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Abstract

This study evaluates the consistency between the 2020 European Seismic Hazard Mod-
el (ESHM20) and ShakeMap-derived ground-motion fields in Greece. A total of 2,617
ShakeMaps covering the period 1973-2022 were generated using regionally appropriate
ground-motion models and adjusted to rock-site conditions following ESHM20 conven-
tions (RotD50). Observational constraints in the form of strong-motion recordings and/or
macroseismic intensities were available for 441 earthquakes, providing direct anchoring
for a substantial subset of events, while the remaining fields rely primarily on model-
based spatial interpolation. Exceedance fractions for peak ground acceleration (PGA) and
5% damped spectral acceleration at periods of 0.3 s and 1.0 s were evaluated relative to
ESHM?20 hazard maps for return periods of 50 and 475 years and across multiple aggre-
gation levels (mean; 16th, 50th, and 84th percentiles). The resulting exceedance patterns
exhibit the expected ordering across aggregation levels and broadly align with probabi-
listic seismic hazard expectations. Residual differences are more pronounced for spectral
accelerations and in regions near site-classification thresholds, reflecting the combined
influence of ground-motion model variability, site-response representation, and ShakeMap
uncertainty. Given the limited 50-year observation window and the spatial correlation of
earthquake ground motion, the results are interpreted as quantitative indicators of model
consistency within epistemic uncertainty rather than as formal validation of the hazard
model. The proposed framework provides a transparent and reproducible approach for
national-scale screening of regional seismic hazard model behaviour.
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1 Introduction

A fundamental objective in earthquake engineering is to ensure that buildings and infra-
structure can withstand the anticipated levels of ground shaking during earthquakes. The
expected shaking intensity at any site is a function of earthquake magnitude, source-to-site
distance (including attenuation effects), and local site conditions. Probabilistic Seismic Haz-
ard Assessment (PSHA) provides a systematic framework for quantifying and integrating
these factors to describe the expected distribution of future ground shaking at a site. The
primary output of PSHA is hazard maps, which are essential for assessing seismic hazard
levels and informing design codes and standards in earthquake engineering.

Hazard maps typically assume rock-site conditions and specify a fixed probability of
exceedance, p, over a defined time interval, At or, equivalently, a return period, RP. The
probability, p, that a site experiences exceedance of a specific intensity measure (IM) thresh-
old in the time interval, At, is given by:

p=1- efAt/RP (1)
if earthquake occurrence follows a Poisson process and that exceedance events are statisti-
cally independent. Under this assumption, the return period RP represents the average time
interval between exceedances of a given intensity level at a site. Equation (1) therefore links
the return period used in hazard maps to the probability that the corresponding intensity
threshold will be exceeded at least once within a specified time window.

If N sites are considered and each site has an exceedance probability p over the time
interval At, the expected number of sites experiencing exceedance is N X p. This relationship
allows exceedance probabilities defined in time to be interpreted in a spatial sense, a concept
commonly referred to as “trading time for space”.

Previous studies (e.g., Cito et al. 2024) have applied this concept to assess the con-
sistency of PSHA models against observed ground motions. For instance, comparisons
between ShakeMap-derived IM values and PSHA hazard estimates over several return peri-
ods (50, 475, 975, and 2475 years) have generally demonstrated consistency for return peri-
ods up to 975 years, with discrepancies arising primarily for very long return periods due to
the limited observational record. Other efforts have compared PSHA outputs with ground
motion data obtained from instrumental recordings and macroseismic intensity observa-
tions (Albarello and D’ Amico 2008; Tasan et al. 2014; Manea et al. 2024; Rey et al. 2018).
Nonetheless, direct validation of PSHA remains challenging because most instrumental or
historical catalogues are relatively short compared to the timescales addressed by hazard
models. To address these challenges, modern approaches integrate ShakeMaps, ground-
motion prediction models (GMMs), and ground-motion intensity conversion equations
(GMICESs) to increase the spatial sampling of shaking and support consistency-based model
evaluation (Allen et al. 2009, 2023; Pothon et al. 2020).

In this study, we assess whether ShakeMap-derived intensity measures (IMs) for Greece
over the period 1973-2022 are broadly compatible with the probabilistic bounds of the
2020 European Seismic Hazard Model (ESHM?20) at the national scale. The ShakeMap
fields analysed here are hybrid products: they incorporate strong-motion recordings and/or
macroseismic intensity observations where available and rely on ground-motion models and
spatial interpolation elsewhere. Observational constraints are available for 441 earthquakes,
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meaning that many exceedance-generating events are observation-anchored; however, the
resulting gridded shaking fields remain partly model-based. Consequently, and consistent
with recent guidance on hazard-model evaluation (Marzocchi et al. 2025), the comparisons
presented here are interpreted as national-scale consistency assessments within modelling
uncertainty, rather than as strict validation tests against fully independent spatial observa-
tions of ground motion.

2 Overview of the tectonic setting and PSHA models for Greece

The Aegean region is characterized by a complex seismotectonic framework that includes
subduction-related thrusting, large-scale strike-slip faulting, and widespread extensional
normal faulting, collectively responsible for the high seismic hazard of Greece. The domi-
nant tectonic feature is the Hellenic Subduction Zone, where the African lithosphere sub-
ducts beneath the Aegean microplate at rates of approximately 3540 mm/yr (Reilinger et
al. 2010). This process generates frequent intermediate-depth seismicity along the Wadati—
Benioff zone and is associated with the development of the South Aegean Volcanic Arc,
extending from the Saronic Gulf'to the Dodecanese islands. Slab rollback along the Hellenic
Subduction Zone drives back-arc extension, expressed as normal faulting across mainland
Greece and the Aegean Sea (Le Pichon and Angelier 1979; Jolivet et al. 2013). To the north,
the westward motion of the Anatolian plate, driven by collision with the Arabian plate, is
accommodated by the North Anatolian Fault Zone (NAFZ), a major right-lateral strike-slip
system that extends into the North Aegean Trough. This active tectonic corridor links Ana-
tolia with the Aegean domain and has played a key role in regional stress accumulation and
seismicity (Kiratzi 2002; Chousianitis et al. 2024 and references therein).

