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Abstract. The 2020 update of the European Seismic Hazard Model (ESHM20)
is the most recent seismic hazard model of the Euro-Mediterranean region. It was
built upon unified and homogenized datasets including earthquake catalogues,
active faults, ground motion recordings and state-of-the-art modelling compo-
nents, i.e. earthquake rates forecast and regionally variable ground motion char-
acteristic models. ESHM20 replaces the 2013 European Seismic Hazard Model
(ESHM13), and it is the first regional model to provide two informative hazard
maps for the next update of the European Seismic Design Code (CEN ECS).
ESHM20 is also one of the key components of the first publicly available seismic
risk model for Europe. This chapter provides a short summary of ESHM20 by
highlighting some of its main features and describing some lessons learned dur-
ing the model’s development.
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1 The 2020 update of the Seismic Hazard Model for Europe

The 2020 update of the European Seismic Hazard Model (ESHM20[1]) was com-
pleted within the EU founded project “Seismology and Earthquake Engineering Re-
search Infrastructure Alliance for Europe" (SERA Project, 2017-2020). ESHM20 was
finalized in December 2021 and publicly released in April 2022.

ESHM20 is based on the same principles as the previous generation of pan-European
seismic hazard models [2, 3], with state-of-the-art procedures consistently applied to
input datasets across the entire pan-European region, without country-borders issues.

A seismotectonic probabilistic framework [4] was used to combine historical evi-
dence of past earthquakes with geological data, which are unique aspects of how earth-
quakes occur in a seismotectonic setting. The resulting seismogenic source model in-
cludes completely harmonized and cross-border seismogenic area sources, as well as a
hybrid model that incorporates active faults and background smoothed seismicity.

Furthermore, a novel ground motion model was developed and used to capture the
source and attenuation properties of the regional scale. This model is represented by a
regional backbone approach [5] to forecast the ground shaking due to earthquakes from
shallow crust, subduction interface and in-slab, deep or volcanic sources [6, 7].

A complex computational pathway handles the inherent uncertainties, i.e. logic trees,
and generates full sets of hazard results (i.e., hazard curves and maps, uniform hazard
spectra). The spatial distribution of the ground shaking, depicted by the peak ground
acceleration (PGA) for a probability of exceedance of 10% in 50 years (i.e. mean return
period of 475years) on reference rock conditions for the Euro-Mediterranean region is
illustrated in Fig. 1. This is just an example of the multiple sets of results, all available
online at the web-platform! of European Facilities for Earthquake Hazard and Risk
(EFEHR, [8]). ESHM20 replaces the 2013 European Seismic Hazard Model (ESHM13,
[3]) and it is the first regional model to provide two informative hazard maps for the
next update of the European Seismic Design Code (CEN ECS8). ESHM20 is also one of
the key components of the first openly available seismic risk model for Europe
(ESRM20, [9]).

This chapter provides a short summary of ESHM20 by highlighting some of its fea-
tures and describing the key lessons learned, where applicable. The model components
are briefly summarized in a sequential order, with an emphasis on key milestones and
achievements. We conclude with a summary of the outcomes, focusing on the results
and associated uncertainties.

2 Unified Hazard Input: Compilation, Curation and
Harmonization

The quality and availability of earthquake data and information is without doubt a
vital component of any probabilistic seismic hazard model. The main datasets to sup-
port the development of the ESHM?20 are: the unified earthquake catalog combining
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historical [10] and instrumental earthquake catalogs, active fault datasets, and ground
motion recordings [11].

In the development cycle of the regional seismic hazard models, there is a timely
need to synchronize the collection of the datasets with the development of the main
components such as earthquake sources and ground motion models. The idea is reason-
able in concept, but there are many difficulties when all the ingredients are put together.
Firstly, the compilation, curation, and harmonization of any earthquake related dataset
is highly sensitive to the quality of raw data and/or metadata. Secondly, the density of
earthquake data and information is not uniform across Europe, since some regions ex-
perience more earthquakes than others, resulting in a longer historical earthquake rec-
ord or more ground shaking recordings. Furthermore, the geological information about
active faults is incomplete across Europe, too. Given these constraints, often the com-
pilation of the input datasets and the development of the hazard model components are
done in parallel, resulting in long development periods.

Finally, the main input datasets (earthquake catalogues, active faults, ground motion
recordings, flat files, site models, etc.) should be maintained and updated on a regular
basis. In the next few sections, we will discuss a few lessons learned during the data
compilation and curation of the main input datasets.

g
Peak Ground Acceleration (PGA) | Mean Return Period (475years) | Reference Soil Conditions (rock”)

Fig. 1. Ground Shaking Hazard Map of Peak Ground Acceleration (PGA) a mean return period
of 475 years on reference rock.

2.1  Historical Earthquake Catalogues

Historical earthquake data are essential to define the long-term characteristics of the
seismicity such as the seismic activity rates and the maximum magnitude, identify the
location of potential active faults, or recognize possible seismicity clusters. EPICA,



(European Prelnstrumental earthquake CAtalogue, [10]) is the 1000-1899 earthquake
catalogue used to develop the ESHM20.

