. Their
results suggested a trend toward lower hazard across much
of Europe particularly at short periods (with some notable
exceptions such as Romania) and demonstrated that the new
generations of models were capable of defining seismic haz-
ard over a much more extended range of spectral periods.
After the completion of this study the new Engineering
Strong Motion (ESM) database and corresponding flatfile
were published (Lanzano et al., 2019; Bindi et al. 2019),
which allowed us to apply the GMM log-likelihood scoring
to the new generation of models using a vastly expanded set
of ground motion records (Weatherill et al., 2018). This re-
vealed that when evaluated at a European scale the newer
models provided improved fits to data compared to those se-
lected by ESHM13. However, the volume of observations
available within ESM was such that country-to-country dif-
ferences in the model-to-data fits could be observed within
areas that had been previously classified uniformly as ac-
tive shallow-crustal-seismicity regions. Such differences had
been observed in recent GMM studies for Europe includ-
ing Kale et al. (2015), Kotha et al. (2016) and Kuehn and
Scherbaum (2016). While ESHM 13 had broadly mapped Eu-
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rope into seven tectonic categories (active shallow crust, sta-
ble shallow crust, shield, subduction interface, subduction in-
slab, non-subduction deep and volcanic), further geographi-
cal variation in ground motion scaling within these domains
was evident.

While analysis of the ESM records raised important ques-
tions about regionalisation of ground motion, changes in per-
spectives in the characterisation of epistemic uncertainty in
ground motion models within the seismic hazard commu-
nity prompted us to reconsider the general approach we had
been adopting in the logic tree. Ground motion model epis-
temic uncertainty has been a key topic in the development
of PSHA over several decades, and a substantial change in
approach became more widespread in site-specific hazard
analysis after ESHM13. Taken as a starting point, the study
of Delavaud et al. (2012) presented a more formalised ap-
proach to the common practice of identifying and selecting
multiple ground motion models from the scientific literature
and implementing them in a logic tree framework with their
corresponding weights (a multi-model or weights-on-models
approach). The formalisation emerged from a dual process
of pre-selection and expert judgement weighting of models,
combined with data-driven testing using likelihood analysis
(e.g., Scherbaum et al., 2009) to refine the model selection
and define the weights. The process outlined by Delavaud
et al. (2012) has been adopted and refined in other national
PSHA models that followed the development of ESHM13
(e.g., Lanzano et al., 2020). Since then, however, the limita-
tions of the multi-model approach for GMM logic tree de-
velopment have been widely discussed in the PSHA commu-
nity (e.g., Bommer, 2012; Atkinson et al., 2014; Bommer et
al., 2015). Among them are the potential lack of available
models in regions where data are limited (and thus uncer-
tainty should be highest), inconsistencies in selection and/or
definition of explanatory variables, and significant overlap in
data used to fit the models resulting in convergence of mul-
tiple models toward the same values in the centre of the data
set rather than capturing the body and range. More recent
PSHA applications have instead proposed the adoption of the
backbone approach, one in which a suitable model or set of
suitable models is selected (the backbone(s)) and to which
additional adjustments and their respective weights are ap-
plied to represent our epistemic uncertainty in source, attenu-
ation and site characteristics for our target region in question
and mapped into the logic tree, hence becoming a scaled-
backbone ground motion logic tree.

The scaled-backbone logic tree changes our approach to
epistemic uncertainty characterisation by moving the ques-
tion away from one of identifying which models and how
many would be needed to represent the centre, body and
range of technically defensible interpretations of the data to
one of how do we select a suitable model and define adjust-
ments to it in order to capture our uncertainty in the seismo-
logical properties of a region that influence ground motion.
Bommer and Stafford (2020) present clearly how to address
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the selection of the backbone model, while definition, cali-
bration and weighting of adjustment factors have been dis-
cussed in detail by Goulet et al. (2017) and Douglas (2018),
among others. We should also note that the multi-model and
scaled-backbone approaches do not necessarily need to be
dichotomous, and there are many examples in recent PSHA
studies that have selected multiple models as a basis for cap-
turing region-to-region variability or epistemic uncertainty in
functional form before applying additional scaling factors to
the set of selected models to represent uncertainty in the seis-
mological properties of the target region (e.g., Bommer et al.,
2015; Griinthal et al., 2018; Bradley et al., 2023).

An early conceptual proposal for a backbone GMM logic
tree that could be applied to PSHA in Europe was outlined
by Douglas (2018). Though we adapt this concept for each
of the different backbone GMM logic trees we built, the gen-
eral principle expressed in this formulation remains. In his il-
lustrative example, Douglas (2018) starts by using the GMM
of Kotha et al. (2016) as the backbone model. This GMM
is selected here because it is a regionalised GMM that cal-
ibrates different anelastic attenuation coefficients for Italy,
Tirkiye, and other regions, and this region-to-region vari-
ability is mapped into three equally weighted branches. Next
Douglas (2018) looks at the distribution of ground motion
residuals for different regions, focusing on magnitudes and
distances in the well-constrained part of the data set used for
the original model (5.0 < M,, <6.0 and 20 < Ryg (km) <
60). The differences in residual distributions constrain an ad-
justment factor analogous to region-to-region variability in
the source parameter (usually attributed to stress drop) and
are then mapped into a second branch set containing three
branches. Finally, the statistical uncertainty of the model
(Ostatistical) 18 constrained from the confidence limits of the
regression based on a finite data set (Al Atik and Youngs,
2014). This distribution is Gaussian and is mapped into three
branches corresponding to the 5th, 50th and 95th percentile
of the distribution.

The proposed backbone model, illustrated in Fig. 1, con-
tains 27 branches and is primarily using region-to-region
variability implied in the data to define a maximum uncer-
tainty, which would apply in regions where few data are
available. However, this same framework can be adjusted to
data-rich regions, where the observed strong motions allow
for calibration of the anelastic attenuation and stress drop un-
certainty distributions to centre on the trends implied from
local data and with the resulting width of the uncertainty dis-
tribution reducing accordingly. Using this concept, we arrive
at a regionalised scaled-backbone GMM logic tree — one in
which a best suited model is selected for application — but the
region-to-region variability informs the scaling and weights
of the logic tree branches. The rest of this section will focus
on how this framework was applied in practice to shallow
seismicity in active and non-cratonic stable regions as well
as to cratonic stable regions. We will also outline some of the
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Kotha et al. (2016)

lessons learned in constructing the model and applying it in
practice.

2.2 Development of the GMM logic tree for shallow
crustal seismicity (non-craton)

The ESM database and associated flatfile (Lanzano et al.,
2019) provides more than 20 000 strong-motion observations
from across Europe, with Italy, Tiirkiye, Switzerland, Greece
and Romania especially well represented. For the selection
of the backbone GMM we opted to derive a new model for
Europe that capitalises on these data, which was published
in Kotha et al. (2020). Shallow seismicity is defined for the
current purpose according to the criteria adopted by Kotha
et al. (2020) — namely that the event has a depth less than
39 km, located in regions for which the Moho depth is be-
tween 14 and 49 km. A further criterion is added to exclude
shallow earthquakes associated with the subduction system,
which were classified using the fuzzy classification system
described in Sect. 4 of this paper. In their earlier work, Kotha
et al. (2016) had identified regional variations in ground mo-
tion model scaling for Europe and with the vastly expanded
data set provided by the ESM. The basic functional form of
the model by Kotha et al. (2020) is described by

InY =e; + fm (My) + fre (My, RiB, h) + fr,a (RJB)
+8L2L,; + 8 BY + 88285 + 8 Wo, (1)

where Y is the intensity measure of interest (e.g., PGA,
PGV and/or Sa (T')), My is the moment magnitude of the
earthquake, Rjp is the Joyner—Boore distance and / is the
hypocentral depth. The magnitude scaling term fy; (My,) is
described by

fM (My, T)

_ | bi-(My —My)+by - (My, — Mp)?
b3 - (My — Mp)

My, represents the hinge magnitude for upper magnitude
scaling, which was originally fixed to My, 6.2 in Kotha et

for My, < My,
for Mz > M, @)
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Figure 1. Conceptual framework for a scaled-backbone GMM logic tree proposed by Douglas (2018).
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al. (2020) but later revised to My, 5.7 in Kotha et al. (2022),
which will be discussed in due course.

The distance scaling is described by both its geometric
spreading (fr,¢) and apparent anelastic attenuation (fR,a)
components:

JrRg My, Ry, h) = (c1+ 2 [My — Mrer])

R%, + hp(h)?
In JzB—D()z , (3)
Rref+hD(h)

c3+ 5C3,r
100

.<\/R}B +hp(h)? — \/Rfef+hD(h)2>, )

where hp (h) is the effective depth, which takes the val-
ues of 4, 8 and 12km for hypocentral depths %z in the
ranges h < 10km, 10 < A <20km and & > 20 km respec-
tively. ey, b1 — b3 and ¢y — c3 are period-dependent coeffi-
cients, while Mif and Ryr are period-independent reference
magnitude and distance, fixed to My, 4.5 and Ry =30km
respectively. The remaining terms in the model are period-
dependent random effects determined by mixed-effects re-
gression, with §L2L; representing the region-specific source
parameter, (SBSI the region-corrected between-event resid-
ual, 6S2Ss the site-to-site residual, éc3 ; the region-specific
apparent anelastic attenuation parameter (residual attenua-
tion), and the 6Wj the event- and site-corrected residual.
Each of these residual terms is normally distributed such that
8L2L; = N (0, 71.01), 8BS = N (0, 79), 8S2S5 = N (0, $s2s).
dcar=N (0, rc3) and §Wy = N (0, ¢p). Three of these terms
(833, 8S2S; and §Wj) are dependent on the event e and
site s, while §L2L; and §c3 ; are region dependent. For these
region-dependent properties, rather than divide the data set
by country we adopted two prior regionalisations that are
based on tectonics and geology. The first is the TECTO zona-
tion, used in the construction of the ESHM20 seismogenic
source model, and the second is a geology-based regionali-

frRa(RyB) =
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sation proposed by Basili et al. (2021) as part of the Proba-
bilistic earthquake-induced Tsunami Hazard Assessment for
the coastlines of the Northeast Atlantic and the Mediter-
ranean (TSUMAPS-NEAM). In undertaking the regressions,
the §L2L; is dependent on the TECTO zone in which the
earthquake source occurs, while dc3; depends on the zone
from the Basili et al. (2021) regionalisation in which the
recording station is situated. The variation in these two terms
across their respective regions is shown for a spectral period
of T =0.1sin Fig. 2.

2.2.1 Regionalising the scaled-backbone GMM logic
tree

The random effects 6L2L,; and éc3, allow us to describe
the region-to-region variation in source parameter scaling (a
measure of how much more or less energetic earthquakes
may be in each region) and residual attenuation (a mea-
sure of the extent to which ground motion decays more or
less rapidly in a region). While each effect may change the
ground motion prediction in a locality, their standard devi-
ations 7151, and t.3 are quantitative estimations of the total
region-to-region variability implied by the underlying data
set. This can be mapped directly into the scaled-backbone
framework proposed by Douglas (2018), in which the first
two branch sets describe the uncertainty in attenuation and
in the stress drop respectively. Scaling factors and weights
emerge naturally from the fact that the epistemic uncertainty
is being described by Gaussian distributions, which we ap-
proximate with Npr discrete branches using the Gaussian
quadrature approach of Miller and Rice (1983).

Using N (0, tro1) and N (0, 7.3) to describe epistemic un-
certainty in the median ground motion requires an important
assumption, which is that the seismological properties of the
target region are represented within the data set used to cali-
brate the distributions. Specifically in this case, do we believe
that among the regions for which we have calculated §L.2L,;
and éc3 r using the ESM data set some may be consistent with
the seismological properties of regions for which we do not
have data? With few or no available records in a target region,
this may need to be inferred from other information, which
we will consider in further detail for the case of the craton
region. Where we do believe that the seismological proper-
ties of the host region are consistent with or representative of
those of the target region, but cannot calibrate region-specific
distributions of §L2L; and éc3, we apply the full distribu-
tions of N (0, 7ror) and N (0, t.3) respectively. We refer to
this as the “default” scaled-backbone model, and we apply
it predominantly in non-cratonic regions of low-to-moderate
seismicity and/or regions of higher seismicity where data are
limited or absent from ESM.

The default scaled-backbone model reflects the maximum
region-to-region variability inferred from our data, but for
regions that are well sampled by the ESM data set and for
which we have reasonably well-calibrated 6L2L; and §c3,
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we can integrate this information into the logic tree. This
allows us to tune the GMM logic tree to the seismologi-
cal properties inferred by the data in the region, and in do-
ing so reducing the epistemic uncertainty with respect to
that of the default backbone. In effect, we are seeking to
constrain N (5L2Ll, R TL2L, R) and N (m Te3, R) for all R
(where R includes one or more regions of the underlying re-
gionalisations) for which we have data, assuming that both
7oL, R < TroL and Tc3,r < Te3. This process cannot neces-
sarily be undertaken blindly, however, and in deciding how
to allow the data to refine the model we took into consider-
ation several factors: the degree of confidence we may have
in the calibrated random effects (i.e., how many observations
were available in each region), potential sources of bias in
the observations that may be used to constrain a random ef-
fect, and the consistency of observations with both our fun-
damental understanding of the earthquake process in a region
and/or previous studies and observations in those same re-
gions. For §L2L,, the tectonic locality-to-locality (/) variabil-
ity, a limiting factor is that in many tectonic localities either
there are still very few earthquakes from which this can be
constrained reliably or the earthquakes that are present come
from a single seismic sequence and may thus be representa-
tive of the temporally dependent properties of that sequence
rather than of the region as a whole. After interpreting results
such as those shown in Fig. 2 and exploring for dependencies
of 6L2L; on factors such as style of faulting, a decision was
taken not to attempt to regionalise §L2L; on the basis of the
data available but rather to assign N (0, trop) to all of the
non-craton crustal seismicity regions. This may be a conser-
vative assumption in certain regions contributing many earth-
quakes to the ESM database, such as central Italy, but it re-
flects our current degree of confidence. Naturally, we hope
that with the addition of further earthquakes to the database
it will be possible to refine this term to a greater extent in
future models.

For the residual-attenuation term, §c3 ; being based on the
number of stations available in a region and indicative more
of the local path and site properties, we had a greater de-
gree of confidence in the regional trends that were emerging.
The trends toward fast attenuation in central and southern
Italy and in central Greece, as well as toward slower anelas-
tic attenuation in northern and central Europe, are consistent
with previous studies (e.g., Kotha et al., 2016; Kuehn and
Scherbaum, 2016) and with other known geophysical prop-
erties such as the influence of volcanism, geological age and
Moho depth. However, while the broad scale trends are well
supported, we were cautious to suggest calibrating the logic
tree to each of the 45 out of 105 regions in the Basili et
al. (2021) regionalisation for which dc3; was determined.
This not only risked over-fitting the attenuation term of the
logic tree, but in many cases the confidence intervals on d¢3 ¢
were especially large. Instead, when looking at the trends in
dc3 r with a period, we could identify groups of regions that
shared similar properties. We therefore applied hierarchical
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respectively (Figures reproduced from Weatherill et al., 2020).

clustering to the vectors of dc3 (T') for periods in the range
0.01 to 8s, and from this we identified five clusters (here-
after caller cluster regions) that captured well the main re-
gional trends. Within each cluster we used Bayesian fitting to
retrieve N (m ‘L'cg,cl), where ¢3 ¢| = ¢34+ dc3 1 is the mean
and 7.3 ¢ the standard deviation of the attenuation terms 8c3 ¢
for all regions contained within each cluster. Bayesian esti-
mation minimises the possibility of over-fitting in the clus-
ters to which few regions belong, ensuring that in these cases
7c3,c1 tends towards t.3. Together with the default scaled-
backbone GMM logic tree, the five cluster-region-specific
adjustments to the scaled-backbone model form the region-
alised scaled-backbone logic tree and, as for the tectonic-
location uncertainty distribution, N (¢3q, Tc3,c1) can be ap-
proximated into NpRr discrete branches according to Miller
and Rice (1983). The distribution of expected ground mo-
tions from the logic tree is shown in Fig. 3 in terms of its
attenuation with distance and variation with period.

