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Abstract

The reliable estimation of site amplification is crucial for seismic hazard and risk assess-
ment. Although the amplification estimates are traditionally site-specific, recent efforts
have focused on developing site amplification models for large areas. To this aim, we
compiled existing site amplification factor estimates in Italy derived from different empiri-
cal methods. We then employed goodness-of-fit metrics and statistical tests to assess their
mutual consistency and their agreement with predictions from an available 1D simulation-
based model. We found a high correlation between the period-dependent site amplifica-
tion factor estimates, suggesting that empirical methods consistently measure the relative
amplification levels of different sites. Systematic differences among empirical estimates,
observed particularly in Central Italy, are primarily due to the choice of the reference
ground motion and can be corrected for by applying a simple scaling factor to a common
reference ground motion level, thereby confirming the robustness of empirical estimates.
Conversely, the comparison between empirical data and 1D simulations revealed a poor
correlation, with the latter failing to reproduce the full range of observed amplification.
For rock and stiff sites, 1D simulations tend to overestimate empirical amplification. In
contrast, for a smaller fraction of soft-soil sites (e.g. within large basins), 1D simula-
tions underestimate empirical amplification, likely due to their inability to model complex
2D/3D effects. These results suggest that the development of regional or national site-
amplification models should prioritize empirical site amplification estimates.
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1 Introduction

Site amplification may induce large variations of earthquake ground-motion over distances
of several hundred meters (Hartzell et al. 1997; Cultrera et al. 2011; Mayoral et al. 2019;
Kramer and Stewart 2025; among many others) and therefore is recognized as a critical fac-
tor for seismic hazard and risk assessment.

Recently, a number of studies have developed large-scale site amplification maps to
improve seismic risk assessment (Crowley et al. 2019; Weatherill et al. 2022; van Ginkel et
al. 2022; Sgobba et al. 2024). These studies have typically relied on empirical determination
of frequency-dependent site amplification at recording sites of permanent seismic networks
and extrapolation to large areas using site condition proxies, such as time-averaged shear-
wave velocity in the shallower 30 m depths Vs,30 (Thompson et al. 2014), topography
(Wald and Allen 2007) and surface geology (Vilanova et al. 2018). A crucial step in such
studies is the validation of the large-scale site amplification models, which can be primarily
performed by comparison with empirical site amplification data not included in the calibra-
tion dataset (Bergamo et al. 2023). However, the limited number of independent empiri-
cal observations with respect to the model spatial scale often hampers a fully independent
validation; in such cases, alternative resampling-based strategies, such as leave-one-out
cross-validation of empirical data, can be adopted to assess the robustness and predictive
performance of the model (Sgobba et al. 2024).

In order to develop a national site amplification map in Italy, a simulation-based approach
has been proposed by Falcone et al. (2021). They have collected subsurface data from a large
database of seismic microzonation studies (Moscatelli et al. 2020); in particular, borehole
logs, shear-wave velocity (Vs) profiles and associated physical and mechanical properties.
Such data were grouped based on a geomorphological-geological clustering of the national
territory (Mori et al. 2020); then, an extensive study of about 30 million 1D equivalent-lin-
ear ground response analyses (GRAs; Kottke et al. 2013; Kramer and Stewart 2025; Acunzo
et al. 2023), with randomization of the 1D model parameters to account for spatial vari-
ability, has been performed to produce maps of period-dependent site amplification factors
(AFs). Recent studies focused on combining such simulation-based 4Fs with the national
probabilistic seismic hazard model of Italy (PSHM; Stucchi et al. 2011) for seismic risk
mitigation purposes (Sabetta et al. 2023; Pieruccini et al. 2024; Albarello et al. 2025).

The median predictions of AFs distributions from this large-scale simulation-based
model have been verified against (i) the median estimates obtained by 1D GRAs calibrated
on site-specific Vs profiles retrieved from local detailed seismic microzonation studies (Fal-
cone et al. 2021; Paolucci et al. 2020) and (ii) the median values of AF’s calculated according
to the functional form of the Vs,30-based site amplification term of the Bindi et al. (2014)
ground motion model (GMM). However, a systematic consistency check of the outcomes
of such studies against independent empirical AFs estimates derived from ground-motion
observations has only been partially performed (Lanzano et al. 2025).