Figure 1 summarizes the principal tectonic structures together with population distribu-
tion. Nearly 47% of Greece’s population is concentrated in the metropolitan areas of Athens
and Thessaloniki, both located in proximity to active fault systems. Historical earthquakes,
including the Mw 5.9 Athens event of 7 September 1999 and the Mw 6.5 Thessaloniki event
of 20 June 1978, illustrate the significant seismic risk affecting these urban centers.

Probabilistic seismic hazard assessments for Greece have been developed at various spa-
tial scales (Papazachos et al. 1990; Tsapanos et al. 2009; Tselentis and Danciu 2010; Slejko
etal. 2010, 2021; Stylianou et al. 2016; Vamvakaris et al. 2017; Vavlas et al. 2019; Kaviris et
al. 2022; Sotiriadis et al. 2023). Greece is also represented in global and regional initiatives,
including the Global Seismic Hazard Assessment Program (GSHAP; Giardini et al. 1999)
and the European seismic hazard models ESHM13 (Woessner et al. 2015) and ESHM20
(Danciu et al. 2021).

ESHM?20, which is the focus of this study, represents the most recent European-scale
seismic hazard model for the Euro-Mediterranean region. It incorporates updated seismo-
genic source models, revised earthquake catalogues, detailed active-fault information, and
a refined ground-motion model logic tree. Hazard estimates are provided for a wide range
of spectral periods and return periods, from 50 to 5,000 years, supporting future revisions
of Eurocode 8 provisions (CEN 2004). Figure 2 presents the spatial distribution of PGA
hazard estimates for Greece derived from ESHM?20, including mean values and the 16th,
50th (median), and 84th percentile levels for a 475-year return period. The strong spatial
variability evident in these maps reflects the tectonic complexity of the Aegean region and
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Fig. 1 Simplified seismotectonic setting of Greece showing the spatial distribution of major active faults
(blue lines; NOAFAULTSV.6; Ganas et al. 2013) together with population density, according to the colour
scale. (source: Hellenic Statistical Authority). Key tectonic regions are indicated: NAT: North Aegean
Trough, CR: Corinth Rift, CTFZ: Cephalonia Transform Fault Zone, CG: Central Greece, SG: Saronic
Gulf, DI: Dodecanese Islands

provides the reference framework against which ShakeMap-derived exceedances are evalu-
ated in this study.

3 Data and methods

The analysis follows a structured workflow including: (i) compilation and homogenization
of an earthquake catalogue based on the USGS Comprehensive Catalogue (ComCat), to
ensure internal magnitude consistency across the 50-year period through conversion of mag-
nitudes to a unified potency magnitude scale; (ii) generation of ShakeMaps for all selected
events using the USGS ShakeMap software; (iii) computation of peak ground acceleration
(PGA) and spectral accelerations on a regular spatial grid; (iv) adjustment of the ShakeMap-
derived intensity measures to rock-site conditions consistent with ESHM20 assumptions;
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Fig. 2 Spatial distribution of peak ground acceleration (PGA) for Greece as predicted by the 2020 Euro-
pean Seismic Hazard Model (ESHM20; Danciu et al. 2021) for a return period of 475 years, correspond-
ing to a 10% probability of exceedance in 50 years. Panels show different aggregation levels of the hazard
model: (a) mean PGA, (b) 16th percentile, (¢) 50th percentile (median), and (d) 84th percentile. PGA
values are expressed in units of g

(v) comparison of the resulting intensity measures with ESHM20 hazard estimates at multi-
ple aggregation levels and return periods; and (vi) statistical evaluation of exceedance areas
using observed counts, theoretical binomial distributions, and the overlapping coefficient as
a measure of agreement.

3.1 Building the earthquake catalogue
We compiled an earthquake catalogue from the USGS Comprehensive Catalogue (Com-

Cat) for events within Greece, and a 100 km buffer around its borders to minimize edge
effects, spanning January 1973 to December 2022. ComCat provides a preferred origin
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and magnitude estimate for each event, which may correspond to local magnitude (M,),
coda duration magnitude (Mp), body-wave magnitude (m,), surface-wave magnitude (M),
or moment magnitude (M,,). The initial dataset comprised 43,196 events with a preferred
magnitude >2.0.

To ensure magnitude consistency, we converted all magnitudes to a potency magnitude,
Mp, following Trugman and Ben-Zion (2024). Seismic potency (Po) is defined as the ratio of
seismic moment (Mo) to crustal rigidity (p). Assuming a uniform crustal rigidity of 36 GPa
(3.6 x 10" N/m?), the seismic moment (in dyn-cm) is estimated from the moment magnitude
(Mw) using the relation:

lOglOMO =1.5M, + 16.1 (2)

Seismic potency (Po) is then calculated by:

lOglOPO = 109101\40 — lOglO m— 11 (3)

with Po expressed in cm?, and the potency magnitude is given by:

M, = (2/3) (logioPo + 5.4563) o

When Mw was not available, Mp was estimated by converting the preferred magnitude type
(M;, my, M, or Mp) using the scaling relations of Trugman and Ben-Zion (2024), exploit-
ing the equivalence between Mp and Mw under the assumption of uniform rigidity.