The third branch set of the scaled-backbone logic tree for-
mulation proposed by Douglas (2018) refers to statistical
uncertainty, or within-model uncertainty, Ogatistical. 1his re-
flects the uncertainty resulting directly from the regression
of the model on the data set, which is calculated here for
each scenario (My,, hp, R, T) using the method of Al Atik
and Youngs (2014). ogatistical 1S @ measure of the degree of
confidence in the model and should be smaller in the range of
the scenarios well constrained by the data and larger toward
the extremes where fewer records are available to constrain
the regression, such as large magnitudes and short distances.
This term was calculated for the Kotha et al. (2020) GMM
and was initially added to the logic tree, but after further con-
sideration it was recognised that the statistical uncertainty is,
to a large extent, contained within the region-to-region vari-
ability modelled in the other branch sets. Adding on addi-
tional branches for ogagsticar Would likely be double count-
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ing epistemic uncertainty for scenarios well constrained by
the data, in which region-to-region variability is dominant.
Comparing ogatistical against t.3 and 7121, we found that the
latter exceed the former across all scenarios except for those
of large magnitudes and short distances. We therefore se-
lected a compromise solution in which the tectonic-locality
branches are represented by max (Ogatistical» TL21) rather than
troL. This ensured that where the model is well constrained,
this term represents the region-to-region variability, while for
poorly constrained scenarios it is the statistical uncertainty
that dominates.

The complete logic tree representing the regionalised
scaled-backbone GMM for application to non-cratonic shal-
low seismicity is shown in Fig. 4. In contrast to the formula-
tion of Douglas (2018) the model now contains two branch
sets, one describing the combined tectonic-locality variabil-
ity and statistical uncertainty (N), which is not regionalised,
and the second set representing residual-attenuation variabil-
ity which is regionalised into a default region, N (c3, 7.3),
and five clusters each represented by their own cluster-
region-specific distribution, N (E&C], 'L’C3,C1). The spatial ex-
tents of the zones where either the default or a specific
cluster-region distribution applies are also shown in Fig. 5.
Further insights were gained when applying this model,
which will be discussed in due course.

2.3 GMM logic tree for seismicity in the cratonic region

Arguably one of the most critical assumptions that was
made in defining and applying the shallow-crustal-seismicity
scaled-backbone GMM logic tree was that the tectonic-
locality and residual-attenuation region adjustment required
for the target falls within the distributions described by
N (0, to1) and N (0, t.3). Since these distributions are cali-
brated on ground motions recorded in predominantly south-
ern and eastern Europe, can we know whether they can be
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Figure 4. Final ESHM20 GMM logic tree for shallow crustal seismicity (non-craton).

applied throughout Europe even where recorded motions
are limited or absent? To address this question Weatherill
and Cotton (2020) consulted several different regional-scale
data sets of geophysical properties that are likely to have an
impact on source scaling and attenuation in order to iden-
tify clear and consistent regional-scale differences in crustal
characteristics. These included a 1 s attenuation quality fac-
tor (Qrg) (Mitchell et al. 2008), mantle shear wave velocity
anomaly at 175km depth (e.g., Mooney et al., 2012), heat
flow (Lucazeau, 2019), Moho depth (Grad et al., 2009) and

Nat. Hazards Earth Syst. Sci., 24, 1795-1834, 2024

bedrock geology (Asch, 2005). All the data presented a clear
and consistent contrast between northeastern Europe (i.e., the
Baltic Sea and surrounding countries) and the rest of Europe.
This delineates unambiguously the stable cratonic region of
Europe, which is characterised by an older, colder and thicker
continental crust than the rest of Europe. The transition oc-
curs across the Trans-European Suture Zone (TESZ) that
broadly extends from Denmark to the north coast of the
Black Sea. The extent of the craton region is shown in Fig. 5.
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Figure 5. Regionalisation and distribution of cluster regions
adopted for the original proposal of the ESHM20 GMM logic tree
for shallow seismicity (adapted from Weatherill et al., 2020).

The cratonic shield of Europe is well known to geologists
and seismologists and has been treated separately in terms
of ground motion attenuation in many previous generations
of seismic hazard models, including the ESHM13. Extend-
ing comparisons of these same geophysical data sets glob-
ally, however, we could see clearly that the continental crust
of the central and eastern United States (CEUS) and Canada
is a closer analogue to that of the Baltic Shield than even
the more tectonically stable regions of western Europe. This
analogy is critical as it allows us to adopt developments from
the recent Next Generation Attenuation models of the east-
ern US (NGA East, Goulet et al., 2017) to help construct a
scaled-backbone GMM logic tree for application to the cra-
tonic region of Europe. The use of the NGA East GMMs for
this purpose should not necessarily be seen as a significant
divergence from the regionalised backbone GMM strategy,
but rather that we are utilising the distribution of predicted
ground motions from the NGA East models as a proxy for
regional data that is otherwise absent or limited to very small
magnitudes in the case of Fiilop et al. (2020).

The NGA East project covered many different aspects of
ground motion modelling in the CEUS, and several of these
developments have been adopted directly or indirectly for the
craton GMM logic tree here. The starting point is the suite of
20 GMMs developed for the very hard bedrock site condi-
tions (Vs = 3000 ms™!) in the eastern United States by sev-
eral teams. Each team used different methods for develop-
ing the model and making different assumptions about the
source and path properties of the crust. Also added to this
was an earlier model of Pezeshk et al. (2011), which was
compatible with the approaches and assumptions of the NGA
East models. For each magnitude (My,) and source-rupture-
to-site distance (Rryp) the distribution of expected ground
motion from the 21 models forms a parametric measure of
the model-to-model variability. This could be used directly as
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a non-parametric GMM, in which the epistemic uncertainty
is scenario-dependent and could be mapped into a logic tree
by u(My, Rrup, T)+¢, -0, (My, Rrup, T), where g, is the
number of standard deviation above or below the median
and is discretised using the same approach of Miller and
Rice (1983) that we have seen for other distributions. As the
aim is to use the NGA East data to regionalise the backbone
model, Weatherill and Cotton (2020) instead fit a parametric
GMM to the distribution of expected ground motion values,
based on the functional form of Kotha et al. (2020) but with
minor adjustments to accommodate the use of Rryp rather
than Rjyp as the distance metric:

In Ymedian (T) = 1 + fm (Mw) + fr,g (RrupP, My)
+ fr.a(Rrup) + €4 - 0. )

The functional forms of fm, fr,g and fr,a are the same as
those described in Egs. (2)-(4); however, with Rryp as the
distance metric, hp is fixed to Skm and R to 1km. As
with Kotha et al. (2020), robust regression is used to down-
weigh the influence of outliers on the coefficients of the
model. The standard deviation o, describes the total model-
to-model variability in expected ground motion, which we
can then map into NgR logic tree branches using Miller and
Rice (1983). The aleatory uncertainty of the model is taken
directly from the proposed aleatory uncertainty model for
NGA East GMMs by Al Atik (2015), wherein their global
heteroskedastic between- and single-station within-event un-
certainty model is selected. More details are provided in
Weatherill and Cotton (2020)

The parametric GMM in the form presented in Eq. (5)
describes only the median ground motion on very hard
rock (V53000ms~1) but not the reference rock condition
required for ESHM20. For this it was necessary to in-
corporate the linear and nonlinear amplification models of
Stewart et al. (2020) and Hashash et al. (2020), which
were developed for application in the CEUS as part of the
NGA East project. The complete site amplification model
comprises three components: Fr¢0(T), a period-dependent
factor to amplify the ground motion from the very hard
rock (V53000ms~!) to the US reference rock condition
(Vs30760ms™1); fiin (Vs30, T), a linear amplification term
(Stewart et al., 2020); and fy (Vs30, PGA3go0, T'), the non-
linear amplification term dependent on PGA for the very
hard bedrock (Hashash et al., 2020). Here a crucial differ-
ence emerges between the new model and that adopted for
this region in ESHM 13, which also required a very hard rock
to reference rock adaption (Van Houtte et al., 2011). In cal-
ibrating F760 using Vg profiles from the CEUS, Stewart et
al. (2020) identify that the typical profile for rock sites in
the CEUS contains a strong impedance contrast, usually as-
sociated with a thin layer of glacial till and/or chemically
weathered bedrock overlaying a very strong, high-velocity
bedrock. Such conditions emerge in regions of tectonic sta-
bility, older geology and extensive glaciation, all of which
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are common to both eastern North America and to northeast-
ern Europe. The strong impedance contrast produces a peak
of amplification at shorter periods (7" & 0.1 s). This is con-
trasted against Vg profiles in the western US, which are typi-
cally more gradational in nature and result in deamplification
at high frequencies. When applied to the parametric craton
model in Eq. (5), the amplification from very hard rock to ref-
erence rock predicted by Stewart et al. (2020) takes on a dif-
ferent shape at short periods to that derived by Van Houtte et
al. (2011) for the ESHM13, which itself was based on grada-
tional Vg profiles more typical of the western US. Stewart et
al. (2020) calibrate an epistemic uncertainty on this site am-
plification factor S, 0, s, while the 5 %—95 % confidence in-
terval of 0, s still does not predict the deamplification mod-
elled by Van Houtte et al. (2011), it does incorporate a wide
range of amplification values and is therefore also mapped
into the GMM logic tree as a second branch set.

The parametric craton GMM and its epistemic uncertain-
ties o, and o, ¢ are translated into the framework for the
scaled-backbone logic tree. The seismic hazard from the re-
sulting logic tree was compared against that proposed for the
CEUS by Goulet et al. (2017, 2021), which used a more com-
plex approach to characterise epistemic uncertainty, yield-
ing a suite of non-parametric GMMSs whose epistemic un-
certainty o, is scenario-dependent. The two different logic
trees produced very similar distributions of seismic hazards
for the target case considered, with the median, mean, and
84th percentile hazard virtually identical and only the lower
quantiles (5th and 16th percentiles) diverging such that the
parametric craton GMM logic tree was lower than its CEUS
equivalent.

In forming the final logic tree for application to the cra-
tonic region of Europe, we return to our first question of
whether we can assume that ground motions in this region are
significantly different from those among the range predicted
for the shallow-crustal-seismicity GMM. In the absence of
sufficient data, we did not believe that we could make this
decision with absolute certainty and instead incorporate an
additional set of branches from the original shallow-crustal-
seismicity GMMs to account for the possibility that the re-
gions are not significantly different. We therefore took four
branches of the original default shallow-crustal-seismicity
GMM logic tree (Kotha et al., 2020, 2022), keeping those
describing only the high and average tectonic-locality uncer-
tainty and slow and average attenuation. Two-third weights
are assigned to the higher and the slower branches and one-
third to the average branches. Both hypotheses can be accom-
modated in the logic tree, but the final question is in what pro-
portion they should be weighted. The final decision was to as-
sign 0.8 weight to the parametric craton GMM and 0.2 to the
selected branches of the default shallow-crustal-seismicity
GMM logic tree, which is shown in the complete logic tree
in Fig. 6. This decision was based on a log-likelihood analy-
sis of all branches against a set of low-magnitude earthquake
records from Finland compiled by Fiilop et al. (2020) and

Nat. Hazards Earth Syst. Sci., 24, 1795-1834, 2024

adopting the suggested weighting scheme based on its out-
puts proposed by Scherbaum et al. (2009).

Assessment of the final hazard results from the complete
logic tree showed that the addition of the four branches
from the default shallow-crustal-seismicity GMM reduces
the seismic hazard at periods T <0.3s compared to using
the CEUS logic tree, which is expected. However, both the
CEUS logic tree and the proposed logic tree predict a signif-
icantly greater short-period hazard than that of the ESHM13,
which is a result of the different amplification functions. For
longer periods (7 > 0.5) all three logic trees converge toward
similar mean ground motions. The distribution of expected
ground motions from the craton GMM logic tree is shown in
Fig. 7 with respect to their attenuation with distance and their
variation with spectral period.

2.4 Site amplification and aleatory variability

Two important topics in the development and application of
the GMM logic tree are the characterisation of the site am-
plification scaling in the models and the aleatory variability.
The two are closely connected but have been addressed in
parts across different publications. The form of the Kotha et
al. (2020) GMM given in Eq. (1) does not contain an ex-
plicit site amplification term but contains instead the site-
to-site residual (6S2Sg). This is determined for more than
1829 stations across Europe, yet fewer than a third of these
sites are associated with a measured Vg3 in the original flat-
file of Lanzano et al. (2019). Other site information, such
as basin depth (and its various measures) or horizontal-to-
vertical spectral ratio peak frequencies, was not compiled
in ESM and is available from Vg profiles for some sites in
Switzerland, Italy and Tiirkiye. We therefore have many ob-
servations of site-to-site variability with respect to the me-
dian ground motion predicted by Eq. (1) but significantly
fewer direct measures of predictor variables of site amplifi-
cation. Additionally, the expansion of the number of record-
ing stations integrated into the ESM database with respect
to previous generations of ground motion records means that
the data now contain records from a broader variety of geo-
logical and geotechnical conditions than before.

To include a site amplification scaling term into their
model, Kotha et al. (2020) adopt two alternative functions:
one is dependent on measured Vs3p, which is fit to the sub-
set of 419 sites for which this parameter is available, and the
other is dependent on scalar 30" slope at the site, which is
available for all 1829 stations using Shuttle Radar Topog-
raphy Mission digital elevation data. Both models adopt a
quadratic site-scaling function:

fs (xprea, T) = 8S2S5(T) = go (T) + g1 (T)

2
X X,
.1n< pred) + o (T) - ( pred)
Xref Xref

+&-pds (T), (6)
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where Xpreq is the predictor variable (i.e. Vs3o (m s~ or
slope (m m~ ) xer a period-independent reference condi-
tion (Vs30 = 800 ms—! or slope =0.1 mm™b); g0, g1 and g2
are period-dependent coefficients; and ¢gzs is the corrected
site-to-site variability, which is shown to be smaller for the
measured Vg3p case. By limiting the data set to only those
stations with measured Vs3p and applying robust regression
analysis, Kotha et al. (2020) return a lower 4)823 compared to
that of Kotha et al. (2016).

In the development of the ESRM20, Weatherill et
al. (2023) addressed the issue of calibrating the site am-
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plification for the context of the seismic risk calculations,
with the requirement that ground motion must account for
site response across all of Europe at a 30" scale. Starting
with an updated topography/bathymetry model, a new pan-
European map of Vs3¢ inferred from slope was created using
the approach of Wald and Allen (2007), which is comple-
mented by a harmonised geology database for Europe com-
piled by BRGM. Using the regression outputs from Kotha
et al. (2020) and selecting around 1100 stations for which
8S2Ss was constrained by three or more records, Weatherill
et al. (2023) defined two different amplification models, one
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based on Vs3p but whose coefficients and variability are de-
pendent on whether the Vg3( is measured or inferred from the
slope proxy and the other using slope as the main predictor
but introducing a geological-era classification as a random
effect and thus making the implied amplification (but not its
variability) dependent on both slope and geological era. In
contrast to Kotha et al. (2020), Weatherill et al. (2023) adopt
a two-segment piecewise linear function such that

s (xpred: T) =§S2S(T)
ed

g1 (T)-In (xij;r(]")) for xpred < Xc
g1 (T)-In (ﬁ) for Xpred > Xc,

(N

where xpreq is either measured or inferred Vs3o or topo-
graphic slope, xrf is now period-dependent, and x. describes
a period-independent cut-off value above which fg is con-
stant (fixed to Vs3g 1100 m s~! when Xpred = Vs30 and slope
0.lmm~! when Xpred = slope). In the Vs3p case, the coeffi-
cients g1 and xr.r and the resulting site-to-site variance ‘f’gzs
are dependent on whether the predictor is measured or in-
ferred, with ¢gzs greater in the latter case. For the slope and
geology case, g1 and xrf are dependent on the geological era
to which the site belongs, while ¢(s)25 is period-dependent but
independent of geology and is found to be virtually identical
to the inferred Vg3 case.

