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Abstract

The objective of this work is to test whether an empirical Ground Motion Model (GMM)
developed for high-seismicity regions can be effectively adapted to a neighbouring region
with lower seismic activity. We select the ITA18 suite of GMMs (Lanzano et al. in Bull
Seismol Soc Am 109(2): 525-540, 2019a), developed for Italy, which is a region dominated
by moderate-to-strong shallow crustal earthquakes, and assess their applicability to
Continental France, where the seismic activity is less frequent and characterised by lower
magnitudes. Based on a dataset of more than 2300 records of events with 3.0 <My, <5.2,
occurred in France in the time interval 1996-2019 (named FR20), we perform a residual
analysis and calibrate an adjustment factor for both horizontal and vertical-to-horizontal
(VH) components of Peak Ground Acceleration, Peak Ground Velocity, and 5% damped
Spectral Acceleration (SA). Apart from the median correction, no modification of the
scaling with magnitude, focal mechanism, and Vg3, is introduced, while the distance
scaling is adjusted to capture the lower anelastic attenuation of the French data. In
addition, to overcome the underestimation of the ITA18 model for the short period VH
spectral amplitudes in the near-source region (R,,;<15 km), an additional empirical
corrective factor is introduced. In spite of the good agreement of the adjusted model with
respect to the median trends of the FR20 dataset, a regionalization of the source effects is
introduced to reduce the relatively high between-event variability of the proposed model.
The proposed model provides predictions similar to ITA18 in the most seismically active
regions (Alps or Pyrenees), while, in the other zones, the predicted amplitudes are richer at
high frequencies. Given the paucity of seismic records in these zones, this behavior should
be confirmed on the basis of additional data (e.g. physics-based simulations, geologic and
tectonic features). The use of the proposed model for hazard applications is recommended
within the validity limits of the data (3.0<My;<5.2). However, the similarity of the
ground motion in the Alps and Pyrenees with the predictions of ITA18 suggests that the
adjusted model could be also employed for higher magnitudes, upon suitable checks.
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1 Introduction

Continental France is a territory where seismic activity is sparse and characterised by
weak-to-moderate events. Duverger et al. (2021) provides a comprehensive overview of
instrumental seismicity in metropolitan France from 2010 to 2019. During this period,
around 430 natural events (M >3.0) were recorded within the French territory, with only 4
events with M >5.0. The seismicity is clustered in specific areas, such as the Alps (France,
Italy and Switzerland borders), the Pyrenees (France and Spain border) and the Armorican
Massif (North-Western region), while it is very rare in Central France and in the Paris and
Aquitaine basins (Fig. 1).

On the other hand, Italy is characterised by medium to high seismic activity: in the
same observation period (from 2010 to 2019), almost 4,000 events have been recorded,
of which about 40 with local magnitude M >5.0 (http://terremoti.ingv.it/). The earthquake
data recorded in Italy enabled the construction of robust ground motion models (GMMs)
to support seismic hazard assessments as early as the late 1980s’, starting with the
prediction equations by Sabetta and Pugliese (1987) till the current model, ITA18,
proposed by Lanzano et al (2019a). On the contrary, in France, due to the scarcity of data,
different strategies have been tried to select or determine GMMs to be applied for hazard
analyses. The most common practice consisted of selecting and using models developed
in other regions of the world or at global scale which, however, might not be consistent
with the ground motion of the target region, especially with regard to the assessment
of associated variability (Cotton et al. 2006). More recently, however, few attempts to
calibrate regional models for France have been done, due to the difficulty of dealing with
the lack of observations. Drouet and Cotton (2015) used stochastic simulations based on
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a seismological model for France to develop a ground motion model for small to large
magnitude events. Ameri et al. (2017) proposed a GMM for Europe, using the RESORCE
dataset (Akkar et al. 2014) along with data from regions with small-to-moderate seismicity
such as France and Switzerland, and accounting for the stress-parameter scaling in the
ground motion modelling.

More recently, the development of partially or fully non-ergodic models has introduced
the possibility to determine adjustment factors for existing GMM to account for differences
in attenuation properties, source mechanisms and site conditions of the target region. The
European-scale non-ergodic GMM by Kotha et al. (2020) proposed corrective terms for
source and propagation effects, based on the Engineering Strong-Motion (ESM) data
(Lanzano et al. 2019b). However, being the minimum magnitude of ESM dataset set to
4, the French data are poorly sampled by this dataset and, hence, this GMM is not able to
capture all the differences across the French territory. Recently, a Bayesian update of the
Kotha et al. (2020) model was performed using French records (Kotha and Traversa 2024).
Keeping unchanged the regionalization used in the Kotha et al (2020) model, adjustment
terms for source and propagation effects were computed for the French territory, which
extended the applicability of the model to earthquakes recorded in France. Sung et al.
(2023) proposed a fully non-ergodic GMM for the ordinates of the Fourier spectrum,
using the French dataset compiled by Traversa et al. (2020), composed by velocimetric
and accelerometric signals. Starting from the ergodic GMM of Bayless and Abrahamson
(2019) for California, as backbone model, the Authors introduced a spatially-variable
corrective model for the anisotropic path effects.

In line with these recent researches, the aim of this work is to assess ground motion for
seismic hazard assessment in areas like France, i.e., with low seismic activity or, in general,
regions where recorded data could be insufficient to determine robust empirical GMMs. In
this work, we apply the “Referenced Empirical approach” introduced by Atkinson (2008) to
make the predictions of a robust GMM, such as those available for California, compatible
with the observed ground motion for an area of low seismicity with few available data
(Northern-Eastern America). Specifically, we evaluate the differences between the seismic
ground motion in France and Italy by means of the residual analysis of the ground motion
dataset prepared by Traversa et al. (2020) with respect to the reference GMM for shallow
active crustal events in Italy (ITA18, Lanzano et al. 2019a). The analysis is carried out for
peak ground acceleration (PGA), peak ground velocity (PGV), and several ordinates of 5%
damped acceleration response spectra (SA), both for horizontal and vertical components of
the ground motion. Analysis of the results makes it possible to build a functional form and
calibrate a model that adjusts ITA18 predictions, with the goal of making them usable in
continental France for hazard studies and engineering analysis.