This compilation incorporates the most recent knowledge and data about historical
seismicity, included in the European Archive of Historical Earthquake Data — AHEAD
[12, 13]. EPICA complies with ESHM20's requirement that earthquake data, infor-
mation, and parameters be consistent across countries. This goal was achieved by reas-
sessing, with homogeneous procedures across Europe, the earthquake parameters from
raw macroseismic intensity data selected from AHEAD.

EPICA is the new version of SHEEC 1000-1899 [14] and contains 5703 earthquakes
in the period 1000-1899 CE with a maximum reported intensity of 5 or a minimum
moment magnitude Mw of 4.0. EPICA has 1035 more earthquakes than SHEEC which
are mostly based on data sources published in the last few years, which also provide
new data for half of the earthquakes already included in SHEEC 1000-1899. The revi-
sion of the input datasets and the lowering of the intensity/magnitude threshold also
added 339 entries, while 49 earthquakes were assessed as fakes or duplications. Overall,
the number of earthquakes increased from 2447 to 3622.

As for the SHEEC catalogue, EPICA relies on AHEAD's knowledge of European
historical seismicity, which collects and integrates data from national and local sources
of historical earthquake data and the latest scientific literature. Due to national efforts,
such knowledge is uneven across Europe [15], where historical earthquake research has
always had various objectives and time schedules. Macroseismic data are available for
all historical earthquakes in France and Italy, as well as for most of them in Spain, the
United Kingdom, Switzerland, and Greece, but are scarce or nonexistent in Northern
and Eastern Europe. In many of these places, historical earthquake parameters rely on
decades-old parametric catalogues [14]. This affects the uniformity and dependability
of continental-scale earthquake characteristics. Harmonizing, validating, and deriving
parameters from intensity data is a slow process that should be continuous and a "near
real-time" process.

In addition, the methods for deriving source parameters from intensity data need to
be improved and should be standardized at the European scale [16] by means of a com-
mon effort. Also, the high uncertainty related to the parameters of pre-instrumental
earthquakes is probably not completely explored and should be fully incorporated into
the modeling of seismic sources.

Finally, extending EPICA to the pre-instrumental period of the twentieth century
would improve long-term seismic data harmonization for the next generation of seismic
hazard models.

2.2 Instrumental Earthquake Catalogues

The second part of the unified catalogue covers the period from 1900 CE to the end
of 2014 CE, which we refer to as the “instrumental” earthquake catalogue (though this
is a slight misnomer, as will be seen in due course). This part of the catalogue builds
upon the previous European-Mediterranean Earthquake Catalogue (EMEC) published
by [17] and modified for input into the ESHM13 by [18]. The full EMEC catalogue
spans the period from 1000 CE to the end of 2014 CE. However, only the post-1900



period had been adopted for integration with the historical earthquake catalogue in the
ESHM20. The EMEC catalogue is a compilation that identifies and incorporates data
on earthquakes from local and regional sources around Europe to homogenize them
into a common reference in which each event is represented by a single time, location,
and harmonized magnitude. The process, described in [17] begins with a broad search
of seismological bulletins, previously compiled catalogues, special investigations (such
as a detailed seismological analysis of a specific event or sequence), and the bulletin of
the International Seismological Centre? (ISC). Compiling the data into a large database
eliminates erroneous measurements and separates non-tectonic earthquakes. A series
of spatio-temporal join operations identify common events across data sources.

In the second step, the Euro-Mediterranean region is subdivided into geographic pol-
ygons within which specific hierarchies are applied for the selection of the preferred
event location. As the source data contains earthquake magnitudes in various scales and
by different agencies, hierarchies of magnitude conversion relations are applied to ren-
der the magnitude into a common reference scale equal to (or a proxy for) moment
magnitude Mw. For the ESHM20 update to EMEC, we maintained both the conversion
equations and the general philosophy of prioritizing special studies and local and na-
tional bulletins over regional or global bulletins, except where new data sources
prompted changes. Extending the period of coverage to 2014 and incorporating new
special studies and national compiled catalogues such as the CPTI15 for Italy [19], F-
CAT for France [20], and catalogues of Turkey[21], Slovenia [22], and Romania [23]
were priorities.

The catalogue now contains more than 55,700 earthquakes with Mw (or proxy)
greater than 3.5 for all of Europe from 1900 to 2014 CE. In many national catalogues,
earthquake parameters for events in the early 20th century may be constrained by mac-
roseismic or instrumental data, or a mixture of both, transitioning to fully instrumental
data by the mid 20th century.

The EMEC process, and especially the hierarchy selection philosophy, aims to align
the European catalogue with national catalogues within national boundaries. This com-
pilation process often delays the end of the catalogue by many years. Future efforts for
catalogue compilation will seek to update the catalogue and operationalize the process
more efficiently, incorporating recent events and allowing near real-time compilation.
With the expansion of the European Integrated Data Archive®, we expect to compile a
wider range of seismological products for many well-recorded earthquakes and to dis-
seminate more information.