Based on the completeness analysis (Fig. S1) and to retain significant contributors
to ground shaking, only events with Mp>4.5 were used for ShakeMap generation. This
resulted in a final dataset of 2,617 earthquakes over the 50-year period. Consistent with
previous studies (e.g. Allen et al. 2023), the catalogue was not declustered, thereby retaining
mainshocks, foreshocks, aftershocks, and triggered events, all of which may contribute to
hazard exceedance. Figure 3 shows the spatial distribution of the final homogenized cata-
logue, while magnitude, depth, and temporal distributions are provided in Fig. S2.

3.2 Building the ShakeMap dataset

We generated ShakeMaps for all 2,617 events using the USGS ShakeMap software v4
(Worden et al. 2018, 2020). For the same period and magnitude range, only 217 ShakeMaps
are available in the public USGS archive, necessitating recalculation to ensure consistency.
For each event, the most up-to-date origin parameters (origin time, epicenter, depth, and
magnitude) were retrieved.

Where available, strong-motion recordings and macroseismic intensity observations
were incorporated to anchor the ShakeMap ground-motion fields and reduce epistemic
uncertainty. In the original USGS products, such observations were available for 118 events.
Additional station recordings and intensity observations for 323 earthquakes were retrieved
from the National Observatory of Athens (NOA) ShakeMap database, increasing the number
of observation-anchored ShakeMaps to 441. As shown in Fig. S3, ShakeMaps incorporating
observational data exhibit systematically reduced uncertainty relative to fully model-based
cases. Finite-source rupture models were available for 17 earthquakes; all remaining events
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Fig. 3 Spatial distribution of the earthquake epicentres included in the final dataset used for ShakeMap
generation (coloured circles), scaled according to potency magnitude (Mp), for the period January 1973
to December 2022. The final dataset comprises 2,617 events for which ShakeMaps were generated and
analysed in this study. Gray circles show the epicentres of the initial earthquake catalogue (43,169 events)
within a 100 km buffer around the Greek borders over the same time period, from which the final dataset
was selected

were modelled as point sources with equivalent finite-fault distance corrections following
Thompson and Worden (2018).

We employed three distinct ground-motion model (GMM) sets to represent active crustal,
subduction interface, and subduction slab tectonic environments (Table 1), with automatic
assignment based on event location and tectonic classification. For active shallow crustal
earthquakes, four GMMs were used: an NGA-West model (Chiou and Youngs 2014), a
global model (Cauzzi et al. 2015), a pan-European model (Akkar et al. 2014), and a locally
calibrated model for Greece (Boore et al. 2021). This selection follows regional PSHA rec-
ommendations to combine global, pan-regional, and local models to represent epistemic
variability without excessive model correlation. The associated weights (Table 1), derived
from the GMM ranking analysis of Sotiriadis et al. (2023), define the ShakeMap logic tree
and are not intended to replicate the full ESHM20 hazard-model logic tree. For subduction
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Table 1 ShakeMap ground-motion modelling configuration: Ground motion models (GMMs) for three dis-
tinct tectonic models applicable to Greece: active crustal, subduction interface (SInter), and subduction slab
models (SSlab)

GMMs Weights Tectonic Regime Reference
AkkarEtAIRjb2014 0.12 Active Crustal Akkar et al. (2014)
CauzziEtAI2015 0.18 Active Crustal Cauzzi et al. (2015)
BooreEtA12021 0.40 Active Crustal Boore et al. (2021)
ChiouYoungs2014 0.30 Active Crustal Chiou and Youngs (2014)
AtkinsonBoore2003SInter 0.20 Subduction Interface Atkinson and Boore (2003)
LinLee2008SInter 0.20 Subduction Interface Lin and Lee (2008)
AbrahamsonEtAl12015SInter 0.20 Subduction Interface Abrahamson et al. (2016)
ZhaoEtAI12016SInter 0.40 Subduction Interface Zhao et al. (2016)
AtkinsonBoore2003SSlab 0.20 Subduction slab Atkinson and Boore (2003)
LinLee2008SSlab 0.20 Subduction slab Lin and Lee (2008)
AbrahamsonEtA12015SSlab 0.20 Subduction slab Abrahamson et al. (2016)
ZhaoEtAl12016SSlab 0.40 Subduction slab Zhao et al. (2016)

Weights are normalized within each tectonic regime. Rjb: denotes the Joyner—Boore distance metric used
by the corresponding ground-motion models

interface and in-slab regimes, the ground-motion models and associated weights follow
the default configuration implemented in the USGS ShakeMap v4 software. These weights
reflect the operational logic-tree structure of ShakeMap for subduction environments and
were retained here to ensure methodological consistency with the ShakeMap framework,
rather than to replicate the epistemic structure of ESHM20.

Ground-motion-to-intensity conversion equations (GMICEs) and cross-correlation func-
tions (CCFs) were selected automatically; we adopted the formulations proposed by Worden
et al. (2012) and Loth and Baker (2013), respectively. For each event, we computed PGA
and spectral accelerations at 0.3 s and 1.0 s. Site effects were accounted for using the USGS
global Vs30 (average shear-wave velocity to 30 m depth) database (Allen and Wald 2007).

Because ESHM20 adopts the orientation-independent RotD50 metric (Boore 2006,
2010), ShakeMaps were generated directly in terms of RotD50 values. For each intensity
measure, the maximum value at each grid cell across all earthquakes during the 50-year
period was extracted using a regular grid of approximately 1 km resolution (0.01° x 0.01°),
comprising 143,728 cells.