2 FR20 dataset

The FR20 dataset was built starting from the dataset published by Traversa et al. (2020),
which includes records from broadband and accelerometric sensors provided by permanent
and temporary seismic networks operated by French research institutions and partners
grouped within the Réseau Sismologique et géodésique Frangais (Résif) consortium
(RESIF 1995) from 1996 up to the end of 2019.

We selected events with moment magnitude (My,) greater than or equal to 3.0 and

epicentral distance (R,,;) shorter than 200 km; we mainly considered waveforms recorded
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by accelerometric sensors (channel HN), and we included data from a few verified
velocimetric sensors. We selected only data with 3 ground-motion components. Moreover,
we selected stations installed in free-field or free-field-like conditions, in order to minimize
the soil-structure interaction effects. Regarding the depth of the sensor, we consider stations
installed down to 3 m below the ground surface. For the acceleration response spectra, 20
spectral ordinates were selected in the period range T=0-10 s. The final dataset includes
2327 records from 290 earthquakes recorded by 121 stations during the period 1996-2019.

Figure 1 shows the spatial distribution of the events and the stations of the FR20 data-
set: the majority of the events occurred close to the borders with Italy, Switzerland and
Spain. The M,, ranges between 3.0 and 5.2 (Fig. 2), with most records in the range 3.0-4.0
and the focal depth varies between 0 and 30 km. About 50 waveforms are recorded at Ry,
lower than 15 km, where we could expect to observe near-source effects. Among the events
with the largest magnitudes in the dataset, the M, 4.9 earthquake of November 11, 2019,
which occurred close to Montélimar city within the Rhone river valley, presents a con-
siderable number of records. In the last years, this event has attracted attention due to its
relatively large magnitude and the proximity to two critical facilities, namely the Cruas
Nuclear Power Plant (NPP) at R.; of about 15 km and Tricastin NPP at R, ;=25 km. This
event is characterised by a reverse fault mechanism and it is very shallow (Ritz et al. 2020;
Causse et al. 2021; Cornou et al. 2021), with hypocentral depth of about 1 km. It was
recorded by about 30 stations within 200 km and only four records are within R; <50 km,
namely, CRU1, BANN, OGLP and TRI2. The closest station, CRU1 (Vg 3,=660 m/s),
located at about 15 km from the epicentre, has recorded the largest PGA and PGV, equal to
44 cm/s? and 1.3 cm/s, respectively.

The original dataset does not provide the Style of Faulting (SOF) of the events, but the
reference GMM requires SOF as input variable. In order to infer such parameter for FR20
events, we used the seismotectonic zonation implemented in the probabilistic seismic haz-
ard map for metropolitan France by Drouet et al. (2020), which provides, for each zone,
the most likely type of focal mechanism (Strike-Slip, Normal, Reverse). In case of mecha-
nisms with equal probabilities, the event is assumed to be strike-slip, as this is the most fre-
quent style of faulting in France (Mazzotti et al. 2021; https://data.oreme.org/observation/
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fmhex). As a result, around 52% of the events (150) are classified as strike-slip, 30% (87)
are reverse and the remaining 18% of the events (53) have a normal faulting mechanism
(Fig. 3a).

Concerning the site response characterization of the recording sites, a value for the
average shear wave velocity in the uppermost 30 m (Vg 34) is associated to all the selected
recording stations. Among the 121 selected stations, 24 (about 20%) have the Vy 3, values
directly obtained from measured Vg profiles beneath the site, as provided by Traversa et al
(2020), see Fig. 3b. The remaining Vg 3, estimates are inferred from different proxies, i.e.,
the surface geology (57%) and topographic slope (23%).

3 ITA18 ground motion model

During the last years, efforts have been made in Italy to update ground motion models for
crustal active areas, starting from the GMM of Bindi et al. (2011), calibrated soon after
the 2009 L'Aquila seismic sequence. The initiative started in 2018, after the 2016-2017
sequence in central Italy, which provided a great amount of data from medium to large
earthquakes and recordings at near-source distances (Luzi et al. 2017). The related research
activity led to the compilation of a dataset for calibrating GMMs (Lanzano et al. 2022),
which includes 5778 waveforms, related to 156 events in the magnitude range 3.5-8 and
1684 recording stations located within 200 km from the epicentre. All the stations are
characterized by a value of Vg 3, that can be preferably measured or, alternatively, inferred
from topography and geological maps, with similar criteria adopted for the French stations.
The resulting V 3, mainly corresponds to EC8 (CEN 2004) soil class B, i.e., Vg 30 included
in the interval 360-800 m/s.

The dataset was first used by Lanzano et al. (2019a) to calibrate a partially non-
ergodic predictive model of PGA, PGV, and 36 ordinates of SA in the 0.01-10 s
interval, here named ITA18-H, for both the Joyner-Boore (Rz) and rupture (R,
distances. More recently, Ramadan et al. (2021) calibrated a GMM to predict the
vertical-to-horizontal ratio for the same intensity measures (ITA18-VH). Then,
the vertical component of the ground motion (ITA18-V) can be obtained from the
multiplication of the predictions of ITA18-H by the corresponding ITA18-VH
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predictions for the same scenario. For sake of completeness, a brief description of the
functional forms of ITA18-H and ITA18-VH models is provided in the Appendix 1.

4 Residual analysis of FR20 dataset with respect to ITA18 GMMs
4.1 Method

The total residuals between the ITA18 predictions and FR20 data are calculated
according to the following expression:

Re = 10810 Y 0ps—Fr20— 10810 Y pred—rrans (1)

where, R, are the total residuals obtained as the base 10 logarithm difference between
FR20 observations (Y. proo) and predictions of ITA18 (Yp4.ra;s)- The variable Yoy, rroo
refers to the different intensity measures (PGA, PGV and SA) of the FR20 dataset. For the
horizontal component, the geometric mean of NS and EW components is considered.