2.3  Fault-based seismic source model

The fault-based seismic source model exploits the 2020 European Fault-Source
Model (EFSM20), an update of the European Database of Seismogenic Faults*
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(EDSF13, [24]), and several other recent compilations of active faults in the Euro-Med-
iterranean regions. The model considers two seismogenic source categories: crustal
faults and subduction systems (Fig.2). The main reasons for this subdivision rest on the
different scaling relationships that govern the earthquake ruptures, the different ground-
motion models, and the need to represent their geometry differently. Crustal faults are
meant to capture the seismicity occurring in the brittle crust either at plate boundaries
or within plate interiors. Subduction systems are intended to capture the different types
of earthquakes occurring within a subduction zone, including the slab interface and
intraslab earthquakes. The accretionary wedge and outer-rise seismicity are assumed to
be dealt with by the crustal seismicity models.

EFSM20
Crustal fault

ubduction
slab depth (km)

kilometers

Fig. 2. Map view of the European Fault-Source Model 2020 (EFSM20).

For crustal faults, EFSM20 adopts a down-dip planar geometry in which the 3D fault
surface is obtained by extrusion from the fault's upper edge based on the dip and depth
values. In addition to the essential geometric parameters (geographic location, depths,
strike, dip, length, width), each fault is characterized by behavior parameters: the rake
that defines the style of faulting, the slip rate, and the maximum magnitude. The max-
imum earthquake magnitude is estimated as the magnitude value corresponding to the
largest possible rupture that a fault can host based on its dimensions and the magnitude
scaling relations by [25, 26]. Based on the EFSM20 set of attributes, we derive a mag-
nitude-frequency distribution (MFD) for each fault source based on the moment con-
servation principle [27, 28], assuming total seismic efficiency, a proxy of the regional
seismicity, and an upper magnitude bound.

For subduction systems, EFSM20 adopts a 3D geometric reconstruction of the slab
top surface based on various subsurface datasets (including but not limited to seismic
reflection and refraction data, tomographic images, and seismicity distributions). These
reconstructions were truncated at 300 km depth, assuming that deeper subduction earth-
quakes would not affect the hazard estimates. The seismic interface is assumed to geo-
metrically coincide with the slab top surface within a depth range estimated from data



and modeling of the 150°C and 350-450°C isotherms, the seismicity distribution, and
the slab intersection with the Moho of the upper plate. Each subduction interface be-
havior is characterized by a style of faulting fixed as reverse, a convergence rate derived
from geodetic observations across the subduction zones, and the maximum magnitude
(Mmax). The maximum earthquake magnitude is estimated as the magnitude value cor-
responding to the largest possible rupture that the interface can host based on its dimen-
sions and the magnitude scaling relations by [29]. Based on the EFSM20 set of attrib-
utes, we derive recurrence rate models for each slab interface based on the same prin-
ciple as those for crustal faults [27, 28]. Finally, the intraslab geometry is defined by a
volume constrained by the slab top surface and the crustal thickness of the lower plate.
The MFD is entirely derived from deep seismicity.

The datasets described here (EFSM20 and the fault-based seismic source model)
enrich the EFEHR services portfolio of the EPOS-Seismology community [8].
EFSM20 took advantage of the previous effort in this respect represented by EDSF13,
which was likely a one-off occasion to systematically collect and harmonize fault data
for earthquake hazard analysis at the European scale.

As of today, several regional collections of potential seismogenic faults exist[30—
33], but the collection of different models still lacks systematic updates, and extension
to not yet covered regions, especially the plate interiors. Although the making of
EFSM20 largely benefited from these post-EDSF13 advancements, it required signifi-
cant effort to harmonize data coming from inhomogeneous sources. While examining
the literature on active faults of the last decade, it is apparent that research studies tend
to concentrate on the seismic sources rather than of recent earthquakes or the re-ap-
praisal of older ones, while study cases on "silent" regions are lagging behind.

As regards the present collection, the most critical parameter is the crustal fault slip
rate, which remains a speculative estimate in many instances and has a direct impact on
the moment-rate calculations. Also, the seismic efficiency (or long-term coupling) is
very critical, but that aspect requires research and development rather than simple data
collection. The geometric definition of crustal faults is less critical in a continent-wide
hazard model, and the use of more detailed 3D geometries would likely require an ex-
ceptionally high computational cost. The simple planar fault model, on the other hand,
may cause issues when used at a local scale and in the near-field region of ground mo-
tion [34].

3 Advanced Seismogenic Source Models: Consensus and Cross-
border Harmonized

A large-scale seismogenic source model is constructed by combining geological in-
formation with observed seismicity within a background tectonic context. The primary
goal of such models is to characterize all possible earthquake magnitude-rupture sce-
narios that can cause ground shaking at a site of interest. In a probabilistic framework,
these magnitude-rupture scenarios describe the size and location of earthquakes com-
bined with the likelihood or frequency of occurrence to forecast how frequently earth-
quakes will occur. The ESHM20 seismic source model includes two seismogenic



sources: an area source model and a hybrid model that combines a smoothed seismicity
model (SSM) and shallow fault sources. This is a consolidated approach for modelling
epistemic uncertainty in the seismic source characterization that has been already used
at the national [35-39], regional [3, 40], and global level [41]. The individual sources
of the ESHM20 are described by two features, i.e. geographical or spatial delineation
and magnitude-frequency distribution. Both features are subject to uncertainties due to
criteria for defining the earthquake sources, subjective delineation of the source bound-
ary, information on the prevalent tectonic regimes, availability of active faults, limited
observations, etc. It is difficult to identify which one of these factors is more important
and which one might control the hazard estimates at a given location across Europe,
because of the different challenges we face in modelling occurrences in the various
tectonic regions. Given comparable input datasets and specific assumptions or guide-
lines to define earthquake sources, there is a high likelihood that different experts will
propose alternative earthquake sources. Generally, this is the primary reason why the
regional and national seismic hazard models disagree.