Of the two formulations of the site amplification, it is that
of Weatherill et al. (2023) that is adopted for ESHM20, al-
though which of the predictors is used depends on the con-
text of the application. For ESHM20 the requirement was
to produce seismic hazard on a reference rock condition of
Vs30 800 m s~ ! (Eurocode 8, Class A), which may be utilised
as input into the Eurocode 8 design code itself. For design
code application, amplification factors are specified explic-
itly in the code, and these are calibrated to allow for a margin
of conservatism with respect to the amplification depending
on whether the site class is defined from direct measurement
or otherwise inferred. We specify that in this case Vg3p must
refer to a measured site condition in order to avoid double
counting uncertainty that is already built into the amplifica-
tion factors. For other applications in which the Vg3 is ei-
ther known directly or accurately inferred from detailed mi-
crozonation, the measured V3o should be used. Otherwise,
where Vg3 is required but inferred from a larger-scale proxy
such as topography and geology, the inferred Vs3p form of
the model should be used to ensure that uncertainty result-
ing from the use of the proxy is propagated into the haz-
ard/risk calculations via the higher ¢g2s. For regional-scale
risk in Europe in ESRM20, we adopted the form of the model
based on slope and geology as we wanted to ensure that
the amplification used in the risk model reflected the local
geological condition, with higher amplification on deeper,
younger Pleistocene and Holocene sediments and lower am-
plification on older consolidated rock. As ¢gzs was similar
regardless of whether inferred Vs3g is used as the predictor
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or slope and geology, it is ensured that uncertainty in am-
plification was being propagated via the GMM. Finally, the
GMM and amplification model have been implemented in
OpenQuake such that a partially non-ergodic total aleatory
variability can adopted (i.e., U% = rg +¢8 and ¢sos =0)
where a site-specific site amplification model is available.
Further explanation on all the above application contexts is
given in Weatherill et al. (2021, 2023) and the underlying
data sets accessed via the European Site Response Model
Datasets Viewer (https://maps.eu-risk.eucentre.it/, last ac-
cess: May 2024).

While site amplification and the role of site-to-site vari-
ability ¢gos is a key component of aleatory uncertainty, fur-
ther adjustments to the aleatory variability model of Kotha
et al (2020) were made. Initially, the Kotha et al. (2020)
GMM adopted a homoscedastic model of region-corrected
between-event variability (tp) and site-corrected within-
event variability (¢o). Despite the transition of some variabil-
ity from aleatory to epistemic uncertainty by moving tpor
and 7.3 into the logic tree and the adoption of robust mixed-
effects regression to downweigh outlier observations in fit-
ting the fixed effects, the remaining variability was still large
compared to previous models. However, this variability is
controlled by the small-magnitude events, which prompted
further exploration into the question of heteroskedasticity in
the between-event and within-event variability. From this,
Weatherill et al. (2020) proposed adopting a magnitude-
dependent heteroskedastic aleatory uncertainty model for tp
and ¢o. The former was adopted directly from an analysis of
global ground motion records by Al Atik (2015), while the
latter also adopted form Al Atik (2015) but recalibrated to
fit observed ¢ at smaller magnitudes. Subsequently, Kotha
et al. (2022) subjected their model to a more formal statisti-
cal analysis for heteroskedasticity using the Breusch and Pa-
gan (1979) test, which also confirmed the presence of appar-
ent heteroskedasticity in the between- and within-event resid-
uals. Their proposed model is similar in structure and ex-
tent to that already adopted by Weatherill et al. (2020); how-
ever, both could be applicable. The between-event residuals
were also scrutinised for distance-dependent heteroskedas-
ticity and the site residuals for Vg30-dependent heteroskedas-
ticity, but no compelling trends were apparent in these cases.
The final aleatory uncertainty model therefore retains only
the heteroskedastic 7o (My, T') and ¢o (My, T) presented in
Weatherill et al. (2020). A case could be made for further ex-
ploration of the epistemic uncertainty into the aleatory or
term; however, given the already considerable size of the
GMM logic tree, this was not pursued in ESHM20.

2.5 Subsequent development and considerations for
implementation

While the previous sections have outlined the overall frame-

work behind the regionalised scaled-backbone GMM logic
trees for both non-craton and cratonic seismicity, there were
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several feedbacks and lessons learned from application of the
model to seismic hazard in Europe. These feedbacks were in-
corporated into the final ESHM20 and ESRM20 calculations,
so we summarise the most significant ones here.

2.5.1 Adaptations to the backbone GMM (Kotha et al.,
2022)

The backbone GMM as it is described in Kotha et al. (2020)
applies a hinge magnitude, My, to capture the break in mag-
nitude scaling from quadratic (for My, < Mjy) to linear (for
My, > My) at magnitudes greater than My = 6.2. This num-
ber was originally based on non-parametric analysis of the
magnitude scaling implied by the ESM data set; however,
data from larger earthquakes were limited to a relatively
small number of large events from Italy and Tiirkiye. At
the same time, when compared to its predecessor European
database of strong motions, the ESM contains more than
10000 new records from earthquakes with magnitudes M <
4.5, for which very few direct moment magnitudes (My,) are
present. Although Kotha et al. (2020) used a harmonised mo-
ment magnitude from the updated European-Mediterranean
Earthquake Catalogue (EMEC) (Griinthal and Wahlstrom,
2012; updated in Danciu et al., 2021), these magnitudes are
equivalent proxy magnitudes converted from their originally
recorded scales. When fitting the GMM, these factors, and
potentially others, resulted in a positive b coefficient in their
model for short periods, which in turn produced a flatten-
ing of the magnitude scaling at low magnitudes, a kink in
the magnitude scaling at magnitudes My, & M}, and a more
strongly negative trend in the ground motions for My, > My,
(the result of a negative b3 term in Eq. 2). These effects con-
tributed to a more significant weakening of ground motions
for larger magnitudes at short distances (apparent oversat-
uration), along with a higher oguaistical, compared to other
GMMs.

Following the publication of the Kotha et al. (2020) GMM
and based on further exploration and comparison of the mod-
els using the NEar-Source Strong-motion data set NESS (Pa-
cor et al., 2018; Sgobba et al., 2021), it was found that the
negative scaling of b3 yielded a moderate bias in between-
event residuals for large-magnitude earthquakes. Revision of
the period-independent M; from M, 6.2 to My, 5.7 was
shown to reduce this bias and, in doing so, also reduce
Ostatistical fOr larger-magnitude events. The analysis and moti-
vations for revising My, along with a more detailed compar-
ison of the models against the NESS data set, can be seen in
Kotha et al. (2022). Given the relatively small proportion of
the data set affected by the change My, the influence on the
random-effect residual terms that form the basis for the re-
gionalised scaled-backbone logic tree (described previously,
and in Weatherill et al., 2020) was found to be negligible. The
final ESHM20 model adopts the modifications to the median
ground motion model from Kotha et al. (2022) rather than
the original model of Kotha et al. (2020).
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2.5.2 Logic tree implementation and computation

The GMM logic trees for shallow seismicity that have been
presented in this section were among the first products of
ESHM?20 to be completed. While the description of the logic
trees provided in Weatherill et al. (2020) and Weatherill and
Cotton (2020) remains largely accurate in terms of construc-
tion, some minor modifications were made after the first it-
eration of the complete seismic hazard model. Firstly, while
Weatherill et al. (2020) had proposed using three branches
each of the tectonic-locality uncertainty and the attenuation
region uncertainty, it was found that the tectonic-locality un-
certainty was the dominant epistemic uncertainty for most re-
gions, with residual-attenuation region uncertainty only man-
ifesting in the distributions in cases where hazard is domi-
nated by active sources at more than 100km away from a
site. This tended to result in clustering of the hazard values
into three areas around each of the three tectonic-locality
branches, which would then produce 84th and 95th per-
centile hazards that were virtually identical. Given the im-
portance of the tectonic-locality uncertainty, we choose to
discretise it into five branches using the approximation of
Miller and Rice (1983) rather than the originally proposed
three branches. For the attenuation region, the three-branch
approximation was retained as this had a relatively minor in-
fluence on the seismic hazard. This same strategy is applied
to the craton logic tree case, where oy, is discretised into five
branches and o, s is retained as three branches. Discrete rep-
resentations using higher numbers of branches were consid-
ered, which, though desirable from the point of view of ac-
curacy in representing the epistemic uncertainty, incurred too
great a computational cost.

The second adaptation of the logic tree is an implementa-
tion detail that redefines how the residual-attenuation adjust-
ment is treated compared to its original intention. Weather-
ill et al. (2020) explain the problem of permuting logic tree
branches when we have regionalisation in the model, with the
challenges being that if we define the region as an attribute
of the location in which the earthquake is found and the logic
tree considers each branch of each region independently, then
we would need (NBR)NREG total end branches to describe
exhaustively the combination of permutations of logic tree
branches. This has been the standard approach for many re-
gional hazard models including ESHM13. Originally, Kotha
et al. (2020) define 8.3 for 42 zones, which had we described
a separate logic tree for each region would have resulted in
43 branch sets (including the default). Thus, with the original
proposal of 9 branches per branch set we would reach 943 end
branches. Applying the hierarchical clustering reduced this
to a more manageable 9% = 531441 branches, although we
would need to apply the same to the craton, subduction in-
terface, subduction in-slab and non-subduction deep regions,
which would yield 9'° = 3486784401 branches. In reality,
no single location is affected by earthquakes originating in
seismogenic sources from all regions, and the number varies
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from simply 9 branches (much of northwestern Europe) to
97 = 4782969 branches (Albania and western Greece). Al-
though in the calculations the logic tree would not evaluate
all branches but sample instead several tens of thousands,
simply defining the set of branches from which to sample
was causing computational challenges, that were not justi-
fied given that the attenuation uncertainty was not dominant.

To resolve the problem of excessive branches, we changed
strategy and implemented the regionalisation as a property
of the target site rather than of the source. Here, all sources
are assigned to a single tectonic region type (shallow default)
in the files, and the residual-attenuation adjustments will be
applied depending on the region (from the Basili et al., 2021,
regionalisation) in which the site is found. This redefinition
is relevant for two reasons — the first is that this is more con-
sistent with how dc3 was defined in the regression (recall it
was a property of the region in which the station was located)
and the second is that this allows us to apply the adjustments
over all regions simultaneously. This last point means that
we reduce the non-cratonic shallow-crustal-seismicity GMM
logic tree from 531 331 branches to just 9 branches, which al-
lowed us to then increase the number of tectonic-locality dis-
tribution branches from three to five in order to better capture
differences in the outer quantiles. We still need to apply the
regionalisation to the other regions considered (i.e., craton,
subduction interface, subduction in-slab and non-subduction
deep seismicity) but the total GMM logic tree now contains
15* x 21 = 1063 125 end branches — many orders of magni-
tude fewer than before. This is inevitably still large, but now
it becomes feasible to calculate and is significantly further
reduced in areas of Europe where subduction or deep earth-
quakes are not relevant for hazard. There is, however, a the-
oretical cost to this decision, which is that the same residual-
attenuation adjustments (e.g., +£.3-7¢3, —€c3-T¢3) are applied
over all sites at the same time. This introduces an artificial
correlation, and there could exist the possibility for sudden
changes in hazards across the boundaries of some regions.
However, given that the residual attenuation is not the dom-
inant uncertainty, for areas where many residual-attenuation
regions may be influencing seismic hazard, the seismicity is
usually high and thus the controlling earthquakes are nearer
to the source. After inspection of the results, we were satis-
fied that the benefits of the change outweighed the potential
costs.

3 Insights from implementation and special cases for
application

Although the general framework for the GMM logic tree has
been laid out in the previous section and in the preceding
publications, in certain regions there have been additional
adaptations to this that were implemented in response to
feedback from local scientists and engineers. In each of these
cases the adaptations have been based on analysis of addi-
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tional data that were not contained within the ESM database
used by Kotha et al. (2020, 2022) to define the backbone
GMM.

3.1 Slow-attenuation regions in western Europe

The residual-attenuation term 8.3 was determined for 42 out
of 110 zones, mostly located in Italy, Switzerland, Greece,
Tiirkiye, and the Balkans. Two zones in particular stand out
from the others as featuring particularly slow anelastic at-
tenuation, both of which are well constrained by the data in
the zones: (1) the Pyrenees and northern Spain and (2) east-
ern Romania and southern Ukraine. The exact cause of this
slow attenuation is not clear from the ESM data set, and
while consultation of the additional geophysical data sets
used to define the cratonic region of Europe raised some pos-
sibilities, a consistent explanation was not forthcoming. For
the eastern Romania and southern Ukraine case, this slow-
attenuation region may represent the transition point between
the faster attenuation observed to the south and west and the
very slow attenuation in the cratonic region across the TESZ
to the north and east. This same explanation does not ap-
ply to the Pyrenees, however, and the transition from slightly
slower than average attenuation in the Alps to particularly
slow attenuation in the Pyrenees occurs over a relatively short
distance. The spatial pattern of attenuation in France there-
fore may have particularly interesting implications for seis-
mic hazard across much of western Europe.

Running concurrent to the development of the ESHM?20
was the Research and Development Program on Seismic
Ground Motion Assessment (SIGMA 2) project, which
undertook further investigation of seismic ground motion
in France using the Réseau Sismologique et Géodésique
Francais (Résif) ground motion data set (Traversa et al.,
2020). The Résif database contains more than 6500 records
from 468 earthquakes recorded at 379 stations within
metropolitan France. The magnitude distribution of these
earthquakes is between 2.0 < M, <5.2 and is generally
skewed toward a lower range of magnitudes than that of the
ESM data set. Kotha and Traversa (2024) extends the analy-
sis presented in Kotha et al. (2020) to include the Résif data,
providing both §L2L; and §.3 for regions in France that were
not well constrained by the ESM data (Fig. 8). The new anal-
ysis using the Résif data set broadly confirmed the trends
implied from the ESM data for 8.3, with attenuation signifi-
cantly slower in the Pyrenees than in southeastern France.

Although the Résif database contains more data in cen-
tral and northern France, including new stations closer to the
Rhine Graben, one limiting factor is that in the assumed re-
gionalisation of apparent anelastic attenuation via §.3 , all of
central and northern France, Belgium and the United King-
dom are grouped into a single zone. The analysis of Kotha
and Traversa (2024) therefore only confirms that attenuation
in much of this region is slower and potentially comparable
to that found in the Pyrenees zone in the original ESM data,
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Figure 9. Bedrock geology across Europe from the 1: 5000000
International Geological Map of Europe (Asch, 2005) coloured ac-
cording to age (a) and updated regionalisation depicting the final
spatial extent of the slow-attenuation cluster (b).

but it does not resolve further geographical variation. Fur-
ther insights into the spatial variation in France were possible
due to the tomographic study of Mayor et al. (2018), which
mapped variation in absorption Q. across France. These data
highlighted areas of slow attenuation corresponding to the
Armorican Massif (northwestern France), the Massif Central
(central and southern France) and the Ardennes Massif, all
areas of predominantly Paleozoic basement contemporane-
ous with that of the Pyrenees.