Because the data processing is manual (see Traversa et al. 2020 for details on the
data processing), FR20 high- and low-pass filter corner frequencies may vary. As a
result, the number of records usable for residual analysis varies with periods (see
Figure Al in the electronic supplement #1): in particular, the number of usable records
starts to decrease at periods higher than 1 s and reduces by about 40% (about 900
records) at T=2 s. As the reduction of recordings is significant at long periods, in the
following we will limit our analysis to a range of periods T=0.01-2 s for SA.

Since the geometries of the faults are not available in the FR20 dataset and
considering that for small earthquakes we can assume a point-like source, the
epicentral distance R.; is used in place of Ry and the hypocentral distance (Ry,,) in
place of R,,, for comparisons with ITA18 predictions.

In order to investigate the dependence of the residuals with respect to the
explanatory variables, the total residuals are decomposed according to the partially
non-ergodic approach for GMMs calibration (Al Atik et al. 2010; Rodriguez- Marek
et al. 2014). In particular:

R, = 6y + 6B, + 6525, + oW, (2)

where total residuals are separated into median bias (5,), between-event (8B,), site-to-site
(8S2S,) and site- and event- corrected (8W,) terms and the subscripts denote a systematic
effect for event e and/or station s. The 8B, represents the average misfit of the observed
ground motion of an individual earthquake, from the median population predicted by
the GMM. The 8S2S; represents the systematic deviation of the observed ground motion
at a station (i.e., the site term) from the median prediction of the GMM. Finally, 8W
is the site- and event- corrected residual, i.e. the leftover residual after systematic event
and site residuals are removed. The residual components are evaluated by means of the
mixed-effect modelling (Stafford 2014; Bates et al. 2015), as is commonly done for the
calibration of non-ergodic GMMs. The analyses are conducted with the firlme function,
made available in Matlab ® computational software, which allows performing linear
mixed-effects regressions.
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4.2 Results

Figure 4 shows the graph of the FR20 total bias (offset), §, in Eq. (2), for SA (H, V and VH
components) as a function of period T. The reference model is the ITA18 GMM in Joyner-
Boore distance Ry, but the findings are similar for rupture distance. Positive offset indi-
cates that the reference model underestimates, on average, the observations, while negative
values the opposite.

Since §; is found to be positive, ITA18-H predictions on average underestimate FR20
observations at short periods (T <0.2 s), both for horizontal and vertical components
of SA. Conversely, at long periods, a slight overestimation is observed (negative §).
Considering the similar trends of §, for the vertical and horizontal components, the overall
bias associated with the ratio VH is close to zero or slightly positive, which indicates a
small underestimation by ITA18-VH predictions. The observed differences between the
median seismic motion in France and Italy seem in agreement with the GMM of Kotha
et al. (2020) and Kotha and Traversa (2024), which introduced a very broad regionalization
of seismic sources and seismic attenuation properties at European scale: at short periods,
the seismic motion in France is systematically higher than that observed in Italy, especially
with respect to the Central Apennines, whose seismicity contributed crucially to the
calibration of ITA18.

Aside from median offset 8, which is based on all events, distances and site conditions,
the other residual terms in Eq. (2), namely 6B,, 8S2S, and 8W,,, can be separately exam-
ined to test whether and to what extent the ITA18 models are able to capture the magni-
tude, distance and Vy 3, scaling of the FR20 dataset. Figure 5 shows the trends of 8B, with
magnitude, 8S2S; with Vg 3, and W, with the epicentral distance for H and VH compo-
nents of SA at short periods (T=0.1 s). In the electronic supplement #1 (see Figure A2),
the same plots of Fig. 5 for SA-T=1 s are also provided. In addition, graphs of the residu-
als for the vertical component (SA-T=0.1 s and 1 s) are also presented in the electronic
supplement #1 (see Figure A3), to show that the trends are similar to those observed for the
horizontal component.

The between-event components B, do not show any significant bias with M,,, regardless
of the period under consideration, indicating that the magnitude scaling of FR20 data is
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fairly well captured by the ITA18 model, both for horizontal and vertical components
(Figs. 5a and d), even for magnitudes lower than 3.5 which are scarcely represented in the
ITA18 dataset. The 8B, values are affected by a large variability, which is likely related to
the uncertainties and regional variabilities associated to the source parameters provided of
French earthquakes (see also discussion in Kotha & Traversa 2024).

The 6S2S, values are affected by a large variability (Figs. 5b and 5e), which is probably
due to the fact that V 3, for many sites is inferred using proxies. However, the Vg 5, scaling
of the ITA18 models seems adequate to describe the site effects in France, since the
average values of 8S2S, are not affected by significant bias at both short and long periods.
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The only relevant biases concern the underestimation observed at Vg ;o> 1500 m/s
at short period, that can be related to site scaling of the reference GMM: indeed, the
scaling with Vg 5, is linear up to the threshold value, Vg 3,=1500 m/s, beyond which
the site term becomes constant. On one hand, this kind of site, representative of hard-
rock conditions, is scarcely present in Italy, where the rocks have less rigid mechanical
properties (Forte et al. 2019; Mori et al. 2020). On the other hand, such bias could also
be related to the fact that only 3 stations with Vg3,>1500 m/s dispose of measured
Vs.30. While the others have values inferred from other proxies. For long periods (see
electronic appendices), the 6S2S; of horizontal components show positive values,
indicating general overestimation of ground motion for sites with low Vg 5.

Regarding the W, median trend with distance (Figs. 5e and 5f), the ITA18-H model
tends to attenuate faster with respect to FR20 short-period data at distances larger
than 100 km (positive residuals). The opposite occurs at shorter distances, where the
event- and site- corrected residuals are on average negative. Although limited to few
zones within south-eastern France and the Pyrenees, the faster average ground motion
attenuation in Italy with respect to France is also observed by Kotha and Traversa
(2024), particularly at short periods. Using an independent attenuation tomography
approach based on coda waves, Mayor et al. (2018) also suggested higher attenuation in
Italy than in France at long distances.