3.1  Seismogenic Source Models: Spatial Variability

To reduce discrepancies between the national and regional models, we employed a
consensus area source model starting from recent national hazard models (i.e. Italy,
Germany, Spain, United Kingdom, Slovenia, Switzerland, Turkey, and Romania). We
performed a uniform cross-border harmonization based on layers i.e. tectonic infor-
mation, geological evidence and earthquake homogeneity [40, 42]. As a result, the con-
sensus area source model considers the opinions and knowledge of local experts. Even-
tually, it may be possible to compare it directly with the national models and make it
easier to do sensitivity analyses across the borders of the country.

The second seismogenic source model is a hybrid source model that combines the
active faults and the background seismicity spatially distributed with an adaptive ker-
nel. The smoothed seismicity model (SSM) is developed within each tectonic domain
by optimizing the adaptive kernel bandwidth, the smoothing parameters, declustering
algorithm, and the declustering parameters. Training and validation sets helped to de-
termine the optimal combination of options and parameters. While the training set is
used to generate various smoothed seismicity models, the validation set is used to rank
them in terms of the mutual information gain. It should be noted that in regions where
active faults have not been mapped, such as Northern Europe, the spatial pattern of
seismicity is only constrained by area sources and background smoothed seismicity.
The complementary sources include the subduction interface, subduction in-slab zones,
volcanic sources, and deep seismicity sources in Vrancea, Romania, and Southern
Spain.

Conceptually, the two seismogenic source models aim at capturing the spatial vari-
ability of seismicity as seen in Fig.3, where the consensus area sources model is de-
picted together with the active faults, and the subduction interface sources are illus-
trated. It is assumed that the location of the active fault provides a spatial proxy for the
occurrence of future large-magnitude earthquakes (M > 6.0). Similarly, events with M



> 6.5 are assigned to the subduction interfaces. The configuration of the ESHM20 seis-
mogenic source models is an optimum solution for the calculation of the seismic hazard
over a large-scale region, and they are equally weighted.

Fig. 3. Schematic illustration of the ESHM20’ seismogenic source model overlaying the area
source (black polygons) active faults (black lines) and subduction sources (orange polylines) with
the tectonic plate boundaries (red lines) and the earthquakes (red dots) of the unified earthquake
catalogue

3.2  Seismogenic Source Models: Source Characterization

The main source typologies used in ESHM20 are area source zones, point sources,
simple and complex faults as defined in [41]. We computed earthquake rates for each
source by following these steps: 1) select complete events from a declustered earth-
quake catalogue, 2) compute the seismic activity parameters (i.e. aGR the seismic
productivity and bGR the Gutenberg Richter slope) and their uncertainties, 3) choose a
magnitude frequency distribution 4) apply statistical tests with observations 5) define
the epistemic uncertainty model of each source. To characterize the seismic productiv-
ity of active faults, the process begins at step two.

The magnitude-windowing approach [43] was used to decluster unified earthquake
catalogue of ESHM20. The option of declustering or not declustering the earthquake
catalogue is a source of debate among the seismic hazard community; some argue that
aftershocks can cause damage, so removing them may reduce seismic hazard estimates
[44—48]. In this regard, we performed a sensitivity analysis as well as statistical testing
of a few declustering techniques based on space-time windows, cluster methods, and
correlation metrics, more details in [1]. Our findings show that the time-window and
cluster methods are both suitable for use, with the former being preferred due to its
performance in low to moderate seismicity regions.

We also find that the effect of declustering on the estimation of seismic parameter
estimation (aGR and bGR) is not as significant as the completeness magnitude-time
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intervals. We therefore developed a quantitative technique for assessing the complete-
ness that replaces expert judgment [49] with appropriate statistical testing. We primar-
ily focus on quantifying the temporal course of earthquake frequency, i.e., the TCEF
method [50], and combine it further with the maximum curvature method [51] to
achieve the benefits of both methods. The novel technique is data-driven and has been
applied to large-scale macro-zones similar to those used to compile the EMEC cata-
logue.
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Fig. 4. In the left panel, the seismic productivity of an area source in Southern Spain is de-
scribed by two alternative MFDs: a double truncated GR distribution (black line) and its uncer-
tainties (dashed-blue lines) and the Pareto tapered distribution (green line). On the right panel,
the completeness intervals are given.

The activity parameters are computed, considering the uncertainties of the aGR- and
bGR parameters, as well as their confidence intervals, for both data and prediction [1].
We bootstrapped about one million samples of correlated aGR and bGR values using a
multivariate normal distribution based on their values, covariance, and individual stand-
ard error. The discrete approximation method of probability distributions [52] is used
to derive the lowest, middle, and upper values of the aGR and bGR parameters, repre-
senting the 16", 50*, and 84" percentiles, respectively.