Assembling the multiple lines of evidence from the anal-
yses of Kotha (2020) and Mayor et al. (2018) and consult-
ing the 1 : 5000000 International Geological Map of Europe
(Asch, 2005) (Fig. 9, left), we delineate an additional set
of regions across western Europe that we believe may be
represented by the slow-attenuation region (cluster 5) that
was previously applied to the Pyrenees. This regionalisa-
tion is shown in Fig. 9 (right). Beginning in southern Por-
tugal (which will be discussed in due course), the slow-
attenuation region follows the line of predominantly Paleo-
zoic (pre-Variscan) geological units north through Portugal
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and northern Iberia into the Pyrenees. The Aquitaine Basin
interrupts this region, but it is then resumed with the Armor-
ican Massif and continues through the northern and west-
ern British Isles. Finally, we also add into this regionalisa-
tion Scandinavia west of the Caledonian orogeny that indi-
cates the western limit of the cratonic Baltic Shield. Although
there is also evidence that could suggest including the Mas-
sif Central into this delineation, we take the decision to keep
it in the default shallow-seismicity region and not necessar-
ily within the slow-attenuation zones. This is to allow for
a smoother transition in attenuation across southern France
rather than abutting the very slow attenuation zone against
the faster zones in southeastern France and the Alps. Fur-
ther exploration of the spatial variation in attenuation using a
higher-resolution (or more refined) set of zones may help in
refining the regionalisation of attenuation across France and
Iberia in the future (Kotha and Traversa, 2024).

3.2 Offshore Atlantic sources (Portugal)

A particularly critical area for seismic hazard in Europe
is southern Portugal, where large earthquakes have oc-
curred close to the Strait of Gibraltar several times through-
out recorded history, including the destructive 1755 Lisbon
earthquake (My, 8.51+0.3, Rovida et al., 2022) and damaging
1969 Portugal earthquake (My, 7.8). Observations of ground
shaking from these offshore events are usually measured at
stations more than 100 km from the earthquake source, but
previous analysis of these records and those of other onshore
Portuguese earthquakes has suggested that the region may be
better modelled using GMMs from stable continental (cra-
tonic) regions than those from active regions (Vilanova et
al. 2012). This is in part due to the slow attenuation of such
events along their travel path through the predominantly sta-
ble continental crust. However, applying such GMMs to on-
shore earthquake sources in southern Portugal is more chal-
lenging, because while analysis by Vilanova et al. (2012) of
spatial patterns of intensity slightly favoured stable cratonic
GMMs over inter-plate GMMs for use, there is high uncer-
tainty. When executed in a scenario of seismic risk calcula-
tion for a My, 5.7 earthquake close to Lisbon on the Tagus
Valley fault, however, use of stable continental GMMs re-
sulted in a factor-of-2 increase in losses with respect to those
scenario calculations using active shallow-crustal-seismicity
GMMs (Silva, 2016). This suggests that the impact of the
stable craton GMMs can be particularly large in this region.
Unfortunately, too few records from Portugal were in-
cluded in the ESM to allow constraint of §L.21; and 6.3
in this region in the development of Kotha et al. (2020),
but given the importance of this region for seismic haz-
ard and risk in southern Portugal, further analysis was war-
ranted. We returned to the earlier RESORCE database of
strong ground motions (Akkar et al., 2014b), where more
Portuguese strong-motion records were available, and identi-
fied 42 records from which we attempt to make comparisons
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against (1) the default shallow-crustal-seismicity logic tree,
(2) the shallow-crustal-seismicity logic tree for the very slow
attenuation cluster, and (3) the GMM logic tree for the para-
metric craton model (Weatherill and Cotton, 2020). Figure 10
shows the magnitude—distance—Vg30 composition of the data
set (where Vg3 is largely assigned from topographic proxy),
indicating that all but one record is recorded at a distance
greater than 100 km.

To make the comparisons we compare the distributions of
observed ground motion against the ranges of median ground
motions implied by the different logic trees, also shown in
Fig. 10. A clear period-dependent trend is available in the
comparisons with observations toward the upper end of the
range of the median ground motions expected from the de-
fault shallow-crustal-seismicity logic tree at short periods,
but then trending strongly toward lower-than-expected val-
ues at longer periods. As discussed in Vilanova et al. (2012),
for many of the accelerometer records the signal does not
exceed the required signal-to-noise ratio for periods longer
than ~ 0.9 s, so long-period trends should be interpreted with
caution here. The comparisons do show, however, that when
switching to the very slow attenuation form of the model the
centres of the distributions of observations at short periods
do move closer to the centre of the distribution predicted by
the model, but the trend remains positive, indicating some
systematic underestimation. Comparing against the craton
GMM logic tree we then see a tendency toward slightly
negative residuals across the whole spectrum, indicating a
systematic overestimation of higher-frequency motion with
this logic tree. Interestingly, the residuals seem to suggest
higher-than-predicted ground motions at smaller magnitudes
(My <5) than at larger magnitudes, which could imply dif-
ferences in stress drop scaling, biases from the conversion
from local or body wave magnitude to My, or simply bi-
ases in the record selection due to weaker records from these
earthquakes producing insufficiently high signal-to-noise ra-
tios to retrieve spectra.

This limited, yet somewhat insightful, analysis reflects
the trends seen by Vilanova et al. (2012), which shows that
ground motions from these offshore earthquakes are better
described by models with slower attenuation than that nor-
mally predicted by GMMs for active shallow regions. We
reiterate, however, that these comparisons show the distri-
butions of the median ground motions, and very likely most,
if not all, of the records would fall comfortably within the
range of motions when including the standard deviations. A
potential case for switching entirely to the cratonic GMM
logic tree in this region could be made, but it is not fully clear
either and may risk systematic overestimation of ground mo-
tions for larger magnitudes at short distances, which would
be the scenarios likely to control hazard for return periods of
engineering interest. We therefore opt for a compromise so-
lution by adopting the very slow attenuation regionalisation
of the non-cratonic seismicity logic tree rather than the para-
metric craton model. For local- and national-scale PSHA in
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Portugal it may be recommendable to consider both sets of
logic tree branches in a larger GMM logic tree, which might
be a fairer reflection of the degree of epistemic uncertainty.
Computational challenges in implementation prevent us from
exploring this possibility entirely in the ESHM?20, however,
so we place onshore Portugal into the same very slow at-
tenuation cluster that is applied for much of western Iberia,
France and the British Isles described previously.

3.3 Iceland

The third special case region that was adapted after the pre-
liminary calculations of seismic hazards is that of Iceland.
Similar to Portugal, this was a region for which existing
strong-motion records had not been included or made avail-
able to ESM and were therefore not regionalised in the de-
velopment of Kotha et al. (2020, 2022). With its rapid tec-
tonic deformation and extensive volcanism, Iceland itself is
arguably an outlier for ground motions compared to the other
active seismicity regions in Europe. A strong-motion net-
work has been in operation since 1984 (Sigbjornsson et al.,
2009), and observations from moderate-to-large-magnitude
events have suggested that the region is associated with
shallower seismicity and faster attenuation than other ac-
tive regions (Ornthammarath et al., 2011; Kowsari et al.,
2019, 2020). This was acknowledged, to a certain extent, in
the original formulation of the regionalised backbone GMM
logic tree by Weatherill et al. (2020), who identified a pre-
dominance of ground motion records with partially volcanic
travel paths (or paths through regions of higher heat flow)
as a common factor behind the low 6.3, values in the re-
gions assigned to the fast-attenuation cluster. It was origi-
nally proposed to apply the fast-attenuation é.3 r adjustments
to onshore source zones in Iceland too, even though Icelandic
data were not present in ESM. Feedback from local experts in
the region, along with recently published GMM:s for Iceland
(Kowsari et al., 2019, 2020, 2023), prompted us to revisit the
GMM logic tree here.

While the Icelandic strong-motion data were not avail-
able to ESM, records had been made available in the ear-
lier RESORCE database (Akkar et al., 2014b). The distribu-
tion of records with respect to magnitude, distance and ge-
ographic location is shown in Fig. 11. Choosing to limit the
data to well-recorded earthquakes with constrained My, the
data used in the current analysis contain 120 records from
18 events with magnitudes in the range 4.5 < M, <6.5, and
distances in the range 3.0 < Ry (km) < 145. As seen in the
geographical distribution, the data come predominantly from
two regions: the South Iceland Seismic Zone (SISZ) and the
Tjornes Fracture Zone (TFZ) in northern Iceland. Only 11 of
the 120 recordings used come from the TFZ, so we limit our
analysis only to those from the SISZ.

As differences in the record processing and metadata com-
pilation were present, we did not wish to attempt to retrieve
8.3 and SL2L; by rerunning the Kotha et al. (2020) regres-
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sion to avoid these regional differences in the data contam-
inating the fixed effects. Instead, we undertook an a poste-
riori analysis to retrieve the normalised between-event and
within-event residuals with respect to the backbone GMM
and its proposed adjustments, using the estimators of § B, (T")
and 8 Wes (T') described in Stafford et al. (2008). This also al-
lowed us to compute the residual with respect to other GMMs
proposed for application to Iceland by Kowsari et al. (2019).
The normalised within-event residuals were inspected for
trends with distance with respect to different branches of
the GMM logic tree representing different adjustments to the
model. Although we have few records for distances greater
than 80 km, where we would expect the é.3 ; to play a greater
role, we find that the distance trend indicated attenuation that
was faster than the average condition §.3, = 0 from Kotha
et al. (2020) at short periods but that application of the clus-
ter 3 (fast attenuation) calibration was adequate to correct for
this trend. The observed variability of the within-event resid-
uals was lower (& 80 % of the full within-event variability
implied by the ESHM20 GMMs), but this is likely a reflec-
tion of the limited data set and predominance of travel paths
across the same single region.

For 6B, (T) a stronger trend could be seen in the resid-
uals with the spectral period, with short-period motion giv-
ing predominantly negative § B, (T') and gradually transition-
ing toward positive § B, (T) for longer periods with 7 >
1's. Comparisons against the different adjustments to the
Kotha et al. (2020) model revealed that for short periods the
low stress adjustment provided the least biased prediction
of normalised residuals (§ B, (T') /T ~ 0.016, 03, /- ~ 0.744
for erpr, = —1.732), passing to the average model close
to T =1s (6B (T)/t ~0.131, 058,/ ~ 0.837 for ero, =
0) and the high stress model for 7 >2s (§B.(T)/t ~
0.003, o5, /r ~ 0.893 for €151, = 1.732). The distribution of
8B, (T) is shown in Fig. 12. Given that the data set contained
records from only 18 events, dependence of these trends with
respect to magnitude could not be confirmed and was not im-
mediately apparent. This analysis suggests that there is evi-
dence for systematic differences in the ground motions in the
SISZ with respect to the Kotha et al. (2020) model (and its
adjustments) but that this is strongly period dependent and
not well represented by the current SL2L; branch logic tree.
There could be several causes behind this, including system-
atic site effects or depth dependence being captured by § B,
and we cannot neglect the possibility of bias in the magni-
tude estimation propagating into the between-event residual.
Further investigation of these questions should be the focus
of future research; however, with the information we have
at present, we opted to create a local §L2L; to be applied in
Iceland.

To calibrate the regional adjustment, we take the observed
trends in § B, with residual and use Bayesian fitting of the
Gaussian model via a Markov chain Monte Carlo approach
(Salvatier et al., 2016) as had been applied to retrieve the
cluster-specific 8.3, distributions for the residual attenua-
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Figure 12. Distribution of between-event residuals with period for
the Iceland ground motion data, with fit models of §L2L; (T') and
its variability 7y oy .

tion. A prior distribution of N (0, 11, (7)) is used for the
mean §L2L; and U (0, trop (T') + 0.05) for the standard de-
viation. The posterior mean S§L2L; and its standard devia-
tion are shown for each period in Fig. 12, and the values are
smoothed to reduce excessive period-to-period variability at
longer periods. From the data available the mean §L2L; is
updated clearly to reflect the period-dependent trend, while
the 7o does not update the prior significantly, potentially
because too few events represented in the data set exist.

To construct the region-specific logic tree for Iceland, we
map the posterior distribution of §L2L; into the correspond-
ing branch set (Fe71 - max (TL2L, Ostatistical))» While for the
residual-attenuation branches we adopt the cluster-region-
specific 6.3,¢ for cluster 3 (fast attenuation). Although the
adjustment factors are calibrated based exclusively on data
from the SISZ, they are applied to all onshore sources in Ice-
land, as well as to the offshore source zones representing the
mid-Atlantic ridge to the south and to the north of the island.
All other offshore sources were assigned the default shallow
backbone GMM logic tree. This adjustment has the effect of
reducing short-period hazard with respect to using the orig-
inal GMM logic tree increasing hazard at long periods. For
the implementation of the model in ESHM20 we note that
this adjustment would technically make Iceland a new tec-
tonic region, requiring its own GMM logic tree that would
multiply the total number of logic tree branches by a factor
of 15. We take advantage of geography, however, to treat Ice-
land separately from the calculations for the rest of Europe
for the purposes of the ESHM20 calculations, which we do
by running it as a stand-alone model in a separate calcula-
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tion. This reduces the calculation to only the 225 GMM logic
tree branches (15 from the Iceland-adjusted GMM logic tree
applied to onshore and mid-Atlantic ridge sources, 15 from
the original shallow-crustal-seismicity GMM applied to the
stable offshore sources), allowing for faster and more conve-
nient computation.

The three cases discussed in this section (France, Portu-
gal and Iceland) illustrate how it was possible to take deci-
sions and make modifications to the logic tree on the basis
of other ground motion data not contained within the origi-
nal ESM data set used to fit the shallow backbone GMM and
its regionalisation. This shows that the approach can be flex-
ible and that the backbone GMM can accommodate further
regional adjustments when there is a sufficient basis to do
so. Further discussion around the issue of adaptability of the
regionalised GMM logic tree approach can be found in the
concluding Sect. 5.

4 Adapting a ground motion model for subduction and
deep seismicity earthquakes

While much of the efforts toward developing the regionalised
backbone GMM concept have focused on shallow seismic-
ity, for several regions of Europe the earthquakes that con-
trol the hazard come from deeper seismicity or from subduc-
tion zones. This includes the Hellenic, Cypriot and Calabrian
arcs as well as the Gibraltar Arc (added now in ESHM20
as a deep subduction source) and the Vrancea deep seis-
mic zone. As the ESM flatfile contains thousands of records
from Greece, Tiirkiye and southern Italy, inevitably a pro-
portion of the waveforms are from subduction zone or non-
subduction deep seismicity sources. It is well established
that the source and path characteristics of strong ground mo-
tions originating from subduction earthquakes differ signifi-
cantly from those of earthquakes in the shallow crust (e.g.,
Youngs et al., 1997; Atkinson and Boore, 2003, Hassani
and Atkinson, 2021), and previous seismic hazard models
in Europe have assigned subduction GMMs to such sources.
The ESHM13, for instance, adopted a multi-model GMM
logic tree comprising the subduction GMMs of Youngs et
al. (1997), Atkinson and Boore (2003), Zhao et al. (2006)
and Lin and Lee (2008), which were selected and weighted
based on both expert judgement and log-likelihood analysis
using a limited set of 65 recordings from only in-slab earth-
quakes (Delavaud et al., 2012). Similarly, Pavel et al. (2016)
adopted global subduction in-slab GMM:s for application to
the Vrancea seismic zone (Youngs et al., 1997; Atkinson
and Boore, 2003; Abrahamson et al., 2016) alongside a local
GMM calibrated specifically to records from large Vrancea
earthquakes (Vacareanu et al., 2015). Because of the differ-
ences in source, path and site characteristics, we cannot treat
subduction and deep source seismicity as a special case adap-
tation of the shallow GMM logic tree, and instead it requires
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its own development approach that leverages on the existing
data and subduction GMMs from around the globe.