To ensure consistency with the rock-site assumptions in ESHM20, we applied site ampli-
fication factors from the European Site Response Model, ESRM20 (Weatherill et al. 2021;
Crowley et al. 2021), ESRM20 provides amplification factors based on topography, geology,
and site condition proxies across Europe. Because the ESRM20 grid has a finer resolution
(0.008° x 0.008°) than our base grid, we adopted the median of the ESRM20 amplification
factors within each base grid cell as site correction. These factors were applied uniformly to
all ShakeMap-derived intensity measures. Figure 4 shows the spatial distribution of maxi-
mum PGA, Sa(0.3 s), and Sa(1.0 s) before and after conversion to rock-site conditions.

Finally, we evaluated exceedances of the ESHM20 hazard thresholds for return peri-
ods of 475 years (annual exceedance probability~0.21%) and 50 years (annual exceedance
probability~2%). For each return period, we compared the ShakeMap-derived intensity
measures with four ESHM20 aggregation levels (mean, 16th, 50th, and 84th percentiles),
resulting in 24 exceedance tests. We did not consider longer return periods, as exceedance is
expected to be negligible within a 50-year observation window (Cito et al. 2024).
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Fig. 4 Left panels (a, ¢, e): Spatial distribution of the maximum ShakeMap-derived RotD50 peak ground
acceleration (PGA) and spectral accelerations Sa(0.3 s) and Sa(1.0 s) over the period 1973-2022 (50
years). The mapped values represent, for each grid cell, the maximum intensity across all ShakeMaps
in the study period. Right panels (b, d, f): Same as left panels, but with all ShakeMap-derived intensity
measures converted to rock-site conditions using amplification factors from the European Site Response
Model (ESRM20; Weatherill et al. 2021; Crowley et al. 2021), ensuring consistency with ESHM?20 haz-
ard definitions
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4 Results
4.1 Fractional exceedance area

The fractional exceedance area is defined as the ratio of grid cells in which the ShakeMap-
derived intensity measure (IM) exceeds the corresponding ESHM?20 hazard threshold to
the total number of grid cells. Figure 5 shows the spatial distribution of exceedances for
Peak Ground Acceleration (PGA) for the mean and the 16th, 50th, and 84th percentiles of
the ESHM20 hazard levels. Figures S4 and S5 present analogous results for Sa(0.3 s) and
Sa(1.0 s), respectively.

Several robust patterns are evident. Exceedances relative to RP=50 years generally
occupy larger areas than those relative to RP=475 years, reflecting the lower hazard thresh-
olds associated with shorter return periods. Exceedances relative to the 16th percentile haz-
ard levels are spatially more extensive than those relative to the 84th percentile, consistent
with the ordering of ESHM20 aggregation levels. Overall, the ShakeMap-derived exceed-
ance patterns are largely bounded by the probabilistic envelope of ESHM20 across percen-
tiles, while localized departures are expected given the limited 50-year time window, the
hybrid nature of ShakeMap ground-motion fields, and the influence of site-response adjust-
ments and spatial sampling of strong shaking.

Spatially, recurrent exceedances concentrate in well-known deformation zones, includ-
ing the Corinth Rift, the Cephalonia Transform Fault Zone, and the northern Aegean.
Additional exceedances also occur in areas of relatively lower mapped hazard. Such cases
may reflect site-response effects not fully represented by Vs30-based adjustments, limited
observation density for some events, and residual differences introduced by component con-
version and rock-site normalization. Residual differences following RotD50 and rock-site
adjustments are most pronounced for spectral accelerations and in regions near Vs30 clas-
sification boundaries (Fig. S11). These effects increase local variability and can contribute
to exceedance sensitivity for Sa(0.3 s) and Sa(1.0 s) compared to PGA (Figs. 5, S4, S95).

To incorporate ShakeMap uncertainty into exceedance mapping, we constructed upper
and lower bounds on the ShakeMap-derived intensity measures (IMs). These bounds were
obtained by shifting the maximum IM values by + 1o, as provided in the ShakeMap prod-
ucts (expressed in natural logarithm units), prior to comparison with the ESHM20 hazard
thresholds. Applying a + 1o shift in /n space therefore corresponds to scaling the intensity
measures multiplicatively in linear space by a factor of e°. This approach captures the sen-
sitivity of exceedance classification for grid cells with shaking levels close to the ESHM20
hazard thresholds. Accordingly, the resulting bounds on fractional exceedance area reflect
the inherent variability of ShakeMap-derived ground-motion fields rather than deterministic
uncertainty limits. Table 2 summarizes these results, including the estimated exceedance
areas and their associated variability.

4.2 Exceedance-count distributions and spatial dependence
To compare exceedance-count behavior with expectations implied by ESHM20, we evalu-
ated the distributions of exceedance counts and compared them with the corresponding

theoretical binomial probability mass functions (PMFs). The binomial model assumes inde-
pendence among exceedances at different grid cells. In reality, earthquake ground motions
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RP=50yrs RP=475yrs
Exceedance area