A double truncation magnitude-frequency distribution (MFD) is used to characterize
annual occurrence rate (i.e., from lower to upper magnitude bounds). In addition, we
consider a tapered Pareto distribution [53] which depicts faster decay in proximity to
the maximum magnitude compared to a double-truncated GR. In low to moderate seis-
micity regions, double exponential recurrence rates may, in some cases, overestimate
the observed rates for magnitudes 5 to 6. Fig. 4 compares two recurrence distributions
for an area source zone in Spain. The two distributions overlap in the low-to-moderate
magnitude bins, but the tapered Pareto distribution depicts a faster decay of cumulative
rates for Mw > 5.8. The tapered Pareto distribution's corner magnitude allows for a new
model of Mmax a value corresponding to a relevant threshold annual recurrence rate, i.e.,
10*. Thus, the Mmax of Pareto distribution is an alternative model of the Mmax which for
the double truncated distribution is assigned from the historical seismicity as in
ESHM13 (see Fig.5).

For active faults, the geological slip-rates are assumed to span multiple seismic cy-
cles and are used to calculate their seismic productivity. The active faults' MFD is a
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double-truncation exponential distribution with a regionally estimated bGR-value. The

Mmax of each fault source is obtained using empirical magnitude—geometry scaling laws

[26].

The MFD’s shape is highly dependent on slip rates, fault geometry, and its maximum
magnitude (Mmax). For a constant slip rate, increasing Mmax reduces the occurrence rates
of low-to-moderate magnitude events. Because large earthquakes account for the vast
majority of the total seismic moment rate, increasing Mmax requires fewer smaller earth-
quakes [27]. Therefore, the fault area that constrains the Mmax also influences fault
productivity, with larger fault areas producing less seismic activity due to seismic mo-
ment conservation. Since the effects of the fault-area and Mmax are interconnected, only
the Mmax effect is kept for the fault characterization. Unlike ESHM13, in which only
the epistemic uncertainty of the Mmax Was incorporated at the individual source level,
ESHM20's seismic source characterization combines for the area sources two sets of
parameters, bGR-values and Mmax in two alternative MFDs for the area sources, and
uncertainties on aGR-values and Mmax are defined for each active fault, respectively.
This is aligned with the present-day state of practice of seismogenic source modeling
which might bring the regional models closer to those of site-specific studies.

Another important aspect of the ESHM?20 building process is the integration of
statistical testing and sanity checks as a part of the model building process, as the sci-
entific consensus was not always possible [38]. Thus, the objective of the testing phase
is to quantify the consistency between the input observations and the forecast model
and, by doing so, to eliminate any potential bias and errors introduced by incomplete
datasets and/or the use of a uniform framework for the entire model. All phases of the
model building, from earthquake catalog analysis to final earthquake rate model, un-
derwent statistical testing, summarized as:

e series of likelihood tests to support the selection of the declustering technique, for
which we used a target earthquake catalogue i.e. Mw>4.5 from 2007 to 2014. These
statistical tests are based on estimates of the average-rate corrected information
gain per earthquake [54].

e Consistency testing of the earthquake rate forecast yield by the individual sources,
i.e. area sources and hybrid faults, plus the background seismicity. We compared
two activity rate forecasts using the target earthquake catalogue (i.e., Mw>4.5 from
2007 to 2014) on the basis of (i) their forecasted magnitude distribution and (ii)
their forecasted spatial distribution.

e  Statistical scoring of the individual source model in geographical space.

e Retrospective consistency tests comparing earthquake forecasts to observed seis-
micity over the entire catalogue's duration. It is important to note that these con-
sistency tests are retrospective because the input earthquake catalogue was used to
characterize the source model.

Some of the challenges faced in the testing phase are related to data independency,

limited datasets (i.e., small to moderate magnitude events and short observation time).

Nonetheless, we believe that statistical testing and sanity checks should become in-

creasingly common in the development of future hazard models.
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Fig. 5. The spatial distribution of Mmax values estimated from historical seismicity (top) and
inferred from a tapered Pareto distribution for a fixed annual recurrence rate of 10

4 Ground Motion Characteristic Models: Next Generation of
Regional Models

4.1 Capturing epistemic uncertainty in ground motion models

In a probabilistic framework, the ground motion model (GMM) provides the critical
link between the earthquake rupture and the ground shaking expected to occur the site
of interest. Generally, a GMM incorporates the regional features of the source, path,
and site conditions as well as their aleatory and epistemic uncertainty. The aleatory
uncertainty is represented by the standard deviation (o) of the GMM, and typically
comprises several components representing the event-to-event variability (6B,), site-
to-site variability (8S2Ss) and the remaining within-event variability (§W,), which
have mean values of zeros and standard deviations of, ¢g,s ¢, respectively. Aleatory
variability is explicitly accounted for within the seismic hazard integral.

The vast majority of existing national and regional scale seismic hazard models, in-
cluding the ESHM13, have generally captured epistemic uncertainty (or model-to-
model uncertainty) by selecting several ground motion models from the available liter-
ature. These models have been identified as appropriate alternatives for modelling the
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ground motion in the target region in question, and are thus included by as alternative
branches within a logic tree.