In this section we present the construction of a backbone
GMM logic tree for application to the subduction and deep
seismicity regions of Europe. As will be shown in due course,
the objectives of the backbone GMM logic tree in capturing
epistemic uncertainty in GMM stress parameter and atten-
uation are shared with those of the regionalised backbone
GMM adopted for non-cratonic shallow seismicity. How-
ever, while ESM contained a large volume of data from shal-
low seismicity to fit and calibrate the backbone GMM, the
number of records from deeper earthquakes is far smaller
and covers a more limited range of magnitudes compared to
those needed for the hazard model. As such, we cannot de-
velop a new GMM for subduction and deep seismicity but
define the regionalised backbone by first identifying a suit-
able candidate GMM based on a combination of judgement
and fit to observed data, before then using the observations to
calibrate the attenuation characteristics of the GMM to bet-
ter match the local attenuation properties inferred from that
same data set. Finally, we consider region-to-region variabil-
ity in source stress parameter and anelastic attenuation com-
ponents of subduction GMMs globally as a basis for defining
and weighting the adjustment factors to the model.

4.1 Classifying records from subduction and deep
seismicity earthquakes

Our first challenge in the development of the subduction
backbone GMM for application in Europe is to identify
those records from subduction and/or non-subduction deep
seismicity. In its original form described by Lanzano et
al. (2019), the ESM did not have a tectonic region classi-
fier in the records, nor was a focal mechanism available for
small-to-moderate-magnitude earthquakes. Several different
approaches toward subduction event classification have been
attempted in the development of existing ground motion
models (e.g., Atkinson and Boore, 2003; Zhao et al., 2006;
Abrahamson et al., 2016, 2018), many of which rely on a
combination of depth, focal mechanism and proximity to the
modelled subducting slab geometry using Slab 1.0 or 2.0
(Hayes et al., 2018). In the Vrancea deep seismicity region, a
relatively clear separation can be seen between the distribu-
tion of hypocentral depths associated with the deep seismo-
genic source (60 < hp (km) < 180) and those associated with
crustal seismicity (hp < 30km). The relatively small number
of earthquakes from the Vrancea region in the ESM, com-
bined with their clear localisation to the Vrancea deep source,
made it possible to identify and extract records from deep
seismicity in Vrancea manually. For the subduction regions
in the eastern Mediterranean, however, a different approach
was needed.

In comparison to many subduction zones around the globe,
the Hellenic, Calabrian and Cypriot arcs display a modest
rate of seismicity, with very few large interface and/or in-
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Figure 13. Conceptualisation of the subduction zone system for the
fuzzy classifier, with regions and distance metrics R{QFUP’ R{{SUP, Rgf
and R&S (as described in body text) illustrated and the earthquake
hypocentre shown with a star.

slab events since the establishment of strong-motion record-
ing networks in the region. As such, most of the observed
ground motion data come from small to moderate seismic-
ity in the eastern Mediterranean region, for which 3D rup-
ture models are unavailable, focal mechanisms are limited,
and potentially significant uncertainties are present in loca-
tion and depth (albeit the error estimates are not always re-
ported). This combination of factors prompted us to develop
a subduction region classification approach that allows for an
often-unquantified uncertainty in many attributes of the seis-
micity and of the subduction geometry itself. We therefore
developed a fuzzy rule-based classifier that expands on pre-
vious fuzzy regionalisation concepts presented by Chen et
al. (2018).

The core of the classifier is the idealised conceptualisa-
tion of the subduction system, which is illustrated in Fig. 13.
Within this system we identify six classes of seismicity: shal-
low crust, subduction interface, subduction in-slab, upper-
mantle wedge and outer rise, and non-subduction deep seis-
micity. While the distinction between interface, in-slab and
shallow crust should be unambiguous in this system, our
uncertainties on slab geometry, earthquake location within
the subduction system and their respective focal mechanisms
mean that our classification cannot be crisp, i.e. unambigu-
ous and unique. The boundaries from slab to mantle wedge
to crust or from slab to outer rise also contain a degree of
ambiguity. With this ambiguity present and uncertainties on
locations that are inconsistently reported and therefore not
often numerically quantified, we use fuzzy inference because
it allows us to translate expert-driven judgements or degrees
of belief into a quantitative and reproducible system for clas-
sification.

The fuzzy rule-based classifier begins by encoding quanti-
tative values of multiple input data into fuzzy classifications
via a set of antecedent rules that define membership of the
data to descriptive categories, e.g., whether an earthquake is
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DEEP or SHALLOW, NEAR to an interface or FAR from it,
among others. The antecedent rules are combined with a set
of consequent rules that define quantitative function to map
the outcome (i.e., the tectonic class) to a degree of member-
ship (i.e., LOW, MEDIUM, HIGH). The antecedent and con-
sequent rules are input together into a control system where
multiple antecedent rules can be joined using logical state-
ments/rules and mapped to corresponding consequents, €.g.
“If DEPTH is DEEP and REVERSE [Faulting] is LOW then
IN-SLAB is HIGH”. When defined by the set of rules and
fed with the necessary input parameters, the control system
returns for each observation a degree of membership to each
tectonic class between 0 (unambiguously not belonging to
this tectonic class) and 1 (unambiguously belonging to this
tectonic class). While the degrees of membership may them-
selves be fuzzy, we still require a final tectonic classification
for each earthquake in the ESM; i.e. the final output must
be defuzzified in order to assign a single outcome or class.
This final tectonic classification is made according to the cri-
teria (i) that the tectonic class to which the event is assigned
should be that with the highest degree of membership among
all considered classes, (ii) that this same degree of member-
ship for the event in this class is > 0.6 and (iii) that the degree
of membership to the next highest membership class is < 0.4.

From the ESM flatfile, the earthquake parameters avail-
able are the magnitude (as reported by the original source
agency), location and depth estimate for nearly every event.
Focal mechanisms were not included for the events initially
(only a qualitative style of faulting where available); how-
ever, corresponding focal mechanisms for events were re-
trieved from national and regional databases. This provided
focal mechanisms for nearly all earthquakes with magnitude
M,, > 4.8; however, for many smaller earthquakes no mo-
ment tensor was available. For the slab geometry, we had
available slab upper-surface definitions from Slab 2.0 (Hayes
et al., 2018) for the Hellenic/Cypriot and Calabrian arcs.
The ESM lacked any records from deep seismicity in the
Gibraltar Arc, so this region is not considered any further.
A lower slab surface is defined by projecting the upper sur-
face downward in the slab normal direction assuming a given
slab thickness. We adopted a fixed thickness of 50 km, which
we inferred from the distribution of seismicity.

Two control systems were constructed: one for the case in
which the earthquake has a focal mechanism (or rake from
style of faulting) and one in which it does not. For both cases
the input parameters required are the hypocentral depth, the
average of the distance between earthquake source and the
upper slab surface (REUP), the distance between the earth-
quake source and the lower slab surface (Rkyp) Rrup =
0.5 (RRp + REUPP, the difference between these two dis-
tances A Rryp = RRSUP — REUP, and finally the along-surface
distance between the epicentre location and up-dip projection
(with respect to dip at a given depth contour) of the upper in-
terface and lower interface respectively (REF and R&S). Where
focal mechanism or assigned style of faulting is present, the
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rake is input into the fuzzy classifier. These parameters are
illustrated with respect to the subduction model in Fig. 13
and the corresponding antecedent rules in Fig. 14. Events lo-
cated more than 500 km from the Slab 2.0 subduction sur-
face were automatically classified as non-subduction and not
run through the classifier. For events in the Ionian Sea, west-
ern Greece and Puglia (also known as Apulia), the classifier
was run twice, once with respect to the Hellenic subduction
and once with respect to the Calabrian subduction, and the
tectonic classification is made on the basis of the highest
membership from either of the two subductions. We could
not identify any highly ambiguous cases in which the tec-
tonic classification changed significantly depending on the
subduction zone to which the classifier is applied.

The fuzzy classification system was in fact originally ap-
plied to the ESM database prior to the development of the
Kotha et al. (2020) backbone GMM for shallow-crustal-
seismicity earthquakes to remove the subduction and deep
seismicity from that set of records. Application of the clas-
sifier to 2179 earthquakes in the ESM database yielded 209
interface earthquakes, 133 in-slab, 12 outer rise events and
5 upper-mantle earthquakes. The remainder are classified as
non-subduction, which were then restricted to just the set of
shallow earthquakes by Kotha et al. (2020) using the criteria
mentioned previously. Once classified, other selection filters
were applied to the data to exclude events of small magnitude
(My < 4.0), events for which no homogenous magnitude
could be defined from the EMEC catalogue, and other events
for which only single records exist or all records are found at
distances greater than 300 km. The final set of non-shallow
ground motions comprises 684 records from 164 subduction
interface events, 704 records from subduction in-slab events
and 938 records from 64 Vrancea deep source events. The
magnitude and distance distributions of these three subsets
of records are shown in Fig. 15.

The fuzzy classification presented here is a flexible and re-
producible approach toward tectonic classification based on
limited information. Inevitably as an automatic procedure it
is possible for misclassifications to occur or for the classifi-
cations to change if some of the underlying data sets change,
such as the subduction geometry. There is also subjectivity
in the calibration of the antecedent and consequent rules,
as well as in the control system itself, and different judge-
ments and rule sets could be made. However, the fuzziness
of the system may limit the impact that differences in the
shapes of the functions or the logical rules have on the re-
sulting defuzzified classifications, resulting in changes in the
classification only in the most ambiguous cases. For exam-
ple, the interface/in-slab classification will inevitably create
a region of ambiguity in the slab if the fuzzy control system
depends only on the location of the event. This region of am-
biguity would be sensitive to the settings of the antecedent
rules. However, if a focal mechanism is available such that
an event can be classified confidently as reverse, then the
resulting membership shifts more strongly toward interface
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in this otherwise ambiguous region. For the application to
the ESM database here, the number of events considered is
relatively small, allowing for the assignments of each earth-
quake to be verified by inspection. Although it is beyond the
scope of this current publication, a comparison of the per-
formance of this fuzzy classification system for subduction
earthquakes against labelled classifications found in other
subduction ground motion databases such as NGA Subduc-
tion would be welcome. Direct comparison may be challeng-
ing, however, due to the adoption of different numbers and
types of tectonic classes, as well as different models of sub-
duction geometry (not all of which are publicly available).
As an indicator of its general versatility, however, the same
classifier system was applied successfully for the classifica-
tion of subduction earthquakes in Papua New Guinea as part
of the development of a recent national probabilistic seismic
hazard map (Ghasemi et al., 2020).

4.2 Identifying the best suited GMM for use as a
backbone GMM

The distribution of records with respect to magnitude and
distance shown in Fig. 15 clearly illustrates the possible lim-
itations of attempting to fit a new GMM to the subduction
or Vrancea earthquakes. The vast majority of the records fall
within the 4.0 < M, <5.5 range, with only a couple of well-
recorded events above My, 6.0. The scaling with respect to
the magnitudes of significance for hazard from subduction
earthquakes (typically My, > 6.5) is virtually unconstrained.
Vacareanu et al. (2015) addressed this issue by supplement-
ing their data set with ground motions from well-recorded
deep earthquakes in other regions of the globe. This may
be a valid approach; however, for ESHM?20 we preferred to
leverage existing ground motion models that would comply
with the quality selection criteria proposed by Bommer et
al. (2010) that are constrained by global subduction data, be-
fore then attempting a recalibration of the attenuation coeffi-
cient of the model based on the Hellenic and Calabrian data.
Here, the distance range covered by travel paths from the
small-to-moderate-magnitude earthquake ground motions is
sufficient to provide some valid inference on ground motion.
Although the interface and in-slab record sets contain records
from three different subduction zones (Hellenic, Cypriot and
Calabrian), further subdivision by zone was not attempted
as this would yield too few records from the Calabrian and
Cypriot arcs from which to make any inference on attenua-
tion.

The selection of the backbone model is based on a two-
step process that first selects a set of candidate models based
on quality criteria and then applies likelihood scoring to
compare the candidate models against the observed data.
We note that the development of the subduction model for
ESHM?20 was undertaken prior to publication of GMM:s from
the NGA Subduction project NGA-SUB (Hassani and Atkin-
son, 2021; Parker et al., 2022; Kuehn et al. 2020; Abraham-
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Figure 15. Magnitude and distance distributions of the selected records classified according to interface, as in-slab and for the Vrancea deep

seismic zone.

son and Gulerce, 2022; Si et al., 2022). The publication of
the NGA-SUB models would have inevitably increased the
available suite of candidate models for application to the
eastern Mediterranean, and we expect this to be an impor-
tant development step in the next-generation PSHA for Eu-
rope. At the time of development, strict application of the
Bommer et al. (2010) selection criteria yielded four poten-
tial candidate models: Abrahamson et al. (2016) (also known
as BC Hydro (2016)), Zhao et al. (2016a, b), Montalva et
al. (2017) and Abrahamson et al. (2018). Of these, Mon-
talva et al. (2017) can be considered a regional calibration
of the Abrahamson et al. (2016) model using Chilean strong-

Nat. Hazards Earth Syst. Sci., 24, 1795-1834, 2024

motion data, while Abrahamson et al. (2018) might be con-
sidered more as an intermediate update to the original BC
Hydro model using the NGA-SUB database (Bozorgnia and
Stewart, 2020), with the more complete update eventually
being Abrahamson and Gulerce (2022). We may therefore
choose to refer to these as the BC Hydro family of models
(Abrahamson et al., 2016; Montalva et al., 2017; Abraham-
son et al., 2018). Both Abrahamson et al. (2016) and Abra-
hamson et al. (2018) propose additional scaling factors to the
median ground motions to account for epistemic uncertainty.
These are also considered in the comparisons as the high and
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low branches for the increased and decreased median ground
motions respectively.

In the comparisons shown in Fig. 16 we also include the
ESHM13 subduction GMM selection (Youngs et al., 1997;
Atkinson and Boore, 2003; Zhao et al., 2006; Lin and Lee,
2008) as well as the local GMMs of Vacareanu et al. (2015)
and Skarlatoudis et al. (2013) for subduction in-slab events.
Although the latter two models are calibrated principally to
local data from our regions of interest, they would not be
selected for use in ESHM20 owing to their limited period
range, limited magnitude range (in the case of Skarlatoudis
et al., 2013) and use of site amplification term based on soil
class. They are included here, however, to act as models of
comparison in the selection process.

For the likelihood scoring against observed data, we used
the multivariate log-likelihood metric of Mak et al. (2017):

€ (p,V,q) =[NIn2n+In|V|+(g—p)V ' (g—p)1/2, 8)

where N is the total number of records, p and ¢q are vectors
containing the natural logarithms of predicted and observed
ground motions respectively, and V is the covariance matrix
determined from the between- and within-event standard de-
viations. Lower log-likelihood scores indicate a closer fit be-
tween the model and data, and scoring was undertaken firstly
on a period basis. The variation in period for each of the can-
didate models is shown in Fig. 16 for each of the three data
sets: subduction interface, subduction in-slab and Vrancea.
Analysis was also undertaken using the earlier log-likelihood
scoring method of Scherbaum et al. (2009), but as the ground
motion records are relatively well balanced across the events
in the data, the trends were found to be nearly identical to
those determined using from Mak et al. (2017), so only the
latter are shown here for brevity.