The VH event- and site- corrected residuals show a much lower bias (and associated
variability) than the horizontal residuals: in epicentral area (less than 15 km) the
residuals are positive, which suggests a possible underestimation of the vertical
ground motion by ITA18 in the near field. This was also observed in the calibration
of ITA18-VH (Ramadan et al. 2021) with respect to the NESS dataset (Pacor et al.
2018), i.e., a dataset of near-source waveforms of global earthquakes of Mw >5.5. To
overcome this prediction bias, Ramadan et al. (2021) calibrated a correction coefficient
to adjust the near-field predictions (the corrected model is named ITA18-VH-NESS).

The variability of the French ground motion is computed from the standard
deviations of the residual terms in Eq. (2). In particular, the total (ergodic) standard
deviation is calculated according to the following equation:

o=/t + ¢ +0; 3)

where 7, ¢ and o, are the standard deviations associated with 8B,, 8S2S; and oW,
respectively.

Figure 6 shows the standard deviations in Eq. (3) (total and components) for SA
ordinates, compared with ITA18, for both horizontal and VH components. The total
standard deviation from the French data is significatively larger than those of the ITA18
models. This difference is mainly related to the between-event component t, which is
almost twice as those of ITA18. Such large variability of the event term was already
observed by other authors (Ameri et al. 2017, Sung et al. 2023, Kotha and Traversa
2024) and could be related to multiple causes:

a) The different seismotectonic features of France with respect to Italy, which includes
areas with frequent active crustal seismicity (Alps, Pyrenees) and areas with more
stable continental seismicity in the north-west of the country. Moreover, the calibration
datasets FR20 and ITA18 have different M,, ranges, since FR20 is shifted toward small
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and intermediate values (3.0-5.2) when compared to the range of the ITA18 dataset
(3.5-17.5);

Magnitude estimates of FR20 are affected by a significant uncertainty, related to the fact
that Mw estimates are not homogeneously estimated over the FR20 earthquakes (see
Traversa et al. 2020 for details). As a matter of fact, previous works suggested possible
lack of homogeneity in the Mw estimates of the Si-Hex catalogue (Cara et al. 2015),
associated to the FR20 earthquakes, with respect to other estimates (see for example
Ameri et al. 2017). Cara et al. (2015) also highlighted a lack of homogeneity in the Mw
estimates for different magnitude ranges within the Si-Hex catalogue itself. Earthquake
depths are also poorly constrained in France, mainly due to a less dense station coverage
than Italy and to the fact that earthquakes are mostly located close to the borders and
the coasts;

Finally, although scaling with magnitude showed no trend, the large event variability
suggests a role of other source parameters, such as stress drop, focal depth, etc. Indeed,
the regional or local difference in terms of stress drop is indicated by several authors
(e.g. Drouet et al 2010; Ameri et al. 2017) as one of the causes of the highest variability
of the event term at high frequencies.

Regarding the variability of the site-to-site term, ¢, the one observed for the FR20
dataset is higher than ITA18 only at short periods, probably due to the quite large varia-
bility among the French sites (see Fig. 5¢), due to the greater presence of hard-rock sites
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in France, with less attenuating properties than the rock in Italy (Cotton et al. 2006;
Drouet et al. 2010). The variability obtained from the aleatory residual of FR20, i.e. o),
is also higher than that obtained from ITA18, arguably due to the differences between
the average seismic motion attenuation in France and Italy, observed in Fig. Se.

The values of the standard deviations of the components of the residuals for VH are
very similar to those obtained by Ramadan et al. (2021) for ITA18, confirming that the
VH variabilities are always smaller than those obtained for horizontal component and
much less influenced by the regional characteristics of the seismic motion.

5 Adjustment models for France

Based on the previous findings, period-dependent correction factors are calibrated to
adjust ITA18 predictions to the FR20 dataset, according to these criteria:

— The prediction for horizontal components takes into account (a) a global corrective
term (bias), (b) a correction for the scaling with distance and (c) a set of corrective
coefficients to capture the ground motion peculiarities of the different seismogenic
areas of France and reduce the event variability;

— The prediction for VH ratio is only adjusted for short-distance conditions
(R< 15 km).

5.1 Model for the horizontal components

Based on the trend of residuals observed in the previous section for the horizontal
component of seismic motion in France, an adjustment term 6, is calibrated, such that the
predictions for the French territory can be obtained using the model:

log1 Y proo-n = 10810 Yira18-1 + 61 4

The adjustment term &y is described by the following equation:

6H = 611 + 603 \ R2 + h2 + 5L2Lz|source zones + 6Be|events + 5S2Ss|5mtigns + 6Wex (5)

where the period-dependent coefficients are: 6, is the global bias with respect to ITA18
(Fig. 4); 6.5 is a fixed-effect correction of the c; coefficient of ITA18 to account for
anelastic attenuation differences (see Appendix 1); 6L2L, is the so-called location-to-
location random-effect term (e.g., Kotha et al. 2020), i.e., the systematic bias of the ground
motion, observed for events originating at a given source (or source zone) with respect to
the median prediction of a GMM. For the model proposed in Eq. (5), each §L2L, refers
to a source zone z, defined by the seismogenic zonation proposed in the next section
(Sect. 5.1.2). R and h represent the source-to-site distance and pseudo-depth, respectively.
Note that the values of h are not recalibrated but assumed to be the same as those proposed
for ITAI1S for the sake of simplicity. 6B,, 6525, and 6W , already been introduced in the
previous section, are recalculated considering the functional form in Eq. (5). Two sets of
coefficients are provided in electronic supplement #2, by considering R as epicentral (R;)
and/or hypocentral (Ry,,)) distances, respectively.
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5.1.1 Anelastic attenuation correction

To adjust ITA18-H predictions by considering the differences in attenuation character-
istics observed for the French data, a corrective term for the anelastic attenuation coef-
ficient is estimated through regression on all FR20 data. Figure 7 shows the trend of the
anelastic attenuation coefficient ¢; (see functional form in the Appendix 1) for Italy and
France. In the first case, we refer to the c; obtained from the ITA18 calibration, while for
the French territory, the global attenuation is obtained by summing the c¢; of ITA18 with
the 6,5 obtained from the calibration of the corrective model in Eq. (5).