In recent years, the multi-model approach has been enhanced by using quantitative
testing metrics based on the fit of the candidate models to observed data in order to
identify better fitting GMMs and weight them accordingly (e.g., [55, 56]).

While the multi-model approach to characterizing epistemic uncertainty is both prac-
tical and widely understood by many hazard model end-users, it has theoretical limita-
tions when it comes to the objective of characterizing the “real” epistemic uncertainty
in the ground motion predictions [57]. Chief among these are the tendency to select (or
give high weighting to) multiple models derived from similar datasets in a region, as
well as problems of inconsistency between the source, path, and site parameterizations
of the models.

These problems may manifest in several ways, from “pinching” in the spread of ex-
pected ground motions for certain magnitudes and distances, to the inherent contradic-
tion that epistemic uncertainty is then modeled as being wider in regions where more
data and models are available, and thus narrower in regions with less data, largely by
virtue of the availability of models.

Given these limitations, recent developments in GMM characterization have moved
toward an alternative approach called the scaled backbone approach, in which the best
suited candidate GMM is identified and the epistemic uncertainty in the expected
ground motion (and sometimes the aleatory variability) is captured by applying adjust-
ments to the backbone GMM that better reflect the underlying uncertainty in the seis-
mological characteristics of a region.

4.2 A regionalized scaled-backbone approach

The characterization of the GMM and its epistemic uncertainty in ESHM20 repre-
sents a radical departure from its predecessor by embracing the scaled backbone con-
cept and calibrating the adjustments according to the available data for the region in
question. The means to explore region-to-region variability in GMMs in Europe arises
from the development of the Engineering Strong Motion (ESM) database (https://esm-
db.eu), and its corresponding harmonized parametric flatfile [11]. The ESM flatfile
boasts more than 20,000 processed ground motions from earthquakes in the European
and Mediterranean region, an almost order of magnitude increase in data volume in
comparison to that available at the time of the ESHM13 development. From this data
we fit our backbone GMM using robust mixed effects regression [58]. But the large
number of records means that we can quantify region-to-region variability in the model
by introducing new random effects in addition to those listed above.

Specifically, the backbone GMM introduces region-specific random effects: source-
region to source-region variability (6L2L,;) and residual attenuation region variability
(8,3), which depend on the region in which the earthquake occurs (for §L2L;) or in
which the station is located (for §.3) according to prior regionalizations using the tec-
tonic model and the regionalization of [1]. These additional residual terms allow us to
identify regions of Europe in which earthquakes are typically more or less energetic
than average, and regions where the attenuation may be faster or slower. As §L2L; and
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6.3 are random effects residual values, they are normally distributed with means of 0
and standard deviations of 7;,, and 7.5 respectively. This allows us to quantify the
distributions of these regional properties and represent them in the GMM logic tree by
mapping the respective scaling factors and weights as a discrete approximation of the
Gaussian distributions [52].

Full details on this process for shallow crustal seismicity can be found in [6], while
construction of the scaled backbone GMM logic tree for other tectonic environments,
such as the stable shield area of northeastern Europe, the subduction regions in the
Mediterranean and the Vrancea deep seismic source, can be found in [7] and [1] respec-
tively.

Organizing uncertainties and transitioning from aleatory to epistemic.

The adoption of the regionalized scaled backbone GMM logic tree, and the manner
in which it is derived, are not only intended to capture both the aleatory and epistemic
uncertainties in ground motion prediction as we currently understand, but also to set in
place a framework through which new data directly refine the calibration of the model
and reduce epistemic uncertainty. This process is becoming more widely established in
ground motion modelling as one of moving from an ergodic ground motion model (one
in which the aleatory variability incorporates all of the region-to-region variability in
the underlying data set) to a partially- or fully-non-ergodic model in which systematic
source, path and site specific effects in a region are identified and extracted from the
aleatory variability, leaving a reduced event-to-event and within-event variability (,,
and ¢,) that should reflect the irreducible variability at the site.

How and why has this transition been adopted in ESHM20? The expansion of data
in ESM includes new records from many new regions and new recording stations that
are not present in previous databases. This means that the region-to-region variability
within the data has increased, which results in a larger aleatory variability within a truly
ergodic framework (i.e., 02 = Tj5;2 + Too? + Tp3% + Psas” + £2). The prior region-
alizations, which are based on geology and tectonics, provide both a rationale and a
practical basis for identifying systematic differences in the ground motion from one
region to another (i.e., the §L2L; and 6.5 terms).

Theoretically, these can be fixed for each specific region in question, leaving the
aleatory variability as 62 = T,o2 + ¢gp5° + &2 , or even simply 02 = 7,02 + &2 if
6528, is known for a specific site. The epistemic uncertainty would then be limited
only to the confidence limits of the §L2L,;, §.5 and §S2S; values for the region and site
in question. In practice, however, we refrain from making this leap in its entirety as we
have many regions for which the region-specific random effects are not constrained by
a large number of repeated observations, and differences from one region to another
may reflect the dominance of a specific event or station. But this is where the frame-
work for transition emerges, as new data from a given region can feed into this process,
allowing better constraint of the region-specific parameters and, with time, reduction
of the range of the confidence limits. What we envisage in the future, therefore, is a
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continual process of updating and recalibration of both the fixed and mixed effects co-
efficients of the model as new data emerge, rather than a complete revision or re-selec-
tion of models.