Figure 16 demonstrates that in all three cases each one of
the candidate models has a lower likelihood score across the
full period range than any of the ESHM13 model selection.
At longer periods, Zhao et al. (2016a, b) may give a slightly
improved fit when compared to the Zhao et al. (2006) pre-
decessor, but the differences are small and a slight deteri-
oration is seen at short periods. For the subduction interface
earthquakes all of the BC Hydro family are comparable, with
Abrahamson et al. (2018) improving slightly on Abraham-
son et al. (2016) at intermediate periods and Montalva et
al. (2017) slightly poorer in the same range. Differences are
nearly negligible, however. The lower adjusted branches ap-
pear to give a lower score than the higher adjusted branches
or unadjusted branches, which may imply a regional ten-
dency toward lower stress drop than the global models. How-
ever, this latter observation should be interpreted with cau-
tion given the magnitude range considered in the data, the
high proportion of My, values converted from local magni-
tude My, and body wave magnitude my in this region and
range, and the possibility of systematic differences in path
and site effects. For the subduction in-slab events the trends
are similar, with the noteworthy exception that Montalva et
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al. (2017) appears to give a significantly lower score in the
0.5 to 4 s period range than the other models in the BC Hydro
family. The locally fit Skarlatoudis et al. (2013) model per-
forms comparably to the BC Hydro models for in-slab earth-
quakes, which is not surprising given the large overlap in the
original fitting data set and the test data set. That there is
no improvement in fit for using the locally calibrated model
compared to the global model strengthens the case for adopt-
ing the global models here. For Vrancea, the Vacareanu et
al. (2015) is shown to give slightly lower values than the BC
Hydro models at very short periods (7 <0.25s), but the re-
sults are comparable for the rest of the spectrum. Once again,
Montalva et al. (2017) surprises with lower values across
much of the period range, even more so than Vacareanu et
al. (2015).

From the likelihood scoring of the GMMs it is evident that
any of the BC Hydro family could be considered as a pos-
sible backbone model. Montalva et al. (2017) produced less
than the original BC Hydro for the in-slab and Vrancea cases,
which is interesting, but as it is a regional calibration of Abra-
hamson et al. (2016) it is not necessarily a good basis as a
backbone model as further adjustments will be undertaken
here. A case could also be made for adopting Abrahamson et
al. (2018) as the backbone; however, not only does this model
lack a forearc/backarc scaling term, it also does not provide
a significant improvement in fit with respect to the Abraham-
son et al. (2016) model, with the possible exception of short-
period in-slab events. The absence of a forearc/backarc scal-
ing term is problematic as differences in backarc attenuation
do seem to be present in the model of data residual values
and in previous studies of attenuation in both the Carpathian
region (Vacareanu et al., 2015) and the Hellenic Arc (Skar-
latoudis et al., 2013). We therefore opt to adopt the original
Abrahamson et al. (2016) BC Hydro model as the backbone
GMM for use in the subduction and deep seismicity logic
trees.

4.3 Calibration of the model and definition of the
backbone logic tree

The ground motion observations for subduction and deep
seismicity earthquakes shown in Fig. 15 indicate that while
the magnitude range of the data may be limited, particularly
with respect to larger magnitudes, the distance range is well
covered. Inspection of the site information at these same sta-
tions revealed that most stations in the data set lacked a mea-
sured Vs3p, and as magnitudes are small very few if any
records would likely show soil nonlinearity. Given these lim-
itations, in contrast to Montalva et al. (2017), we do not at-
tempt a full regression of the BC Hydro model on the new
data but instead choose only to recalibrate the anelastic at-
tenuation term of the model:
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In(SAinterface) = 01 + 04 AC| + fi(Myw) + fg(RRUP» My)
+ fa(Rrup) + fraBa (RruP)

+ fsite (PGA1100, Vs30) + €0, )
In(SA_giap) = 01 + 04AC1 + fm(My)
+ fe(Ruyro, My, FE) + fa(Ruypo)
+ fraBA (RHYPO) + faepth (Zh) + 010 FE
+ fsite (PGA1100, Vs30) + €0. (10)

Sm (My), fe (R, My,), fa(R) and fsite (PGA1100, Vs30) are
the magnitude scaling, geometric spreading, anelastic attenu-
ation and site amplification term for an earthquake of magni-
tude My, recorded at a site of distance R km from the source
on a site condition Vg3g (ms™1). 4AC] is a term applied to
large magnitude to account for epistemic uncertainty in the
magnitude scaling, while 6; is the regional stress coefficient.
Note that for interface earthquakes the nearest distance to the
rupture plane Rryp is used, while for in-slab earthquakes the
hypocentral distance is preferred (Ryypo). feaBa (R) is the
forearc/backarc scaling term, which is discussed in more de-
tail in the following section. For in-slab earthquakes an ad-
ditional source depth scaling term fyepn (Zp) is included,
where Zj, is the hypocentral depth in kilometres, and addi-
tional coefficients are added to both the stress term 6o Fg
and to the geometric spreading term f; (Ruypo, My, FE) to
reflect differences for in-slab earthquakes (indicated when

Nat. Hazards Earth Syst. Sci., 24, 1795-1834, 2024

Fr =1, otherwise Fg = 0). An additional epistemic uncer-
tainty scaling factor A, = 0.2 is suggested by the authors
As we are aiming to calibrate only the anelastic attenu-
ation part of the model, our interest is in only f; (R) and
where f,; (R) = 66 - R. To calibrate the coefficients for these
terms we retrieve between- and within-event residuals (§ B
and §W) for the observations with respect to the model in
which f; (R) = 0. The trends in §W are inspected with each
period, and a linear model is fit such that the slope 6 is cal-
culated and constrained to be < 0.0. The variation in fitted
0 with spectral period is shown in Fig. 17 for the interface
ground motions (black) and in-slab ground motions (red).
The attenuation terms from the two data sets show divergent
behaviour at short periods, with slower attenuation for in-
slab earthquakes than interface earthquakes, gradually con-
verging at T > 1.0s. As a point of comparison, we also show
the anelastic attenuation coefficients from several other re-
gions of the globe, as presented by Abrahamson et al. (2018)
in their exploration of regional variability of anelastic atten-
uation implied by the NGA-SUB data set. We also include
the terms from Vacareanu et al. (2015) and from Montalva et
al. (2017). These regional differences are similarly divergent,
with certain regions aligning more closely with the slower
attenuation in-slab data set (e.g., Central America, Taiwan,
Romania forearc) and others with the faster attenuating inter-
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Figure 17. Variation in the anelastic attenuation coefficient 6g with
period for the observed European subduction interface (solid black
line) and in-slab (solid red line) earthquake data, with the proposed
epistemic uncertainty of £0.0015 shown in grey and pink shaded
regions respectively. Anelastic attenuation coefficients from differ-
ent regions across the globe calibrated by Abrahamson et al. (2018)
are shown (with labels [A2018]) along with that of Montalva et
al. (2017).

face data set (e.g., New Zealand, South America, Cascadia,
Japan).

While the calibrated attenuation coefficients ¢ are set for
the interface and the in-slab earthquakes, Fig. 17 demon-
strates that there exists clear region-to-region variability. In
order to construct the backbone GMM logic tree, we need
to account for epistemic uncertainty in the anelastic atten-
uation and calibrate specific adjustment factors to represent
this. The region-to-region variability in the anelastic atten-
uation term explored by Abrahamson et al. (2018) (A2018
in Fig. 17), while not exactly comparable to our backbone
model, does provide insights that can help us define scal-
ing factors. In this case we find that adjustments to the 6¢
term of +0.0015 are adequate to envelope region-to-region
variability for the two trends in the residuals. We therefore
define three branches for the anelastic attenuation model:
06 —0.0015 (fast), 6+ 0 (central) and 65 +0.0015 (slow). Al-
though there is no specific distribution represented by these
terms, we nevertheless opt to treat them consistently with the
attenuation terms in the shallow-crustal-seismicity models
and assign them weights representing the three-point Gaus-
sian approximation of Miller and Rice (1983), namely 0.167,
0.666 and 0.167 respectively.

The results for the Vrancea data set are not shown here, as
the anelastic attenuation term appeared to show weakly posi-
tive O¢ trends, which are then constrained to 6 = 0 in the re-
gressions. Given this unusual behaviour it may not be entirely
surprising that it was the Montalva et al. (2017) GMM that
produced a significantly lower model than the Abrahamson
et al. (2016) model for Vrancea, as it has the weakest anelas-
tic attenuation term among the subduction GMMs compared
in Fig. 16. Analysis by Manea et al. (2022) of a more exten-
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sive set of ground motion records from Romania, which was
undertaken after the construction of the ESHM20 GMMs,
confirmed the appearance of the very slow attenuation at
short periods, particularly for sites in the forearc region (to
the east and south of the Carpathian mountain belt). This re-
gion is evidently complex and further analysis is needed to
refine and calibrate the ground motion models, particularly
considering the study by Manea et al. (2022). Though there
is a case for adopting or assigning heavier weights to slower
attenuation branches, we were unsure whether the data avail-
able to us were sufficiently compelling to do so. Instead, we
adopt the in-slab backbone GMM and its calibrated attenua-
tion adjustments but assign slightly higher weights to the up-
per and lower branches than the middle branch. Finally, the
three branches (fast, central and slow) are assigned weights
of 0.2, 0.6 and 0.2 respectively.

While attenuation and its uncertainty are clearly impor-
tant for non-crustal seismicity, stress parameter uncertainty
and large-magnitude scaling have also been identified as crit-
ical areas of epistemic uncertainty in subduction and deep
earthquake GMMs (Abrahamson et al., 2016, 2018; Gregor
etal., 2022). In the original BC Hydro model, Abrahamson et
al. (2016) proposed a set of adjustments to be applied at large
magnitudes in order to account for uncertainty in the break
point of magnitude scaling in the GMM given the limited
number of very large earthquakes in the data set — an issue
that was explored in more depth in the NGA-SUB project
(e.g., Campbell, 2020; Kuehn et al., 2020; Abrahamson and
Gulerce, 2022). Without records from large-magnitude earth-
quakes (and only very few from moderate-magnitude earth-
quakes), our observations do not give us a basis for recali-
brating these adjustments; however, as they apply principally
to very large My, > 8 earthquakes, such factors will have a
negligible impact on the PSHA results for the probabilities
of interest in ESHM20, owing to the low annual rate of oc-
currence for these events. More relevant is the epistemic un-
certainty in the stress term and the statistical uncertainty in
the models. Abrahamson et al. (2018) explored this in more
detail and proposed a median ground motion adjustment fac-
tor ¢ - o, which is fixed to 0.3 for interface events and is
period-dependent for in-slab events changing from £0.5 at
short periods to £0.3 at longer periods. The factors are de-
fined such that region-to-region variability in the stress term
is enveloped by *¢ - 0,, where ¢ in this case is assumed to
be 1.65. To apply the factors in our logic tree, we retrieve o,
from the factors given (taking & = 1.65) and then map this
into our logic tree branch set assuming N (0, O',L). As this
epistemic uncertainty is determined solely from the stress
term of the model (61) it is independent of magnitude and dis-
tance scaling. We can therefore apply it alongside the attenu-
ation adjustment factors without the risk of double-counting
epistemic uncertainty.

Our final set of GMM logic trees for application to subduc-
tion interface, subduction in-slab and Vrancea deep seismic-
ity is shown in Fig. 18, alongside the distribution of ground
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motions with distance and period for interface and in-slab
earthquakes in Figs. 19 and 20 respectively. Each region re-
quires a different logic tree, the subduction interface and sub-
duction in-slab models applying different backbone GMMs
and 64 values, while for Vrancea we apply the in-slab GMM
but with higher weights on the outer attenuation branches. In
the final application the distribution of o, is mapped to five
branches using the approach of Miller and Rice (1983), but
the attenuation epistemic uncertainty is kept to just the three
(fast, centre and slow) branches with their aforementioned
weights.

The development of the backbone GMM for subduc-
tion and deep seismicity ground motions has principally fo-
cused on characterising epistemic= uncertainty in the me-
dian ground motion for the reference rock condition of
Vs30 800 m s~ L. Both the aleatory variability and the site re-
sponse have an influence on the seismic hazard and on the
risk calculations for ESRM20. In both cases we lack the
data to attempt to recalibrate the existing terms in the mod-
els, so for the ESHM?20 calculations the aleatory variability
term in the subduction GMM is executed unadjusted, while
for the site response component of the ESRM20 we use the
model with the topographically inferred Vs3q rather than at-
tempt to recalibrate the site amplification as a function of
slope and geology (Weatherill et al., 2023). The possibility
to run a partially non-ergodic form of the model is supported
in the OpenQuake implementation. In the original BC Hydro
model, a period-independent total ergodic aleatory variabil-
ity of or = 0.74 is given; however, applications of the GMM
to the site-specific PSHA project in the United States sug-
gested that a period-independent single-station osg of 0.60
could be used. From this we infer a site-to-site variability
of ¢sos = 0.43, which can be removed from o7 if the user
chooses to do so for site-specific analysis.

4.4 Forearc/backarc scaling

4.4.1 Identification and calibration of forearc/backarc
scaling

One of the most significant changes in subduction ground
motion modelling that separates the earlier subduction
GMMs such as those used in ESHM 13 from the current state
of the art is the introduction of terms to account for differ-
ences in attenuation between travel paths that are predomi-
nantly forearc and those that are predominantly backarc. This
is evident in Egs. (9) and (10) by the forearc/backarc scal-
ing term fpapa, Which was introduced by Abrahamson et
al. (2016) for subduction ground motions such that

feaBA (R, FraBA, FEVENT)
[67 + 631n <%§)o.85)>] - Feaga for Fevent =

1
= - (1D

[015 + 6161n (%}W)] - FraBa for Fevent =0
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where Fgvent = 1 for in-slab events and O for interface, and
Frasa = 1 if the site is located in the subduction backarc and
0 otherwise.

More extensive regional analysis in the later NGA-SUB
GMMs showed that these forearc/backarc scaling differences
were not present in all subduction regions (Parker et al.,
2022; Kuehn et al. 2020; Abrahamson and Gulerce, 2022);
however, in some regions the national strong-motion net-
works lacked sufficient stations in the backarc regions to
identify differences. Variations in attenuation depending on
the source to station azimuth have also been well observed
in earthquakes originating in the Vrancea deep seismic zone
(e.g., Ivan et al., 1998; Sokolov et al., 2008), and recent
GMMs in this region have introduced forearc/backarc ad-
justments (Vacareanu et al., 2015) or even defined along-arc
adjustments (Manea et al., 2022). In the development of the
subduction and deep seismicity GMMs for ESHM20 the is-
sue of forearc/backarc scaling must be addressed, but several
steps are needed in the process: (1) define the forearc/backarc
regions and classification of records, (2) determine whether
differences in ground motion attenuation are present, (3) de-
termine whether adjustments to the existing scaling terms are
necessary and could be achieved with the available data.

For our analysis we have defined the boundary between
forearc and backarc based on the subduction geometry (in-
ferred from Slab 2.0) and relative position of the volcanic
front. These boundaries are shown in Fig. 21 as volcanic
fronts. For the Hellenic Arc the initial boundary is placed
in the southern Aegean Sea beginning with the volcanic
southern Cyclades islands, before then extending westward
to Methana (southern Greece) and eastward through the Do-
decanese islands to come onshore close to the Datca Penin-
sula in southern Tiirkiye. This line joins the main south-
ern Aegean volcanic chain, which we then continue to ex-
tend northwestward through southern Greece into Albania
and eastward through southern Tiirkiye running in line with
the subduction geometry. A similar approach is taken in
the Calabrian Arc, and while the volcanism present in the
southern Tyrrhenian Sea is different in nature to that of a
purely subduction-driven volcanic front, for the purposes of
attenuation it is used as a reference point. Here the vol-
canic front passes through the Aeolian Islands and follows
the azimuth of the Calabrian subduction westward to cross
northern Sicily and northeastward to come onshore in south-
ern Campania. Though the volcanic fronts are delineated by
judgement, they are also contrasted against maps of heat flow
such that regions of higher heat flow are predominantly found
in the backarc regions. For Vrancea we retained a previous
delineation used by Weatherill and Danciu (2018), which
itself followed that of Vacareanu et al. (2015), who delin-
eated the boundary closely following the watershed of the
Carpathian mountain belt. This places Hungary and north-
western Romania in the backarc region, while most of the
Danube basin, Bulgaria, eastern Romania and Moldova are
found in the forearc.
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Figure 18. Final ESHM20 scaled-backbone GMM logic tree for subduction interface, subduction in-slab regions
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Figure 19. As Figs. 3 and 7 for the subduction interface scaled-backbone GMM logic tree. Magnitudes considered at My 5.5, 7.0 and 8.5
(columns) and distances Rryp = 30, 80 and 150 km respectively. Sites are assumed to be forearc with Vg3g 800 m s—L.