Fig. 5 Fractional exceedance areas where at least one ShakeMap-derived RotD50 peak ground accelera-
tion (PGA) value exceeded the corresponding ESHM?20 hazard threshold, for earthquakes of minimum
potency magnitude 4.5, over a 50-year time window (1973-2022). Colours indicate the return period
(RP) associated with the exceeded hazard level: red for RP=50 years (63.2% probability of exceedance
in 50 years) and maroon for RP=475 years (10% probability of exceedance in 50 years), while white de-
notes no exceedance. Panels compare exceedances relative to different aggregation levels of the ESHM20
hazard model: (a) mean, (b) 16th percentile, (¢) 50th percentile (median), and (d) 84th percentile. Ex-
ceedances are evaluated on ShakeMap-derived ground-motion fields adjusted to rock-site conditions and
therefore represent hybrid observational-modelled outcomes rather than direct spatial observations of
ground motion

are spatially correlated, such that nearby cells are likely to exhibit similar shaking levels.
This spatial dependence reduces the effective number of independent samples relative to
the total number of grid cells and therefore affects the interpretation of exceedance-count
variability, particularly for events generating widespread strong motion. The binomial com-
parison is therefore used here as a first-order screening tool rather than as a formal test of
statistical consistency.
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Table 2 Estimated fractional exceedance area for Greece, expressed as a percentage of the national grid, for
three rotation-independent intensity measures (RotD50; Boore 2006; Boore 2010) and two return periods
(RP), as defined by the ESHM20 hazard maps

Return Fractional Exceedance Area (%)
Period
RP=475 Intensity Aggregation Level Estimated Upper bound Lower bound
yrs Measure (%) (+1o) (%) (~1o) (%)
?Xpi_ctedl PGA Mean 7.30 22.62 2.10
Arriil ‘;’8‘;) 16th 21.20 53.99 8.12
50th 9.88 29.67 3.11
84th 391 14.06 0.88
Sa (0.3 s) Mean 6.08 23.05 1.28
16th 15.23 44.23 4.56
50th 7.69 26.93 1.70
84th 3.25 14.42 0.51
Sa(1.0s) Mean 8.87 30.66 2.26
16th 18.00 51.41 5.44
50th 10.42 34.45 2.74
84th 5.40 20.97 1.09
RP=50yrs Intensity Aggregation Level Estimated Upper bound Lower bound
Expected = Measure (%) (+10) (%) (-16) (%)
f’rac-l A PGA Mean 66.55 97.94 28.05
61;’_112‘1 " rea 16th 93.79 99.97 59.90
50th 74.38 98.97 34.04
84th 45.00 87.67 16.46
Sa (0.3 s) Mean 60.59 95.69 24.10
16th 83.11 99.23 42.59
50th 65.25 96.92 27.50
84th 44.47 86.51 15.46
Sa (1.0s) Mean 71.57 95.89 30.08
16th 86.27 98.85 49.74
50th 74.71 96.64 33.31
84th 56.92 90.93 20.22

Exceedances are computed for earthquakes with potency magnitude Mp>4.5 during the period 1973-2022.
For each intensity measure and aggregation level of the ESHM20 hazard model (mean, 16th, 50th, and 84th
percentiles), the estimated fractional exceedance area is reported together with upper (+ 1o, %) and lower
(= 1o, %) bounds derived from ShakeMap uncertainty propagation. Expected fractional exceedance areas
(10% for RP=475 years and 63.2% for RP=50 years) are shown for reference. Deviations from these
expected values should be interpreted in the context of the limited 50-year observation window and the
hybrid nature of ShakeMap-derived ground-motion fields, rather than as evidence of systematic bias in the
ESHM?20 hazard model

The binomial model describes the expected number of exceedances X among n indepen-
dent Bernoulli outcomes with exceedance probability p, and is defined as:

X ~ Bin(n, p) )

The probability of observing exactly k exceedances is given by the binomial probability
mass function (PMF), i.e. the discrete probabilities P (X = k) fork =0,...,n:
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P(X=k) = (}) (1 -p* ©)

In this study, the exceedance probability p is taken directly from the ShakeMap-derived
fractional exceedance area (sites exposed to exceedance divided by total sites). To enable
comparison on a common scale, we express exceedance counts using a percentage-based
normalisation, setting n = 100, where each unit corresponds to 1% of the total grid-cell
population. The corresponding binomial probability mass function (PMF) is then calcu-
lated using the SciPy library (Virtanen et al. 2020), representing the expected variability of
exceedance fractions under the assumption of spatial independence.

To quantify similarity between the observed exceedance fractions and the corresponding
binomial expectation, we compute the overlapping coefficient (OVL; Inman and Bradley
1989), defined as:

+0oo
OVL = [ min[fy ()., fo (2)) do )

where f; (x) represents the empirical exceedance-fraction representation and fo () denotes
the theoretical binomial PMF. By sampling the distributions at discrete points, the integral
in Eq. (7) is approximated as:

OVL = Zmin [f1(z), fa (2)] (3

OVL values range from 0 (no overlap) to 1 (identical distributions) and are used here as
a similarity metric to support comparative interpretation across intensity measures, return
periods, and aggregation levels, rather than as a formal statistical test. Given the limited
50-year record relative to long return periods, OVL is applied as a pragmatic screening indi-
cator rather than an acceptance criterion. OVL values are reported as descriptive similarity
metrics to support comparative interpretation across intensity measures, return periods, and
aggregation levels. No formal acceptance threshold is imposed, and the values should be
interpreted in the context of the limited observation window and spatial dependence of
shaking.