The global attenuation coefficient is larger for the French dataset with respect to the
ITA18 one over the whole period range. From a physical point of view, this means that the
median attenuation for the French territory is always slower than that observed for Italy.
However, it should be noted that, for periods larger than 0.25 s, ¢;3+6,, for France becomes
weakly positive (dotted line in figure): this is an undesirable effect in GMM calibration
that is quite commonly found at long periods. Specifically, when the attenuation decays
with an upward rather than a downward concavity, at very long distances, it may occur that
the ground motion increases at very long distances rather than decreases. Lanzano et al.
(2019a) reports the occurrence of this undesirable effect also in the ITA18 calibration,
which can be resolved by imposing that the anelastic attenuation term is zero, when it
becomes positive. In the calibration of the model in Eq. (5) we then impose that ¢;+5.5 =0
for T> 0.3 s and re-adjust the other coefficients (fixed and random terms).

5.1.2 Source zonation

Recently, a seismogenic zonation for French territory was introduced by Drouet et al
(2020) for seismic hazard assessment. The zonation proposes to aggregate the seismic
source zones for the French territory into 11 domains, based on geological, seismotectonic,
seismological and geophysical information (see Fig. 8a).

The map in Fig. 8a shows the FR20 earthquake epicenters which are located in 8 out
of the 11 domains, but some of them are sampled by very few events. As a first stage,
a preliminary analysis is performed with the aim of merging some seismogenic domains
based on the trend of the between-event residuals (6B,), following an approach similar

Fig. 7 Anelastic attenuation coef-
ficient of ITA18 (c;) and the one
adjusted for France (c;+6,5) as a
function of period (dotted line is
the original regression; continu-
ous line, the readjusted one)

x1073

Anelastic attenuation coefficients [-]

10" 10°
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Fig.8 a Seismotectonic map pro- a)
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to Brunelli et al. (2023) for Italy. The 6B, estimates, computed using Eq. (2) without
considering the random effect on the source zonation, are first averaged per domain and
then merged on the basis of the similar average trend. The groupings are also supported by
geological and structural considerations (e.g. the similarity of focal mechanisms). In this
way, the number of 6L2L, effects is reduced, and we finally consider 5 source zones in Eq.

(5) (Fig. 8a):

1. Western and Northern Alps (WNA);
2. Provence—Ligurian basin (PLB);

3. Armorican Massif (AM);

4. Pyrenees (PY);

5.

Others (OT), grouping all the events that are not located in the previous zones.

Figure 8b shows the 6L2L, values for the five source zones to emphasise the role played
by the source zonation into the model. 6L2L, is positive at short periods for the Armorican
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Massif, indicating that the ground motion is up to 1.8 times higher (6L2L =0.25) with
respect to the median model without correction coefficients for spectral ordinates at
T=0.07 s. The corrections for the Alps and Pyrenees have mirrored trends, with negative
6L2L, values, resulting in a maximum reduction of about 30%, at short periods, with
respect to the median ITA18 model corrected for the global bias and regional attenuation.
For Provence and the Ligurian basin, the bias is most important for the intermediate periods
with maximum reduction of 43% for the spectral ordinate in the interval T=0.8-1.5 s.
Finally, the OT correction is on average null and thus, for these areas, the median model
can be used without correction.

In order to verify the robustness of the 6L2L, estimates, we have also reported the
spectral values of the Standard Error (SE) associated with the correction estimates for the
different zones in Fig. 8. The uncertainty associated with 6L2L, varies with period but
is higher at short (T <0.1 s) and long periods (T>1 s), while it is lower at intermediate
periods. The SE values are not negligible, especially for some areas such as AM and PLB,
but the maximum values do not exceed half the 6L2L,.

5.1.3 Model variability

The total standard deviation of . FR20-H can be calculated as:

6=\/12+¢2+122L+0'§ (6)

where the standard deviation of the 6L2L_ term, called 7;,;, is also included, while the
other terms refer to the standard deviations of the event term (), site (¢) and the leftover
aleatory variability (), defined in the previous section. On the other hand, to calculate the
single-zone standard deviation, o, i.e., the one associated with the prediction including the
zone correction, we can refer to Eq. (3).

Figure 9 shows the different components of variability compared with those provided by
ITA18 and the GMM by Ameri et al. (2017), considering their base-model (without stress-
drop correction) with magnitude-dependent T (see Ameri et al. 2017 for details).

The standard deviation of T is reduced by 10% compared to that obtained from the
analysis of the residuals in Fig. 6, and this result is due to the introduction of the zone
correction, whose variability (z;,;) has non-negligible values, especially at short periods.
However, the reduction of 7 is still small, and the reason may be twofold: the characteristics
of the FR20 dataset still do not allow to significantly improve the performance of
the model, because of the limited coverage of events, sites, and paths. Moreover, the
differences between ITA18 and the model proposed here could be related to the quality
of the metadata of the FR20 dataset, in particular the values of moment magnitude and
event depth, as mentioned above. Furthermore, several non-ergodic models in the literature
(Kotha et al. 2020; Sgobba et al. 2021) have shown that the introduction of the zone-based
correction, although leading to an improvement in median estimates, often causes only a
limited reduction of the event variability, which must be sought in other causes (e.g. stress-
drop variability or poor quality of the event metadata). When compared to other models,
7 still remains higher than ITA18 at the short periods; on the contrary, the event standard
deviation is lower than the heteroscedastic model by Ameri et al. (2017) for T<0.7 s,
computed for M < =4.0.

The site-to-site standard deviation remains unchanged from the previous residual
analysis, as we have not added a term in the correction 65 (Eq. [5]) to account for
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Fig.9 Comparison between the standard deviations of the model proposed in this study for horizontal com-
ponents and those by Ameri et al. (2017) and ITA18. a between-event (t) and location-to-location (z;,;), b
site-to-site (¢p), ¢ event- and site-corrected (o) and d single-zone (o) and total (c,,,) standard deviation

differences at the short periods, observed in the site effects in Italy and France. The
variability of the leftover aleatory residual, 6, is closer to that of ITA18, while the
values of the total variability reflect the differences seen in terms of between-event
standard deviation. o,,, is still quite high but is comparable with the total standard
deviation of the Ameri et al. (2017) GMM for low magnitude earthquakes.