With the boundaries delineated, the records in our ground
motion databases are classified either as forearc or backarc,
as shown in Fig. 21. As our data come predominantly from
small- to moderate-magnitude events, the proportion of us-
able strong-motion records in the backarc regions is gener-
ally low, particularly for interface events. To determine if dif-
ferences in attenuation between forearc and backarc records
are present, we retrieve the within-event residual with re-
spect to the Abrahamson et al. (2018) GMM, which itself
does not include frapa. For sites with Rryp > 120 km, we
compare the mean and standard deviations of §W for the
forearc residuals with those for the backarc residuals and
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apply a two-sided Kolmogorov—Smirnov test to indicate the
significance of the hypothesis that both are drawn from the
same distribution. This is applied to each of the three data
sets and for each period. We found that for interface earth-
quakes the null hypothesis that the backarc residuals are
drawn from the same distribution as the forearc residuals
cannot be rejected at probability level p =0.05. For the in-
slab and Vrancea databases, the distributions are significantly
different (p <« 0.05) for spectral periods less than 0.75's, in-
dicating clear evidence of a difference in attenuation scal-
ing between forearc and backarc sites. The period range of
forearc/backarc scaling influence aligns well with the period
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range for which fgapa in the Abrahamson et al. (2016) is
significant. Undertaking the same analysis of 6 W using our
backbone GMM, which included frapa but with anelastic
attenuation calibrated as described previously, we find that
the differences in the two residual distributions are greatly
reduced. The data clearly demonstrate that a backarc scal-
ing is present. However, while further calibration of fpapa
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to the European data might have been desirable, the volume
of data from records with predominantly backarc travel paths
was insufficient to clearly separate the differences in gen-
eral anelastic attenuation from those of the backarc scaling.
We therefore retained frapa unadjusted from Abrahamson et
al. (2016) and calibrated only 64 accordingly. This does not
discard the possibility that if frapa does not fully capture the
differences in backarc scaling in our data, then some of this
bias may propagate into the calibrated anelastic attenuation
term.

4.4.2 Implementing forearc/backarc scaling in regional
PSHA

Of the subduction GMMSs considered so far that have in-
cluded fraBa, this term has been modelled as a property of
the site and hence applied when the site is in the backarc
with respect to the subduction zone and not applied when
in the forearc. Yet the phenomenon it is modelling is re-
lated to the material through which the wave has travelled
and not the site itself. This binary classification, while prac-
tical, can be problematic. Other GMMs have adopted more
path-dependent properties to capture similar variation in at-
tenuation that capture these effects via terms such as path
distance through the backarc or through volcanic zones (e.g.,
Skarlatoudis et al., 2013; Zhao et al., 2016b, c; Campbell et
al., 2022). For regional-scale PSHA such as the ESHM20,
the binary switch from forearc site to backarc site across the
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volcanic front results in sudden cliff edge changes in seismic
hazard (Weatherill and Danciu, 2018).

Replacement of Frapa with a path-through-backarc dis-
tance term in the GMM may be preferable from a pure phys-
ical perspective, but such a term requires that the PSHA soft-
ware trace the path between the source and site to measure
the proportion through the backarc. The path tracing is not
a trivial calculation when considering tens of thousands of
sources and thousands of sites, as we are in the ESHM?20, and
would incur substantial computational cost. This option was
not available to us in the current version of the OpenQuake-
engine software. Instead, we attempt to achieve a smoother
transition between forearc and backarc attenuation regime
by turning Frapa into a continuous function that varies over
source-to-site distance. To do this we define for each site the
distance to the line of the nearest volcanic front Rxvg, which
takes a positive value on the forearc side and negative on the
backarc. This is a static property of each site, but it varies
as a continuous value as one moves across the volcanic front
(shown in Fig. 21). We then relate Rxvr to Frapa Vvia a taper
function that is applied over a distance range. The total num-
ber of backarc records are limited and the proportion of those
that fall close to the volcanic front even more so. We cannot
therefore test the influence of the tapering function against
data, but rather we compared different tapering functional
forms by inspection of the attenuation trends in the result-
ing GMMs. The preferred option is a so-called ““S function”:

FraBa
0 for Rxvr <a

2
2(%) fora < Rxvr <0.5-(a +b) 1)
= 2 9
1_2.<%Fa*b> for0.5-(a+b) < Rxvr <b
1 for Rxve = b

where a and b are fixed values that define the distance
range over which the taper is applied. We set these to —100
and 100 km respectively, meaning that the transition from
full forearc to full backarc attenuation regime occurs over
a 200 km distance centred on the volcanic front. In the Open-
Quake implementation of the GMM, the choice of taper func-
tion and the controlling values is available to the user, mean-
ing that others could add alternative models as epistemic un-
certainties, although we choose not to consider epistemic un-
certainty on this function in the ESHM?20. In the final model
Rxvr is calculated for all sites within 500 km of the sub-
duction interface (in the case of the Hellenic, Cypriot and
Calabrian arcs) or within 500 km of the surface projection of
the Vrancea deep seismogenic sources (also Fig. 21). This
covers the maximum integration distance used for the sub-
duction GMMs in the PSHA calculation. For the Gibraltar
subduction we do not consider any sites to be backarc. For
the Mediterranean subduction zones the distances for sites in
the Ionian Sea are consistent with one another, but a small in-
coherence is visible near the northern border of North Mace-
donia, which would be classified as forearc with respect to
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the Vrancea zone but as backarc with respect to the Hellenic
Arc. This is undesirable, but this incoherence occurs at dis-
tances of more than 400 km from either deep source, in a re-
gion where shallow-crustal-seismicity dominates the hazard.
The impact of this incoherence on the seismic hazard was
found to be completely negligible.

4.5 The next generation of subduction and deep
seismicity GMMs for Europe

At several points throughout this section is has been noted
that the efforts to develop the backbone GMM logic tree for
non-crustal earthquakes preceded the publication of the NGA
Subduction GMMs. Much like their NGA West and NGA
East counterparts, the NGA Subduction GMMs are transfor-
mative in how they approach problems of regionalisation; un-
certainty (epistemic and aleatory); and source, path and site
scaling for subduction earthquake hazard. The implications
of this for hazard in Europe need to be understood, and a
more extensive analysis of the models and their comparison
to ground motions in the eastern Mediterranean and Romania
would be an important starting point for subduction GMMs
in Europe. No ground motions from Europe were included
in the NGA Subduction database (Bozorgnia and Stewart,
2020), yet the volume of records from non-crustal seismic-
ity in Europe is growing (Manea et al., 2022; Luzi et al.,
2020) and the site characterisation of recording stations im-
proving. While we are unlikely to witness many large sub-
duction or deep seismicity earthquakes in Europe within the
following few years, there remains scope to use this grow-
ing body of data to attempt to calibrate certain parameters of
the NGA Subduction GMMs for application to the Hellenic
Arc and to explore the issue of regionalisation in more detail.
Likewise, as discussed in the following section, non-ergodic
GMMs are likely to play a significantly greater role in the
next-generation ESHM than was possible for ESHM20. The
implementation issue of path tracing inside the PSHA cal-
culation software will inevitably need to be addressed in the
PSHA software, and if supported in future versions of Open-
Quake then this opens up the possibility to move beyond the
forearc/backarc scaling undertaken here and into more flex-
ible and physically sound characterisation of travel path dif-
ferences.

5 Lessons learned from ESHM?20 and looking to the
future for ground motion modelling in Europe

The development of the ESHM?20 and the growth of data sets
such as ESM provided us an opportunity to rethink how to
approach the question of ground motion characterisation and
its epistemic uncertainty in PSHA. While the concept of the
backbone GMM logic tree has gradually developed in the
specific PSHA during the last decade, there were few prece-
dents for its application at a large regional scale, particularly
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one that encompasses a diversity of different tectonic do-
mains. Throughout the process it has been tempting to push
the modelling concepts even further, to capture as much of
the nuance as we are able and to explore uncertainties wher-
ever possible. At the same time, however, the practicality of
implementation and execution is a key issue, and we have in-
evitably had to adapt ideas to the computational framework
that we had available to us and to allow the calculations to run
in a reasonable time without the need for excessive computa-
tional resources. In this concluding section of the paper, we
will take the opportunity to reflect on what has been success-
ful in this approach, what were the limitations and, finally, in
what directions we would expect to see the next generation
of GMMs for PSHA in Europe developing.

5.1 A new framework for ground motion modelling
and integration of data

Notwithstanding whether every decision made here in con-
structing the GMM logic tree is the right one, the develop-
ment of the regionalised scaled-backbone GMM logic repre-
sents a change of framework for how data should inform the
modelling process. We are no longer aiming to find the best
models from those available in the literature, but rather we
begin in our process with the best fitting model (be it derived
directly from the data or simply best suited to the data and/or
context) and aim to translate our knowledge of the seismo-
logical properties of a region into a distribution of expected
ground motions centred on our best fitting model. This allows
us to ensure that the branches in the logic tree fulfil the mutu-
ally exclusive and collectively exhaustive criterion for epis-
temic uncertainty characterisation (Bommer and Scherbaum,
2008). By introducing the regionalisation concept, we al-
low the centre of this distribution to change according to the
trends reflected in our underlying data and the variance to
decrease in places where a high volume of data may give us
greater confidence in the trends we are seeing. Conversely
the variance increases where we have little or no data, which
is also a fundamental requirement of epistemic uncertainty
characterisation. This change in framework means that the
model can be continually (or at least frequently) adapted as
new ground motion observations are fed in, and this can di-
rectly influence the hazard models for a region as the centre
of the logic tree may change in accordance with the obser-
vations and the variance is reduced. The framework adopted
here could have already been more adaptable to work in this
fashion, and in many cases, we imposed constraints ourselves
to smooth out local-scale variability that may be over-fitting
to the limited data and to retain the practicality of implemen-
tation at the European scale given the tools and resources
available. Such constraints may be gradually relaxed if one
wished to apply this same framework at a local scale and
capture more of the local seismological characteristics.

The exact manner in which one may wish to adapt the
framework to local data can in itself be flexible. The origi-
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nal distributions of §.3 and §L2L; emerge from the random
effects regression, and as we are using open data it is entirely
possible for the regression to be rerun as new data emerge.
This also lends itself perfectly to a Bayesian updating frame-
work similar to that proposed by Stafford (2019), in which
the current model, its random effects and their uncertainties
form prior distributions that can be updated with new data,
potentially in an operational framework. This has already
been attempted for France using the Résif data set (Kotha
and Traversa, 2024). These processes would, of course, re-
sult in small but potentially noticeable changes to the fixed
effects in the GMM, which may or may not be desirable
depending on the application. However, while updating of
the model in the formal sense may be useful for successive
generations of European-scale applications, through the data-
informed decisions and/or adaptations of the model that we
introduced for the special case regions we also showed how
it was possible to modify the distribution of ground motions
within the same framework without needing recalculation of
the GMM. This is, above everything else, the intent of the
model for future applications. We may be able to adapt the
model, calibrate it to local data and incorporate new facets
non-necessarily constrained by data, without necessarily re-
quiring a new approach. This can help ensure more stability
in the seismic hazard in regions where few new data have
been assimilated (or few earthquakes occurred) from one
generation to the next, while at the same time ensuring that
inferences about the underlying seismological properties that
may be gained from subsequent seismic observations can in-
form the calibration of the GMM logic tree in regions where
these new observations are available.

As a small note, although we have embraced the scaled-
backbone GMM logic tree concept fully in the implementa-
tion for ESHM?20, this same framework could easily accom-
modate a hybrid multi-model and scaled-backbone approach
too. This would entail selecting multiple backbone models
for use in a region that may reflect different underlying mod-
elling choices or physical constraints (i.e., model-to-model
variability) while at the same time applying scaling factors
to account for within-model uncertainty. The recent 2022 Na-
tional Seismic Hazard Model for New Zealand successfully
adopted such an approach (Bradley et al., 2023). The obvi-
ous cost would be the increase in the number of logic tree
branches, but if this were acceptable to the modeller then this
could be implemented in application and still be consistent
with the current framework.

5.2 Limitations

The framework for the regionalised scaled-backbone GMM
logic tree might itself represent a sustainable pathway for
continual refinement in future models; however, the exact
characteristics of the GMM logic tree adopted for ESHM20
will inevitably contain decisions or features that may be
improved and/or reconsidered in the future. Some of these
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arise from practical limitations of the tools and/or data,
while others may reflect the need for further research ef-
forts. One of the largest changes between the current GMM
logic tree and that of ESHM13 is that for the tectonically
stable non-cratonic regions of northern and western Europe
we no longer incorporate GMMs from the stable cratonic
regions. Instead of building a logic tree that selects one or
more CEUS GMMs and assigns them a minority weight, we
assumed that where we lacked the data the distribution of
tectonic-locality uncertainty and residual-attenuation uncer-
tainty implied by the full region-to-region variability in the
ESM data set was sufficiently representative. We still retain
branches for high stress drop and slow attenuation, but they
receive a lower weighting than the CEUS GMMs did for the
ESHM13 logic tree and are also balanced by branches for
lower stress drop and faster attenuation. This is more aligned
with recent PSHA models in France (Drouet et al., 2020),
Germany (Griinthal et al., 2018) and other lower-seismicity
regions (e.g., Mosca et al., 2022), where the logic trees have
shifted more toward representation by active shallow-crustal-
seismicity GMMs, albeit in some cases with adjustments
to capture the possibility of higher stress drop. The exclu-
sion of the CEUS models from the logic tree has a notable
impact on the seismic hazard both in ESHM?20 and in the
national models, significantly reducing the mean and me-
dian seismic hazard. The assumption of representativeness in
region-to-region variability is a somewhat strong one, and the
adaptations made for western Europe by applying the slow-
attenuation cluster region over a large area reflect a change
of view of the modellers regarding the assumption. The con-
firmation of a difference in the regional attenuation for parts
of western Europe did result from new data (Kotha, 2020);
however, the decision to connect such differences to geologi-
cal age meant that we extended this to other regions by virtue
of this predictor rather than based on data. Effectively, we
changed our original assumptions. We believe this approach
to be rational and consistent with science, but we did not
extend it across the entirety of the tectonically stable non-
cratonic region of Europe. We cannot say whether this was
right or wrong, and we would look to new data from weak-
motion records to perhaps give us further insights here.

In opening up the question of representativeness of the
modelled region-to-region variability, we should also not
overlook that in deriving the model in the first place there
are several other assumptions or important factors that can
influence the outcome. The first assumption is, of course, the
regionalisation itself, which is based on an interpretation of
geology and tectonics that may not itself reflect variations in
the seismological properties that most affect ground motion
scaling and attenuation. Other regionalisations could also be
considered and may yield different, though not necessarily
incompatible, results. The adoption of separate regionalisa-
tions for §L2L; and 4.3, while initially founded on a rea-
sonable premise that factors controlling the two terms may
be different, resulted in limitations later in the process when
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reducing the number of regions. With hindsight, adopting a
common regionalisation for both may have more easily ac-
commodated the possibility of applying clustering over both
distributions, making it possible to identify common regions
of lower/higher stress parameter and slower/faster attenua-
tion. The question of regionalisation could be revisited in
future if one does not adopt directly full-scale non-ergodic
models based on regular grids.