Figures 6 and 7 compare the empirical exceedance-count representations (black bars)
with the corresponding theoretical binomial PMFs implied by the ESHM20 hazard levels
(red curves), with agreement quantified using OVL. For the 475-year return period (Fig. 6),
central aggregation levels (mean and 50th percentile) generally show closer agreement than
the tails (16th and 84th percentiles), consistent with the ordering of hazard thresholds. For
the 50-year return period (Fig. 7), exceedance patterns shift toward higher counts, reflecting
the higher probability of exceedance within the observation window. Across PGA, Sa(0.3 s),
and Sa(1.0 s), differences among intensity measures primarily reflect spectral-period sen-
sitivity to site-response adjustments and the higher uncertainty sensitivity of spectral ordi-
nates and should be interpreted through the reported OVL values rather than as categorical
pass—fail outcomes.
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Fig. 6 Probability distributions of the number of exceedances derived from ShakeMap-based ground-
motion fields (black bars) compared with the theoretical binomial distributions implied by ESHM20
hazard levels (red curves), for a return period of 475 years. Panels correspond to different ground-motion
intensity measures (PGA, Sa at 0.3 s, and Sa at 1.0 s) and aggregation levels of the hazard model (mean,
16th, 50th, and 84th percentiles). Dashed vertical lines indicate the + 1o ranges of exceedance counts
estimated from the ShakeMap-derived distributions. The overlapping coefficient (OVL) reported in each
panel quantifies the degree of overlap between empirical and theoretical distributions, with higher values
indicating closer agreement

4.3 Main contributors to exceedance

Table 3 summarizes the number of earthquakes associated with at least one exceedance of
ESHM?20 hazard thresholds for each intensity measure, return period, and aggregation level,
and identifies the subset of exceedance-producing events for which strong-motion record-
ings and/or macroseismic intensity observations were available and incorporated in Shake-
Map generation. Figure 8 shows the epicentral distribution of PGA exceedance-producing
earthquakes, and Fig. 9 shows their magnitude and depth distributions. Figures S6—S9 pro-
vide analogous results for Sa(0.3 s) and Sa(1.0 s).

For the 475-year return period (RP), nearly all exceedance-producing earthquakes across
intensity measures are associated with events that include strong-motion recordings and/
or macroseismic observations (Table 3), indicating that the most influential exceedances
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Fig.7 As in Fig. 6 for a return period (RP) of 50 years

Table 3 Number of earthquakes that produced at least one exceedance of the ESHM20 hazard thresholds
for a given intensity measure (IM) and aggregation level over the 50-year observation period (1973-2022)

Total Number of Earthquakes / with Observations

Return Period M Mean 16th 50th 84th

RP=475 yrs PGA 31/31 67/63 37/37 21/21
Sa (0.3 s) 28 /28 53/53 33/33 20/20
Sa (1.0 s) 30/30 40/40 34/34 21/21

RP=50 yrs PGA 134 /103 153 /110 140/ 104 98 /89
Sa (0.3 s) 102/92 124 /101 104 /92 93/87
Sa (1.0s) 52/50 57155 54/52 49/48

For each case, the total number of exceedance-producing earthquakes is reported together with the number
of those events for which field observations (strong-motion recordings and/or macroseismic intensity data)
were available and incorporated in the ShakeMap generation. Results are shown separately for return
periods of 475 and 50 years and for the mean and the 16th, 50th, and 84th percentiles of the ESHM20
hazard levels
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475

RP

RP=50

Fig. 8 Spatial distribution of earthquake epicentres (circles, coloured by potency magnitude) associated
with at least one exceedance of the ESHM20 peak ground acceleration (PGA) hazard thresholds in the
ShakeMap-derived ground-motion fields. Panels (a—d) correspond to exceedances relative to the 475-
year return-period hazard levels, and panels (e-h) to the 50-year return-period hazard levels. Columns
show different aggregation levels of the ESHM20 hazard model: (a, e) mean, (b, f) 16th percentile, (c,
g) 50th percentile (median), and (d, h) 84th percentile. Exceedances are identified on ShakeMap-derived
ground-motion fields adjusted to rock-site conditions

are largely observation-anchored. These exceedance-producing earthquakes are predomi-
nantly shallow crustal events with minimum magnitudes typically around Mp=4.7, with
some intermediate-depth contributions depending on spectral period and aggregation level.
For RP=50 years, exceedances extend across the full magnitude range down to Mp=4.5,
except for Sa(1.0 s), for which exceedance onset occurs at higher magnitudes (approxi-
mately Mp~=5.1). The spatial distribution of exceedance-producing earthquakes is consis-
tent with the primary deformation zones of Greece, including the HSZ, the Corinth Rift, and
the extensional domains of the Aegean, reflecting the combined influence of seismotectonic
setting, source characteristics, and site-response representation.

4.4 Sensitivity to modelling choices

A sensitivity analysis was conducted by recalculating ShakeMaps for selected events using
alternative ground-motion models, including the Kotha et al. (2020) used as a backbone
GMM in ESHM20 and the locally calibrated Boore et al. (2021). The resulting distance-
dependent IM behaviour (Fig. S10) illustrates the scale of model-dependent variability, par-
ticularly in the near-field.

Additional supplementary analyses compared ESRM20-based rock-site corrections with
empirical amplification factors following Borcherdt (1994). Differences are most evident
near Eurocode 8 Vs30 class boundaries (Fig. S11), consistent with increased sensitivity of
site-response parameterisation in transitional ranges. Finally, component-definition effects
were assessed by comparing RotD50 with greater-of-two-horizontal IMs. While regional
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Fig. 9 Number of earthquake events associated with at least one exceedance of the ESHM20 peak ground
acceleration (PGA) hazard thresholds in the ShakeMap-derived ground-motion fields, shown as a func-
tion of potency magnitude (left panels) and focal depth (right panels). Top panels correspond to exceed-
ances relative to the 475-year return-period hazard levels, and bottom panels to the 50-year return-period
hazard levels. Coloured bars represent exceedance counts relative to different aggregation levels of the
ESHM20 hazard model (mean, 16th percentile, S0th percentile, and 84th percentile)

differences are limited, local effects can be substantial near large earthquake epicentres
(Table S1; Fig. S12), supporting the use of RotD50 for consistency with ESHM20.