4.3  Site Amplification

For the corresponding ESRM20, we must characterize the surface ground motion
across Europe, taking local site amplification into account. While more than 1,100 sta-
tions with three or more recordings are used for regression of the [58] model, only 419
have a measured Vs30 site condition; for the rest of the stations local soil conditions
must be inferred from proxy conditions such as slope. The regression analysis under-
taken by [58] provides more than 1,000 §S2S values but does not include a site ampli-
fication term. To develop a site amplification term for ESHM20 and ESRM20, we use
6528 to fit two piecewise linear models: one using only the subset of stations with
measured Vs30, and one using the full set of stations with proxy Vs30. §S2S; is larger
when an inferred Vs30 value is assumed, as in the ESRM20 site conditions.

The reference ground motion condition required for the ESHM20 is Eurocode 8 class
A (Vs30 =800 m/s) rock, and we assume that the Vs30 value corresponds to a measured
site condition. This is because as input to a design code we recognize that the amplifi-
cation factors developed for the design code contain themselves an appropriate measure
of conservatism such that adopting the higher ¢, value of the inferred proxy would
risk double counting uncertainty. In the implementation of the GMM models in the
OpenQuake Engine [41], however, the user can run to run the model with the ergodic
site term that includes ¢, or run partially non-ergodic PSHA that excludes it.

For regional scale PSHA where site specific amplification is unknown the ergodic
version should be used, but this flexibility does allow users to run partially non-ergodic
PSHA at a site-specific level where the amplification function for the site in question
may be input explicitly.

4.4 The Future Role for Ground Motion Simulations

In addition to the expansion of observed strong motion records, the last decade has
seen rapid developments in the field of strong motion simulations, including improve-
ments to the efficiency and accessibility of state-of-the-art simulation software. Though
the ESM database saw an order of magnitude increase in ground motion records, the
vast majority of these were for small-to-moderate magnitude and intermediate- to long-
distances. In Europe, the number of recordings of near-field motions from large earth-
quakes has not increased by such a great amount, and the vast majority of new records
for these scenarios are from a few particularly well-recorded large events. This means
that our understanding of ground motions at short distances from large ruptures, and
their corresponding variability, is still limited. This paucity of near-field records from
large magnitudes had an influence on the initial large magnitude scaling term of the
[58] GMM, which was found to predict a degree of oversaturation for large magnitudes
(i.e. decreasing amplitude with increasing magnitude) that was subsequently corrected
in [59]. Ground motion simulations will have a critical role to play in the coming years
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to help constrain and calibrate the GMMs themselves to better capture the influence of
large-magnitude near-source effects such as hanging wall amplification and rupture di-
rectivity.

5 ESHMZ20: Insights of Results Uncertainties

In developing the ESHM?20, we focused on incorporating the spatial and temporal
variability of earthquake rate forecasts as well as the epistemic uncertainty and aleatory
variability associated with ground shaking models. In this respect, a logic tree was used
to explicitly manage alternative models and parameters that are weighted according to
their probability or degree of confidence that they represent the best interpretation of a
model component or of the methodology used to create it.

To make the computation of the regional hazard possible, the logic tree configuration
had to be optimized, and this was done in conjunction with the parameterization of the
individual sources. The use of correlated activity parameters for area sources (i.e., mul-
tiple aGRs, bGRs, and Mmax values) and for fault sources (multiple aGRs and Mmax
values) were two important aspects of the model implementation.

Another critical aspect was the use of a single depth and faulting style for each
source, which corresponds to the weighted mean value. Although uncorrelated uncer-
tainties are routinely used in the implementation of source models for site-specific haz-
ard analyses, they cannot be used at the national or regional level. The alternative is to
generate random source models from uncorrelated logic tree branches, but this results
in thousands of input models that are also difficult to manage.

We decided to pragmatically run the calculations with collapsed weighted rate mod-
els to optimize the computational demand. This provides robust mean results, but the
“centre and range” cannot be assessed accurately, as already observed in the case of
ESHM13. The collapsed weighted rate model reduces the influence of the extreme up-
per and lower values, which can have a significant impact on regional seismic risk cal-
culation [9]. The OpenQuake Engine [41] is a suitable tool used for handling complex
calculations such as the one for ESHM20); the libraries are open-source with full support
from the GEM hazard experts and IT developers. These features, combined with the
standardized and back-compatibility formats, make the OpenQuake Engine a versatile
tool for computing seismic and risk worldwide.

Spatial variability is an intrinsic property of regional hazard models and results, so
the uncertainty range is expected to be regional and differ between low-to-moderate
and high seismicity, but this difference is not known a-priori. We investigated the spa-
tial variability of the hazard results by comparing the upper (84th) and lower (16th)
quantiles of the PGA hazard map for the 475-year return period given in Fig. 1. The
ratio is calculated as log10(84"/16™) *100 [60]. Fig. 6 shows high values of this ratio
(70-100%) in central Europe, the Baltic region, and a few places in Ireland, Scotland,
the Netherlands, and Northern Poland. These regions have limited data and low seis-
micity. Lower values (20 to 50%) are observed in the remaining regions with a median
value of 40%, corresponding to a range of 2.5 between the 16" and 84" quantiles.
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Fig. 6. Spatial distribution of quantiles ratios (84" to 16%) for ESHM20 (upper) and ESHM13
(lower). The ratio depicts PGA for 475 years.