Another factor that may have potential influence on re-
gionalisation, and one that requires further investigation and
refinement, is variability in the definition of the magnitude.
The ESM flatfile did not contain a harmonised My, for all the
events, and therefore the magnitudes used in the regression
were assigned from the harmonised European-Mediterranean
Earthquake Catalogue, which had been shown to reduce the
between-event variability compared to the use of the hetero-
geneous magnitudes in the original ESM flatfile (Bindi et
al., 2019). For many earthquakes with M < 5.0, moment
magnitudes were either taken directly from different local
moment tensor databases (sometimes without adjustment)
or were converted from other magnitude scales by locally
or regionally calibrated conversion equations (Griinthal and
Wabhlstrom, 2012). As EMEC is itself compiled on a region-
by-region basis, it is possible for region-to-region variability
in the magnitude definition to propagate into the tectonic-
locality variability of the regression, particularly for regions
where the seismicity used to calibrate §L2L; is low magni-
tude. This is, regrettably, unavoidable but demonstrates the
need for closer integration between the catalogue compila-
tion process and the ground motion model development to
identify where regional biases in magnitude estimation may
be manifest in the regional variability of the GMM. This too
is another reason why we did not attempt to fully regionalise
SL2L; for ESHM?20, but future models will likely attempt to
do so and should be aware of this potential bias.

The next major limitation is one that was already high-
lighted by Kotha et al. (2022) and that relates to the large-
magnitude and near-fault scaling. While the ESM data set
boasts a significant increase in the number of ground mo-
tion records compared to its predecessor, this increase has
come mostly from small events. For My, > 6.0 generally it
is the 2012 Emilia-Romagna sequence and the 2016 central
Italy earthquake sequence that contribute the largest volume
of records from large-magnitude shallow-crustal-seismicity
events. For larger earthquakes with My, > 7.0, the database is
dominated by a few well-recorded large Turkish earthquakes
(e.g., Izmit, 1999; Duzce, 1999; Van, 2011). These are not
necessarily rich in near-source records, and it required care-
ful scrutiny of the Kotha et al. (2020) model and compar-
ison against the subsequent NESS data sets to identify the
apparent oversaturation issue that was addressed by reduc-
ing the breakpoint in magnitude scaling M, from My, 6.2 to
My, 5.7 in the Kotha et al. (2022). The ESHM20 backbone
model (along with most other European models) has not in-
troduced near-fault scaling terms to predict features such as
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hanging-wall amplification or directivity, which were cali-
brated largely from inferences using ground motion simula-
tions (in addition to some seismological theory e.g., Abra-
hamson et al., 2014; Chiou and Youngs, 2014). This does not
mean that such factors are not predicted per se, but rather
that they form part of the aleatory uncertainty of the model.
Further refinement of the large-magnitude scaling calibration
of the model, as well as the potential introduction of terms
to better capture near-source phenomena, would require ex-
pansion of the analysis to incorporate records from large-
magnitude earthquakes in other regions of the globe (such as
NESS), physics-based ground motion simulations or, most
likely, both. These will be discussed among the longer-term
developments in due course, but they will inevitably form
critical areas of research in the coming generations of seis-
mic hazard models.

5.3 Developments for the future

The European Seismic Hazard Model (ESHM) has a rele-
vant role in steering the evolution of seismic hazards across
Europe. While its overriding aims will be to produce a pan-
European view of seismic hazards to be used by stakehold-
ers from various sectors, its development can help to focus
where and how research in engineering and seismology can
be integrated into seismic hazard assessment. We can broadly
categorise developments for the future as near-term/local or
long term. The former refers to specific improvements or is-
sues that could be explored and integrated within the current
frameworks and tools and may be of relevance for new na-
tional PSHA models or interim updates to the ESHM in a
time frame of months to years. The latter reflect the larger-
scale trends in ground motion modelling that we see evolv-
ing in both research and application across the globe, which
may not be immediately integrated into current practice but
should reflect the directions that it may move in over the
timescale of years to decades.

5.3.1 Refinements and near-term improvements

Many of the short-term refinements and improvements fol-
low from the limitations highlighted earlier in this section
and throughout this paper. These include the following.
Integration of recent ground motion data and revision of
the backbone models. This development would integrate re-
cent ground motion data assimilated into ESM after the com-
pilation of the flatfile by Lanzano et al. (2019), potentially
including other ground motion records from around Europe
that would comply with the quality criteria set by ESM. It
would require updating the fixed and random effects, which
could be undertaken in a Bayesian framework (e.g., Stafford,
2019). Revisions to the regionalisation, or even support for
different regionalisations, could be integrated if necessary,
particularly where data are unevenly distributed across a sin-
gle region. Depending on the geographical scale of the appli-
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cation and the computational resources available, it may be
possible to apply the regionalisations of the §L.2L; and/or §.3
directly rather than grouping them into clusters.

NGA Subduction and integration of new data for Vrancea.
Shortly following the completion of ESHM20, the NGA
Subduction GMMs were published (e.g., Parker et al., 2022;
Kuehn et al., 2020; Abrahamson and Gulerce, 2022, Si et
al., 2022), which expanded the potential suite of subduction
GMMs from which to develop a backbone model. Of par-
ticular interest is the focus on regionalisation within these
models, which have allowed for a better understanding of
region-to-region variability of source, path and site scaling
in ground motion from subduction GMMs. Clearer guidance
on the intra-model epistemic uncertainty is also available for
some of these models, which may help guide the construction
of backbone GMMs from them. Recalibration of the attenu-
ation and stress parameter for application in Europe could be
possible using the available data, improving on the approach
outlined in this paper. A particular area of high uncertainty
relates to the breakpoint in large-magnitude scaling and the
range of possible values that could be applied to the Hel-
lenic, Cypriot and Calabrian arcs. These were considered by
Campbell (2020) and could be explored further in the future.
For Vrancea, new data used by Manea et al. (2022) may help
to further adjust the source parameter and attenuation terms,
particularly with a focus on capturing the apparent slow at-
tenuation of high-frequency motion in this unique tectonic
environment.

Address issues in large-magnitude, near-source scaling.
Europe has witnessed several large earthquakes following the
compilation of the previous ESM flatfile, including the two
major earthquakes in eastern Tiirkiye on 6 February 2023
that produced hundreds of ground motion records from the
largest European earthquakes in several decades, including
many within 30km of the fault ruptures. Although these
events may help add more records to the upper magnitude
range of the GMMs, they would still not necessarily provide
enough information to constrain the large-magnitude scaling
of the model and its uncertainty. No European GMM has, to
the authors’ knowledge, implemented terms into the GMM
to account for near-fault effects such as hanging-wall ampli-
fication or directivity, despite other models doing so (e.g.,
Chiou and Youngs, 2014). Kotha et al. (2022) looked into
more detail at how their model compares against ground mo-
tions from the NESS 2.0 data set (Sgobba et al., 2021) and
found that even with the adjustments their model still un-
derpredicted ground motions from these near-fault records.
They note, however, that many of the near-fault records are
taken from different countries and may include regional ef-
fects not represented by the ESM data. Likewise, by virtue of
its selection criteria the NESS data set contains a large pro-
portion of pulse-like records and would be unlikely to repre-
sent a directivity centred data set (i.e., one in which the mid-
point of the data represents a directivity neutral condition).
In that sense, the Kotha et al. (2022) model may be amenable
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to superposition of hanging-wall and directivity amplifica-
tion models without the need for extensive recalibration. A
recently updated version of the NESS 2.0 data set that is re-
processed using an upgraded scheme that can recover fling
step and long-period motion (NESS-eBASCO, Schiappapi-
etra et al., 2021) may provide insights that can help calibrate
models for such near-fault and long-period phenomena in fu-
ture European GMMs. Research is ongoing to explore the
possibilities here, and further adaptations of the model for
near-source scaling could be beneficial.

Soil nonlinearity and basin amplification. Although the
target of the ESHM?20 was to characterise ground motion
on Vs30800ms—! reference rock, the question of site char-
acterisation in the GMM is still important. As discussed in
further detail in Weatherill et al. (2023), these issues were
explored in the development of the site amplification model
for ESRM20 but could not be constrained based on the data
available. Attempts to integrate existing models of non-linear
site amplification (e.g., Seyhan and Stewart, 2014) resulted in
an excessive degree of nonlinearity that was at odds with ob-
servations in the ESM data set, even when constraining the
linear amplification from stations whose §S2Sg values were
determined exclusively on low-amplitude ground motions.
Unfortunately, constraint of these two phenomena in Euro-
pean GMMs is hindered by limitations of metadata, with a
minority of stations reporting a measured Vs3p and only a
few with full Vg profiles that extend to bedrock. Improve-
ment of the metadata would therefore be an important step
toward constraining models, and there may be a strong need
to incorporate amplifications from simulations into this pro-
cess before the European models can be brought into line
with current global standards for modelling these features.

Epistemic uncertainty on or. At several points in the pro-
cess decisions were taken regarding the epistemic uncertainty
on the total aleatory variability of the models, and this was
not explored in great detail nor was it added to the logic tree
owing to the already considerable number of branches being
used for the GMM. For both the shallow-crustal-seismicity
non-cratonic and cratonic GMMs we are adopting part, or
all, of the heteroskedastic variance model proposed by Al
Atik (2015), yet this model does allow for characterisation
of epistemic uncertainty, and this is accessible within the
OpenQuake implementations. Similarly, Kotha et al. (2022)
proposed their own heteroskedastic T model based on the
ESM, and this could potentially be considered as an alter-
native alongside that of Al Atik (2015) that was adopted in
the EHSM20. Modellers interested in adopting any or all the
ESHM20 GMMs for site-specific PSHA would be well ad-
vised to look at this in further detail.

5.3.2 The longer-term perspective
The field of ground motion modelling in seismic hazard anal-

ysis has evolved rapidly in the last decade, and much of this is
driven by two influencing factors: (1) the significant increase
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in the volume of seismological data in many regions of the
world and (2) wider availability of ground simulation soft-
ware and access to high-performance computing resources.
While we will not speculate on all the possible ways in which
future GMMs may evolve, we will highlight briefly the two
key areas, driven by the influencing factors, which will likely
become the focus of longer-term GMM development in Eu-
rope.

Fully non-ergodic ground motion models. The regionalisa-
tion of source and residual-attenuation terms undertaken by
Kotha et al. (2020) is in many respects a first important step
in the direction of developing GMM logic trees with repeat-
able source, path and site effects. Fully non-ergodic mod-
els with spatially varying coefficients have started to emerge
for well-recorded regions, including California (Landwehr et
al., 2016; Lavrentiadis et al., 2023a), France (Sung et al.,
2023) and Italy (Caramenti et al., 2022; Lanzano et al., 2021;
Kuehn, 2023). These are developed following a different ap-
proach to that of Kotha et al. (2020), with several adopting
Gaussian process regression (e.g., Landwehr et al., 2016;
Lavrentiadis et al., 2023a, b) and others using geographi-
cally weighted regression (Caramenti et al., 2022). For seis-
mic hazard purposes, the crucial differences are that the fully
non-ergodic models not only require no prior assumption of
regionalisation (they define coefficients across a regularly
spaced grid), but they also account for path-to-path variabil-
ity. This latter point presents some challenges for implemen-
tation, as the path-to-path terms are usually implemented as
summations of the coefficients for each grid cell between the
source and site, weighted by the relative path length through
the cell (see Lavrentiadis et al., 2023a, for details). This re-
quires the PSHA code to trace source-to-site paths in the
GMM calculation, which can add significant computational
demand when running at a large regional scale. Fully non-
ergodic models yield significant reductions in ground motion
variability at a site, but their impact on seismic hazard and
risk at a regional scale is yet to be fully tested. Likewise, they
have so far been derived for mostly well-recorded regions,
with the notable exception of Sung et al. (2023), but applica-
tion at a continental scale will also cover regions with few to
no sources, paths, and sites represented in the data set, so a
seamless transition and control of the epistemic and aleatory
variability from regions of high to low record density are im-
portant considerations. Fully non-ergodic models can, how-
ever, benefit from integration of ground motion data from
weak-motion velocity sensors, which may facilitate their ap-
plication at a European scale.

Integration of physics-based ground motion simulations.
Although we are seeing a massive growth in available ground
motion data in Europe, these are heavily skewed toward
small earthquakes. Ground motion records at short distances
from large earthquake ruptures will remain a sparser part of
the data set for many years to come. It is inevitable therefore
that physics-based simulations will be needed to fill this gap,
and these developments are already underway in several re-
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gions of the world. A full treatise of the evolution of this field
is far beyond the scope of this paper, although it is well sum-
marised in Baker et al. (2021), but the question of integration
of physics-based simulations into GMMs and eventually po-
tentially superseding empirical GMMs is a challenging one.
Several simulation codes are openly available for application
to different regions, such as the Southern California Earth-
quake Center’s Broadband Platform (SCEC-BBP) (Maech-
ling et al., 2015) or the Spectral Elements in Elastodynam-
ics with Discontinuous Galerkin (SPEED) software (http:
/Ispeed.mox.polimi.it/bb-speedset/, last access: May 2024).
These can facilitate wider usage of physics-based simula-
tions, and many efforts have been undertaken to validate such
simulation against recordings from large earthquakes in Eu-
rope and worldwide (e.g., Goulet et al., 2015; Paolucci et al.,
2021). Though such codes have proven that they can repro-
duce observed waveforms from well-recorded earthquakes, a
greater suite of simulations covering a large range of earth-
quake scenarios and assumptions of source, path and site ef-
fects is necessary to verify that simulations can adequately
capture the true non-ergodic ground motion variability at a
site (e.g., Razafindrakoto et al., 2021; Lee et al., 2022). In
Europe, the critical challenge for the development of GMMs
informed by physics-based simulations will be to expand the
studies to a wider range of scenarios that span the diversity
of tectonic conditions in the region. Tools and computing
infrastructures to attempt this are in development, but con-
struction of high-resolution tomographic models for use in
ground motion simulation in Europe is still not sufficiently
widespread or accessible. For this evolution to take place,
the large volume of seismic data being recorded in Europe
should be used to improve and standardise tomographic mod-
els. In addition, improved standardisation, archiving and dis-
semination of simulated waveforms and associated metadata
would be critical in order for such information to become
widely exploited in ground motion modelling.

A final point to emphasise in closing this explanation of
the ESHM20 and ESRM20 GMM logic tree has been the
important role played by the European seismology and engi-
neering communities that have facilitated the analysis pre-
sented here. The scientific approaches that we have been
able to take and those that we will undertake in the future
have benefitted and will benefit from more than a decade
and a half of investment in initiatives such as the Observato-
ries and Research Facilities for European Seismology (OR-
FEUS), which coordinates the acquisition and dissemination
of ground motion data via services such as the European In-
tegrated Data Archive (EIDA) and the Engineering Strong
Motion (ESM) database. Likewise, the development of open-
source hazard and risk calculation tools such as OpenQuake
have helped to create a common framework through which
a growing body of researchers and stakeholder can develop
and execute probabilistic earthquake hazard and risk tools.
Having such data and tools available at the beginning of the
model development, as we did in this case, allows us to ex-
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plore and test out new ideas and understand their implications
on estimates of shaking or loss. The revisions and updates
to the model presented here emerged from an iterative pro-
cess of implementation and user community feedback that al-
lowed us to adapt our initial ideas to incorporate local knowl-
edge. In future generations of European earthquake hazard
and risk models, the now established community of mod-
ellers and stakeholders represented within the European Fa-
cility for Earthquake Hazard and Risk (EFEHR) will become
a critical part of the process through which the next genera-
tion of ground motion models will develop.

Code availability. Open-source Python implementations of the
ground motions models and their adaptations presented here can
be found in the online repository https://gitlab.seismo.ethz.ch/efehr/
eshm20_gmms (Weatherill, 2021), while the files to configure and
run the seismic hazard and risk calculations using the models can be
found in the EFEHR GitLab repository: https://gitlab.seismo.ethz.
ch/efehr (last access: May 2024).

Data availability. Ground motion data were taken primar-
ily from the Engineering Strong Motion data flatfile (Lan-
zano et al., 2019), which is available for download from
https://doi.org/10.13127/esm/flatfile.1.0 (Lazano et al., 2018).
Ground motion data from the RESORCE database can be retrieved
from https://www.resorce-portal.eu/ (RESORCE, 2024).
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