5.2 Model for VH ratio
5.2.1 Functional form

As shown in Fig. 4, no significant bias is observed for 8, (global offset) for the FR20
dataset with respect to the ITA18 model. As a consequence, no global adjustment is
necessary to introduce in the VH model for France. However, considering the trend with
distance of the event- and site- corrected component dW, at short periods (Fig. 5f),
a positive bias has been observed in the near-source region (R,; <15 km). To model
this deviation, we calibrate an adjustment term, that allows to obtain the prediction for
France Y| gy as follows:
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10210 Y1 pro0-vr = 10810 Yrrats-vu + Svm @)

where ITA18-VH is the VH model for Italy (Ramadan et al. 2021) and 6, is the corrective
factor. 6, is modelled starting from the median value of event- and site- corrected
residuals for the observations with R, ;<15 km. Figure 10 shows the median values of
8W, as a function of period for R.; and R, since the median values are calculated on
a limited number of recordings (about 60), the bias does not change smoothly with period
but presents many jumps. For this reason, rather than using the averaged value of dW,, as
model correction, we prefer to linearize the empirical curve, according to the following
expression:

0.06 for T < 0.07s
5. (7)) LE6TT=0056  for007s <T <015
vH —0.122T + 0.122  for0.1s<T < 1Is ®)
0 for T > 1s

The expression of 6, follows the shape of the mean residual W, for the first peak at
0.1 s and goes to zero at 1 s; at longer periods we ignore the increasing trend as the long
periods of small earthquakes are poorly sampled (see Fig. 10).

5.2.2 Model variability

As shown in Fig. 6, the variabilities of the .LFR20-VH are small and similar to the
ITA18-VH ones. The introduction of the adjustment term will not change the results, given
the small number of data at short distances. Consequently, in this study, the VH standard
deviations of the I.LFR20 model are assumed to be equal to those of the ITA18 model.
VH standard deviations should be used together with the horizontal model variabilities
to perform a propagation of uncertainty and obtain the vertical component standard
deviations. With respect to the horizontal component, the effect of the VH ratio on the
variability is very small and the vertical component standard deviation matches with the
horizontal ones (see Ramadan et al. 2021). For this reason and for the sake of simplicity,
the vertical component standard deviations are proposed to be equal to the [.FR20
horizontal ones.

Fig. 10 Mean value of the ITA18 0.15
VH event- and site- corrected -—— Repi
residuals (8W,,) as a function _ ---R,
of period for the records within e ) e
15 km and 6,,4(T) model to cor- g’ 0.1 VH
rect ITA18 VH in near-source =
condition for French events %8
S 005 1
= i
T f\ /"
; S ’/I'\\\\/::\/’l
0 \'I 7 ~q
107" 10°
T[s]
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6 Predicted spectra for France

6.1 Horizontal ground motion

In this section the predictions of the proposed model for horizontal components are
presented in comparison with the reference model ITA18. Figure 11 shows the model
predictions as a function of distance up to 100 km by the I.LFR20 (this study) and
ITA18 for two different scenarios (M,, 3.5 and Vg ;,=500 m/s for WNA; M,, 3.5 and
Vs.30=1000 m/s for PY), selected in order to display in the figure the available observa-
tions in near source conditions.

The above figure demonstrates that the observed data trend is quite well predicted by
the proposed model, with most of the observations included in the associated standard
deviation. However, in some cases such as the WNA region (Western and Northern
Alps), there is a high variability among the records, and some of them at long distances
exceed the median prediction plus the standard deviation. We can clearly observe the
slower attenuation of the proposed model with respect to the predictions of ITA18.

Figure 12 shows predicted spectra by the proposed model for the 5 different source
regions and by the ITA18, Ameri et al. (2017) and Kotha et al. (2020) GMMs at short
distance (Rjp=35 km) for Vg 3,=500 m/s and two different magnitudes (My,=3.5 and

a) M, 3.5, Vg ;,=500 m/s, WNA b) M, 3.5, Vg ,,=500 m/s, WNA
102 L
L g 0
= 2 10%¢
- )
% LY <
[72] ® Observed : @
-2 || I.LFR20 -2
e 10
—====1TA18
10° 10’ 102 10° 10’ 102
R g [km] R g [km]
c) M,,3.5, Vg 4,=1000 mis, PY d) M,,3.5, Vg 5,=1000 mis, PY
102 L
L g 0
= 2 10
- )
2 3
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-2 || I.LFR20 2
10—, 10
—=-==-ITA18
10° 10° 102 10° 10° 102
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Fig. 11 GMMs predictions for horizontal component (this study and ITA18) and observed records as
a function of Joyner-Boore distance for two spectral ordinates at T=0.1 s and 1 s and a scenario with
M,,=3.5 and sites with Vg 3,=500 m/s located in WNA (a and b) and sites with V¢ 3,=1000 m/s located
PY (c and d). The observed data are selected considering M, +0.3 and Vg30£300 m/s
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Fig. 12 Horizontal acceleration response spectra predicted by 1.FR20, ITA18, Ameri et al. (2017) and
Kotha et al. (2020) GMMs for two scenarios with M,, 3.5 (a, ¢ and e) and M,, 5.0 (b, d and f), Riz=5 km
and Vg 30=500 m/s. Top panel (a and b): GMMs predictions for WNA; middle panel (¢ and d): GMMs pre-
dictions for PY; bottom panel: GMMs predictions for the other zones (OT, AM and PLB)

My, =4.5). Electronic supplement #1 also provide the plot (see Figure A4) for longer
distances (Ry3 =50 km).

The structure of the model by Kotha et al. (2020) is typical of the non-ergodic GMMs
(Al Atik et al. 2010) and is similar to the corrective model we propose for France (Eq.
(5)) since they both provide regional non-ergodic terms to account for differences in
ground motion behaviour among different source and attenuation regions. The zonations
used by Kotha et al. (2020) and those proposed in this paper are different; therefore, it was
necessary to identify in Kotha’s zonation those that could roughly match ours. Figure AS
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in the electronic supplement #1 shows the source zones and attenuation zones of the Kotha
et al. (2020) model, used for the predictions in Fig. 12: we can clearly identify zones
corresponding to WNA and PY for both source and attenuation corrections proposed by
Kotha et al. (2020). For the other zones (AM, PLB and OT), we consider the Kotha et al.
(2020) predictions without regional corrections.