Did this uncertainty range reduce over time? Yes, in some regions within Switzer-
land, Hungary, Spain, Portugal, Italy and Turkey we can observe a decrease between
ESHM13 and ESHM20. The ratio has decreased slightly in a few regions of Romania,
the Balkans, Cyprus, and Greece. However, the uncertainty range for low to moderate
seismicity remains quite large. The configuration and the implementation of these mod-
els might explain these changes. The ESHM13, for example, uses correlated and col-
lapsed weighted rates, whereas the ESHM?20 uses correlated branches with individual
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branches for seismicity parameters. Multiple GMPEs were used in the ESHM 13, while
backbone ground-motion models are available on the ESHM20.

When compared to the ESHM13 pattern, the 84"/16™ ratio of ESHM20 appears to
be more uniform across the entire region. Without entering into extensive discussions,
we note that such a ratio is numerically unstable and extremely sensitive to the hazard
level chosen (i.e., 475year return periods). Since the values of seismic hazard for 475
years are very low in low seismicity regions, and we observed a numerical instability
of these ratios. Longer return periods, i.e. 2500 years, are recommended because the
ratio is more stable although the impact of aleatory variability of the ground motion
models becomes significant at longer return periods. One solution is to separate aleatory
variability from epistemic uncertainty. This will also aid in determining which uncer-
tainty is controlled by the earthquake rate forecast and ground motion models' epistemic
uncertainties. However, this topic will be studied in a separate investigation.

Furthermore, we investigate the regional variation of a pivotal hazard parameter, the
hazard curve decay, also known as the k-value. This parameter characterizes in a loga-
rithmic space the link between the ground motion and the annual probability of exceed-
ing it (or its corresponding return periods).

The k-values introduced herein fit the hazard curves for PGA and response spectra
acceleration (SA) at 1 s between return periods of 475 and 5000 years. A constant k-
value of 3 is frequently used as a direct proxy for scaling the reference design acceler-
ation to another return period of interest (EC8, 2004). Figure 7 illustrates the results in
exponential form (i.e., the 5000/475 ratio corresponds to 10(/kvalu®)) "and it is evident
that the approximation k=3 is not applicable everywhere in the region [61]. [62] made
similar observations after examining ESHM13's k-value.

Low values (i.e., k-values below 1.8 and sometimes down to 1) correspond to regions
of low to moderate seismicity in northern Europe, including France, Belgium, Ger-
many, Portugal, and Spain, whereas high k-values are more frequently observed in re-
gions of moderate-to-high seismicity, such as Romania, Italy, Greece, and Turkey. An
intriguing observation is that the k-value appears to be lower in the vicinity of active
faults, which is most apparent for faults located in regions of low to moderate seismic-
ity, such as southern France, the Rhine Graben in Germany, eastern Austria and Cata-
lonia, Spain. Another intriguing finding is that the hazard curve exponents for 1 s spec-
tral acceleration and PGA are broadly similar, albeit slightly lower for the latter. It is
consistent with the fact that the uniform hazard spectral shapes do not change signifi-
cantly as return periods increase. According to preliminary research (not shown here),
hazard exponent values have no obvious correlation with Mmax, bGR-value or attenua-
tion clusters, but are primarily controlled by the hazard level and proximity to active
faults. These new findings will help to define the importance factors for seismic design
purposes, as well as feed discussions about the return period to consider for reference
hazard maps (475 years in Europe, or 2475 years as in the United States [63] ).
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Fig. 7. Spatial distribution of k-value ESHM20’s hazard curves based on PGA (upper) and
SAls (lower)

6 Final Remarks

We summarized in this chapter key findings, milestones and the lessons learned dur-
ing the development of the 2020 update of the European Seismic Hazard model, which
is the new cross-border reference for seismic hazard models and regional hazard esti-
mates. ESHM20 replaces the 2013 European Seismic Hazard Model (ESHM13, [3]).
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ESHM20 is the first ever regional hazard model to provide two informative hazard
maps for the next update of the European Seismic Design Code (CEN ECS, P. Labbe,
this volume) and it serves as the foundation for the first uniform, openly available, Eu-
ropean Seismic Risk Model [9].

The model is built within a probabilistic framework using advanced datasets, cut-
ting-edge methods, fully documented and online available at hazard.efehr.org since
December 2021.

For the first time, a regional seismic hazard model was released not only to the sci-
entific community but also to the general public. For this purpose, a comprehensive set
of explanatory materials has been developed addressing different target audiences rang-
ing from disaster risk managers to the interested public.

The website of the European Facilities for Earthquake Hazard and Risk® has been
redesigned to serve as the main information hub for accessing general information
about earthquakes in Europe, learning more about earthquake hazard and risk, explor-
ing interactive maps and data. Many of the information has been translated into several
European languages and presented at a media event in April 2022. Therewith, the
wealth of information the models offer has not only been made available to the scien-
tific community, but also provides as an important legacy to improve earthquake resil-
ience in all domains.
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