5 Conclusions

Analysis of 2,617 ShakeMaps indicates that the 2020 European Seismic Hazard Model
(ESHM20) produces hazard levels for Greece that are broadly consistent with ShakeMap-
derived ground-motion fields, particularly for central aggregation levels and for peak ground
acceleration. The analysis is based on hybrid ground-motion fields that combine observa-
tional constraints with model-based spatial interpolation. Strong-motion recordings and/or
macroseismic intensity observations were incorporated for 441 earthquakes, and exceed-
ance-producing events—especially for the 475-year return period—are predominantly asso-
ciated with these observation-anchored cases. This reduces the likelihood that exceedance
patterns arise solely from ground-motion model extrapolation and supports their interpreta-
tion as physically plausible outcomes within the expected variability of regional shaking.
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Exceedance comparisons for the 475-year return period must nevertheless be interpreted
with caution. A 50-year observational window provides limited statistical power for evalu-
ating hazard levels associated with rare events, even when observation-anchored fields are
available. This limitation is intrinsic to empirical assessments of long-return-period hazard
and does not imply inadequacy of the hazard model. Accordingly, exceedance statistics at
RP=475 years are best regarded as indicative consistency measures rather than as quantita-
tive tests of hazard-model accuracy.

At the same time, the spatial intensity measures evaluated on the national grid remain
influenced by the ShakeMap modelling chain, including ground-motion models, site-condi-
tion adjustments, and interpolation assumptions. The results should therefore be interpreted
as outcomes of a structured consistency screening exercise rather than as direct spatial vali-
dation of hazard levels.

Overall, the agreement observed between ShakeMap-derived exceedance fractions and
ESHM?20 hazard expectations across intensity measures, aggregation levels, and return peri-
ods supports the internal coherence of the hazard model when confronted with a 50-year
record of ground shaking. Remaining discrepancies are consistent with recognised sources
of epistemic uncertainty, including ground-motion model variability, site-response rep-
resentation, and spatial correlation of shaking. The framework presented here provides a
transparent and reproducible basis for national-scale evaluation of regional seismic hazard
model behaviour.
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APPENDIX

Table S1: Estimated fractional exceedance areas (%) for Greece based on three intensity measures
(IMs) computed using the greater-of-two-horizontal components, as typically reported in USGS
ShakeMaps, for two return periods (RP) according to the ESHM20 hazard maps. Results are shown
for earthquakes with minimum potency magnitude Mp > 4.5 occurring during the period 1973-2022.
For each intensity measure and aggregation level of the ESHM20 hazard model (mean, 16th, 50th,
and 84th percentiles), the estimated fractional exceedance area is reported together with upper (+10)
and lower (—10) bounds derived from ShakeMap uncertainty propagation. These bounds reflect the
effect of ShakeMap uncertainty on exceedance mapping when using the greater-of-two-horizontals
component definition and are provided for comparison with the RotD50-based results presented in

the main text.

Intensity
Measure
PGA
RP = 475 yrs
Expected

Fractional Sa (0.3 s)
Area 10%

Sa(1.05s)
Intensity
Measure
PGA
RP =50 yrs
Expected

Fractional Sa (0.3 s)
Area 63.2%

Sa (1.0 s)

Aggregation
Level

Mean
16th
50th
84th
Mean
16th
50th
84th
Mean
16th
50th
84th

Aggregation
Level

Mean
16th
50th
84th
Mean
16th
50th
84th
Mean
16th
50th
84th

Fractional Exceedance Area (%)

Estimated Upper bound Lower bound
(%) (+10) (%) (-10) (%)
6.06 16.50 1.93
16.84 43.17 6.89
7.85 22.19 2.77
3.43 10.01 0.90
5.38 19.38 1.27
13.36 37.78 4.17
6.78 22.73 1.62
2.95 12.04 0.55
7.79 28.07 2.09
16.38 47.56 481
9.30 31.63 2.46
4.77 18.86 1.04
Estimated Upper bound Lower bound
(%) (+10) (%) (-10) (%)
56.27 94.74 23.31
89.25 99.84 51.81
65.08 97.13 28.25
35.64 79.41 13.94
54.08 92.30 21.36
78.36 98.23 38.09
58.89 94.06 24.35
39.05 81.08 13.77
68.10 94.45 27.87
83.58 98.16 46.48
71.43 95.42 30.98
52.94 88.22 18.45



Appendix Figures:

.-—-——-—--—.-..—.“ L L

1_04 4

107

1_02 4

101

Cumulative Number of Events

lﬂl} 4

3 4 5 6 7

Potency Magnitude, M,

Figure S1. Cumulative frequency-magnitude distribution of the USGS ComCat
catalogue used in this study for earthquakes occurring between January 1973 and
December 2022 (43,196 events). A threshold potency magnitude of Mp > 4.5 is adopted
for the analyses, corresponding to the minimum magnitude above which ShakeMaps

are generated, and exceedance statistics are evaluated.
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Figure S2. Distributions of the 2,617 ShakeMap footprints analysed in this study for
the period January 1973 to December 2022: (a) potency magnitude (Mp), (b) focal
depth, and (c) annual number of ShakeMaps. The magnitude distribution reflects the
decreasing frequency of larger events, while the depth distribution is dominated by
shallow earthquakes, with fewer intermediate-depth events. The annual counts

illustrate temporal variability in ShakeMap availability over the study period.
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Figure S3. Boxplot representation of the distribution of the mean standard deviation
of ShakeMap-derived peak ground acceleration (PGA), expressed in Ln(g), across the
2,617 ShakeMap footprints analysed in this study. For each ShakeMap, the standard
deviation is averaged over the spatial grid. Boxes indicate the interquartile range (25th-
75th percentiles), the central line denotes the median, whiskers extend to 1.5 times the
interquartile range, and circles represent outliers. Distributions are shown separately
for ShakeMaps incorporating strong-motion station recordings and/or macroseismic