The response spectra predicted by I.LFR20 show a peak at shorter periods (between
T=0.04-0.06 s, depending on the region) than the ITA18, Ameri et al. (2017) and
Kotha et al. (2020), which show the peak at periods about T=0.1-0.15 s. The [.FR20
SA amplitudes for WNA and PY are the lowest, compared to the other GMMs and to
other regions, for both My, 3.5 and 5.0. This result supports the suitability of the source
regionalization, since the contribution of 6L2L, counterbalances the excess of high
frequencies that was observed in the global bias (Fig. 4), resulting in ground motion
values equal or lower than the reference GMM for these regions. In contrast, the spectral
amplitudes of I.FR20 are higher than those predicted by the other models for PLB, AM
and OT regions at short periods (up to T=0.1 s) and become lower for longer periods.
In these cases, the increase in high frequency content highlighted by the global bias
(Fig. 4) is enhanced. This result suggests that such larger high frequency content might be
representative of areas in mainland France with rarer seismicity.

For My, 3.5 (Fig. 12a, b) the I.LFR20 spectra of PY and WNA regions show similar
predictions to the Ameri et al., (2017) model; while, for My, 5.0, LFR20 predictions are
lower than those of the other models for most periods (T >0.07 s). Regarding the model of
Kotha et al. (2020), a different scaling with magnitude is observed with respect to I.FR20
(and thus also ITA18). Indeed, for My, 3.5, the predictions are higher, while for My, 5.0 the
predicted values are lower and closer to those of the GMM calibrated in this study.

6.2 VH ratio

The spectral predictions of VH ratio are shown for two different scenarios in Fig. 13 and
the results are compared with the reference model ITA18-VH and ITA18-VH-NESS (Ram-
adan et al. 2021), the latter being the model for Italy, corrected for near-source effects.
The comparison is presented for different M, and R scenarios with strike-slip fault and
Vs.30=500 m/s. Note that the scenario Mw=35.5 is beyond the domain of applicability of

a) o S8, R ;=1 Km, Vg , =500 mis b) o M, 4.5, SS, Vg ;=500 m/s
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Fig. 13 VH prediction scenarios in near-source for LFR20-VH (this study), ITA18-VH and ITA18-VH-
NESS (Ramadan et al. 2021) for different a magnitudes and b Joyner-Boore distances
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the corrective model I.FR20-VH, and that the comparison is only made for discussion pur-
poses, as the NESS validity domain only begins at Mw=5.5.

Figure 13a shows that, for M, 5.5, .FR20 predictions (red line) are in agreement with
the ITA18-NESS ones (black solid line), confirming the validity of the approach adopted
in this study. For smaller events (Mw 3.5), the .FR20 model shows a higher VH ratio with
respect to ITA18 and ITA18-VH-NESS, because the correction coefficient in ITA18-VH-
NESS is significant only for M, higher than 5. With respect to R;z (Fig. 13b), we observe
higher I.FR20-VH ratios with respect to the other models, since the correction coefficient
for the French dataset is constant over distance.

7 Conclusions

France has a peculiar seismicity, characterized by events of small-to-medium magnitude
and lower frequency of occurrence than other tectonically active European regions, such as
Greece, Turkey, and Italy. In addition, seismicity is spatially distributed over the territory
in an inhomogeneous way, with high earthquake concentration in some areas (along
the Alpine and Pyrenean chains) where it is more frequent, and with sparse occurrence
in others, where it is much rarer (Armorican Massif, central France and the Parsi and
Aquitaine basins).

These characteristics make it rather complex to determine an indigenous GMM for
seismic hazard purposes, relying only on records of events that have occurred in the area
under consideration. In fact, the few attempts to determine an empirical model for France
have always benefited from the introduction of data from other regions, such as the GMM
proposed by Ameri et al. (2017).

In this paper, to overcome the paucity of data, we develop a GMM for continental
France by adapting an existing active shallow crustal model to a conveniently constructed
dataset of French ground motion data. The proposed model is valid for PGA, PGV and
the ordinates of the response spectrum in the period interval T=0.01-2 s, both for the
horizontal component and the vertical-to-horizontal ratio. The procedure consists of the
following steps:

1. A dataset of recordings is prepared for the area under investigation. In our case, the
dataset, called FR20, is a subset of the database of Traversa et al. (2020) and it consists
of 2327 records from 290 earthquakes recorded by 121 stations during the period 1996—
2019 in the Mw range 3.0-5.2;

2. A reference GMM is identified, related to a neighbouring region and/or one with
(partially) similar seismic motion characteristics. In this case, the ITA18 model is
considered, i.e., the most recent GMM for the Italian territory, available for both the
horizontal component (Lanzano et al. 2019a) and the vertical-to-horizontal (VH) ratio
(Ramadan et al. 2021);

3. The residuals between the empirical dataset and the reference GMM are calculated to
identify the presence of systematic biases on the total residual and with respect to the
scaling with the main explanatory variables. In the case of FR20, the horizontal residuals
show a total bias over the whole range of periods, leading to an underprediction of
ground motion at short periods (T=0.01-0.2 s) and a moderate overprediction at longer
periods. In addition, the attenuation with distance is slower than that predicted by ITA18
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at short periods. The VH residuals, on the other hand, show that ITA18 only tends to
underpredict the amplitudes of the FR20 data near the source (R.; <15 km);

4. Based on the values of the standard deviation associated with the residuals, the benefit
of adding parameters/dependencies or random effects to the functional form of the
reference GMM is evaluated. In the case of FR20, the variability of the between-event
residual (7) is particularly high for the horizontal component and can be partially
reduced by accounting for systematic differences among the observed ground motion
amplitudes for events originating in different source areas (e.g., differences in ground
motion produced by earthquakes in the Alps and in the Armorican Massif);

5. Finally, a corrective model is calibrated that accounts for all observed biases and
additional terms useful for improving the predictive capability of the regional model
and reducing the associated variability. The correction models proposed for France are
those in Eq. (5) for the horizontal component (6) and in Eq. (8) for the VH (6).