intensity observations and for ShakeMaps without field data.
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Figure S4. Fractional exceedance areas where at least one ShakeMap-derived RotD50
spectral acceleration at T = 0.3 s (Sa[0.3 s]) exceeded the corresponding ESHM20
hazard thresholds. The Sa(0.3 s) intensity measure is relevant for mid-rise building
typologies commonly found in Greece, with fundamental periods on the order of 0.3-
0.4 s. Colour shading, consistent with Figure 5, indicates the presence of exceedances
for the 50-year and 475-year return-period hazard levels. Spatial variability reflects the
combined effects of ground-motion model variability within the ShakeMap logic tree
and site-response adjustments, rather than systematic bias in the ESHM20 hazard

model.
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Figure S5. As in Fig. S4 for spectral acceleration at T=1.0 second (Sa[1.0s]).
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Figure S6. Spatial distribution of earthquake epicentres (circles, coloured by potency
magnitude, Mp) associated with at least one exceedance of the ESHM20 RotD50 spectral
acceleration hazard thresholds at T = 0.3 s (Sa[0.3 s]) in the ShakeMap-derived ground-
motion fields. Panels (a—d) correspond to exceedances relative to the 475-year return-period
hazard levels, and panels (e-h) to the 50-year return-period hazard levels. Columns show
different aggregation levels of the ESHM20 hazard model: mean, 16th percentile, 50th

percentile (median), and 84th percentile.



RP=475

o 45=Mp<50

Q 5.0=Mp<55| °

© 55=Mp<6.0
60=Mp<6.5

8.5=Mp<7.0

RP=50

Figure S7. As in Figure S6, but for RotD50 spectral acceleration at T = 1.0 s (Sa[1.0 s]).
Spatial distribution of earthquake epicentres (circles, coloured by potency magnitude, Mp)
associated with at least one exceedance of the ESHM20 hazard thresholds in the ShakeMap-
derived ground-motion fields, shown for return periods of 475 years (a—d) and 50 years (e-
h), and for different aggregation levels of the ESHM20 hazard model (mean, 16th, 50th, and
84th percentiles).
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Figure S8. Number of earthquake events associated with at least one exceedance of the
ESHM20 RotD50 spectral acceleration hazard thresholds at T = 0.3 s (Sa[0.3 s]) in the
ShakeMap-derived ground-motion fields, shown as a function of potency magnitude and
focal depth. The top row corresponds to exceedances relative to the 475-year return-period
hazard levels, and the bottom row to the 50-year return-period hazard levels. Coloured bars
indicate exceedance counts for different aggregation levels of the ESHM20 hazard model

(mean, 16th percentile, 50th percentile, and 84th percentile).
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Figure S9. As in Fig. S8, but for RotD50 spectral acceleration at T = 1.0 s (Sa[1.0 s]).
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Figure S10. Distance-attenuation behaviour of ShakeMap-derived intensity measures (IMs)
as a function of Joyner-Boore distance (Rjpb) for four representative earthquakes in Greece:
(a) Mw 5.5, 1 September 2022; (b) Mw 6.0, 7 September 1999 (Athens); (c) Mw 6.5, 20 June
1978 (Thessaloniki); and (d) Mw 7.0, 30 October 2020 (Samos). Rows correspond to different
intensity measures: peak ground acceleration (PGA, top row), spectral acceleration at T =
0.3 s (5a[0.3 s], middle row), and spectral acceleration at T = 1.0 s (Sa[1.0 s], bottom row).
For each event and intensity measure, ShakeMaps were generated using three alternative
ground-motion modelling configurations: a composite model combining four active-crustal
GMMs used in the ShakeMap logic tree (red; see Table 1), the Kotha et al. (2020) GMM
(green), and the Boore et al. (2021) GMM (blue). The figure illustrates the range of model-
dependent attenuation behaviour that contributes to epistemic variability in ShakeMap

ground-motion fields.
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Figure S11. Differences in intensity measures (IMs) obtained using rock-site amplification factors
from the European Site Response Model (ESRM20; Weatherill et al,, 2021) relative to those
derived from the Borcherdt (1994) formulation, shown as a function of Vs30. Positive values
indicate larger IM values after adjustment with ESRM20 compared to Borcherdt (1994). Vertical
dashed lines denote Eurocode 8 site-class boundaries (Classes C, B, and A). Right-hand panels
show the corresponding frequency distributions of the IM differences. Panels correspond to (a)
peak ground acceleration (PGA), (b) spectral acceleration at T = 0.3 s (Sa[0.3 s]), and (c) spectral
acceleration at T = 1.0 s (Sa[1.0 s]). The scatter highlights increased variability near site-class
boundaries, illustrating how differences in site-response parameterisation can contribute to
residual variability in ShakeMap-derived ground-motion fields.
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Figure S12. Spatial distribution of the difference between intensity measures (IMs) computed
using the greater-of-two-horizontal components and the rotation-independent RotD50 definition.
Positive values (red) indicate locations where the greater-of-two-horizontals approach yields
larger IM values than RotD50 (Boore, 2010). Panels show results for (a) peak ground acceleration
(PGA), (b) spectral acceleration at T = 0.3 s (Sa[0.3 s]), and (c) spectral accelerationat T=1.0s
(Sa[1.0 s]). Differences reflect component-definition effects rather than physical changes in
ground shaking and illustrate the magnitude and spatial variability of IM conversion effects

relevant for comparison with ESHM20 hazard maps.
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