The predictions corrected for 65 and 6, aim at capturing the main characteristics
of ground motion more accurately, showing peculiar spectral shapes for different areas
of the France territory. As a matter of fact, the regionalization of the source effect
results in significantly different adjustment terms for the different regions, which
either compensate or enhance the excess of high frequencies observed over the whole
FR20 (Fig. 4). This suggests that such rich high-frequency content in the response
spectra might be peculiar of the more tectonically stable areas of metropolitan France
(Armorican Massif, Central France), while it vanishes in the more tectonically active
areas (Pyrenees, Alps).

Despite the good performance of the median prediction, the model still has a large
associated variability, especially for the between-event term. This evidence was already
pointed out by other authors (Ameri et al. 2017; Kotha and Traversa 2024) and might
possibly be related to a lower quality of the source metadata in France, which might
need to be revised in the future.

The validity limits of the correction-terms are closely related to those of the
reference dataset, especially in terms of the Mw range, which varies between 3.0 and
5.2. Extension of the model to higher magnitudes for seismic hazard applications needs
to be addressed by introducing other constraints, which, in the future, could be provided
by the results of physics-based 3D numerical simulations (Smerzini et al. 2023) or
other records of earthquakes in neighbouring areas of medium-to-low seismicity (e.g.,
Belgium, Germany, Switzerland, Spain, etc.), for which ground motion is expected to
have similar characteristics. However, the similarity between ITA18 and the ground
motion observed in the Alps and Pyrenees chains suggests that the adjusted model could
be tested for hazard analysis by extending the range of validity in magnitude to higher
values. For the less sampled zones, the high frequency excess could be interpreted by
the higher earthquake stress drops expected for these zones, due to the immaturity of the
faults (Radiguet et al. 2009).

In future, more complex functional for 6y and 6y could be considered, with
additional parametrization and random-effects. Based on the results of this study, some
hints to move in this direction are:

— Besides obviously increasing the dataset as new data become available, it is crucial

to constantly improve the quality of event, site and recording metadata as much as
possible. In all the strong motion datasets, the most problematic event metadata are
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magnitude and depth, which can have a considerable impact on the final prediction
of the model; the available earthquake catalogues often contain unharmonized
magnitude estimates (using different methods, conversions), while depth is often
assessed in a conventional manner due to the limitations of the monitoring system.
The station metadata could be also improved, for example determining Vg 3o
using Vs profiles from geophysical measurements, or determining additional site
parameters would also allow to model the differences between sites in France and
Italy in the ITA18 adjustment, especially with regard to the characteristics of stations
on outcropping rock (Cotton et al. 2006);

— The regionalisation of sources can be improved by introducing an ad-hoc zonation,
based on the spatial pattern of event residuals (see Brunelli et al. 2023), rather than
using an existing one built for different purposes. Seismological parameters, such
as stress drop, which have been shown to capture the variability of motion at high
frequencies, could also be introduced in an advanced version of the model (Ameri et al.
2017; Sgobba et al. 2023);

— Finally, to complete the regionalisation of ground motion in France, it would be
appropriate to study the local characteristics of the source-to-site propagation. As
a matter of fact, Sung et al. (2023) observed that there is a strong variability of the
attenuation across the French territory. Introducing a spatially variable éc; term that
corrects for the GMM attenuation with distance is not straightforward and depends
heavily on the number of paths sampled from the dataset. However, it represents one
of the fundamental aspects to be explored in the future to interpret the variability of
ground motion in France.

Appendix 1
Summary of ITA18 GMMs

The functional form for horizontal component, ITA18-H, is:

log\oY = a+ Fy (My,SoF) + F;,(My,R) + Fg(Vg) + 0 (A1)

— <
Fy(My. SoF) = f,SoF; + { b1(Mw — MhywhereMw < Mh }

b2(Mw — MhywhereMw > Mh (A2)

Fp(My.R) = [c,(M = M) + c,]l0g,gVR® + h2 + ¢, VR? + 2 (A3)

B Vo Vo = VgzoforVgsy < 1500m/s
Fs(Vsso) = k(@){ Vo = 1500m/sforVg, > 1500m/s (A4)

6 =1/T+ bsys + Py (AS)

Y is the observed IM, i.e. the peak ground acceleration and velocity (PGA and PGV) and
36 ordinates of acceleration response spectra at 5% damping (SA) in the period (T) range
0.01-10 s. The prediction is valid for RotD50, which is the median of the distribution of the
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Intensity Measures (IMs), obtained from the combination of the two horizontal components
across all non-redundant azimuths (Boore, 2010).

The explanatory variables are the moment magnitude My, the source-to-site distance R
(for both the Joyner-Boore and rupture distance metric), the shear wave velocity Vg 3, and the
styles of faulting SOF;, which are dummy variables, introduced to specify strike-slip (j=1),
reverse (j=2), and normal (j=3) fault types.

The hinge magnitude M,, the reference magnitude M, and the pseudo-depth h are
obtained in a first step non-linear regression. The coefficients a, by, b,, ¢y, ¢5, ¢3, k and f; (f;
for strike-slip, £, for thrust fault, and f; for normal fault) are calibrated by a mixed-effect linear
regression (Bates et al. 2015). The random-effects are applied to stations and events, in order
to estimate the partially non-ergodic sigma according to Al Atik et al. (2010), where T and
(q,g represent between-event and site-to-site variability, respectively, and ¢, is the standard
deviation of the event- and site- corrected residuals. The coefficients were provided in
Lanzano et al. (2019a).

The general mathematical expression for vertical to horizontal ratio (ITA18-VH) is the
same of Eq. [A1] and the parameters Y for which the model was calibrated are the same as for
the horizontal component.

The functions related to source and attenuation are different:

Fy (My, SoF) = bMy, + f,SoF; (A6)

Fp(My.R) = [c,(M = M,;) + c,]log g VR + h? (A7)

Scaling with Vs30 (Eq. [A4]) and residual decomposition (Eq. [A5]) are unchanged from
the model for the horizontal component. The coefficients were provided in Ramadan et al.
(2021).
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