Leveraging the availability of large databases of empirical site amplification for the
national territory (Priolo et al. 2020; Lanzano et al. 2025) and prompted by the involvement
in the national research project “SERENA” (Mapping Seismic Site Effects at REgional
and NAtional Scale, MUR-PRIN Italian project 2023-2025, Prot.2020MMCPER), which
was aimed to develop a new simulation-based site amplification model for Italy, this work
addresses two primary objectives: (1) to compare the empirical estimates of AFs from dif-
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ferent methods in order to evaluate their agreement and (2) to perform a consistency check
of the simulation-based AFs against independent empirical data. In particular, comparing
empirical and simulation estimates allows for a better understanding of how well simpli-
fied 1D simulations describe site amplification, assuming that the experimental estimates
are unbiased with respect to the broad range of site amplification effects (2D and 3D reso-
nances, focusing and defocusing of seismic waves due to topographical irregularities and
basin-edge generated surface waves; Kramer and Stewart 2025; Anderson 2007).

While the comparison of empirical site amplification data from different techniques has
generally shown a satisfactory agreement (Grendas et al. 2025; Bindi and Kotha 2020; Pilz
et al. 2009; Parolai et al. 2004), numerous studies have compared the empirical site amplifi-
cation as measured by recordings from downhole array sites in US, Japan and Greece with
predictions from 1D GRAs, questioning the wide applicability of 1D simulations (Afshari
and Stewart 2019; Kaklamanos et al. 2013; Kaklamanos and Bradley 2018; Pilz and Cotton
2019; Tao and Rathje 2020; Hallal et al. 2022). Among such studies, those investigating a
large number of KiK-net sites in Japan (more than 100, Thompson et al. 2012; Laurendau
et al. 2018; Pilz and Cotton 2019), showed that only a variable fraction of these sites (from
16% to 70%) is well modeled using 1D GRA, suggesting that the 1D approximation is often
inadequate to fully describe site amplification. Pilz and Cotton (2019), which investigated
354 sites, found that approximately 45% of the investigated sites exhibited significant 2D
and 3D effects, which extended the site resonance frequency towards shorter periods and
produced additional amplification beyond that predicted by impedance contrasts alone.

In the present study, the available empirical estimates for the Italian territory include
site amplification data (Priolo et al. 2020) obtained from the Standard Spectral Ratio (SSR,
Borcherdt 1970) and the Generalized Inversion Technique (GIT, Andrews 1986; Castro et
al. 1990; Boatwright et al. 1991; Ameri et al. 2011; Oth et al. 2011; Klin et al. 2018; Shible
et al. 2022; among others). In addition, the significant expansion of ground-motion data-
bases allowed to conveniently estimate the frequency dependent amplification by analyzing
site-to-site ground motion residuals (452S) for the national territory (Lanzano et al. 2025);
this term measures the repeatable systematic deviation of seismic ground-motion from a
reference partially or fully non-ergodic GMM (Rodriguez-Marek et al. 2011; Luzi et al.
2014; Kotha et al. 2018; Weatherill et al. 2022; among others). A major difference between
the previously mentioned empirical methods lies in the reference ground-motion used to
measure site amplification: (i) the recording at a reference site considered unaffected by site
amplification, in the case of SSR and GIT, or (ii) the median GMM prediction for a reference
condition, generally corresponding to outcropping rock, for 4S2S.

In the following sections, we first describe the available empirical site amplification
estimates. Then, we present a framework for the comparison of estimates from different
methodological approaches using goodness-of-fit metrics and statistical tests. Finally, we
use this framework to evaluate the robustness of empirical estimates and analyze residual
distributions between empirical and simulation-based site amplification data.

2 Empirical site amplification factor data
In this study, we considered AFs based on three empirical methods for site amplification

estimation: SSR, GIT and 6S2S. These methods are detailed below.
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SSR method (Borcherdt 1970) isolates the site amplification term at a specific location
by identification of a nearby reference site unaffected by local site amplification (in general
on outcropping bedrock conditions). This is a non-trivial task as many observations proved
that outcropping rock sites often show high frequency ground-motion amplification which
leads to biased estimates of the site amplification term for the specific site under investi-
gation (Steidl et al. 1996). Assuming that the reference site contains the same source and
propagation effects of the site of interest, the ratio of the recordings obtained for the same
earthquake at the site of interest and that at the reference site completely describes the site
amplification as a function of period (or frequency):

nAg (f) =) [In(FAS ()~ In (FAS:(f)]/(N = 1) )

where Ay (f) is the site amplification function at k-th target site, F'AS;;, and FAS;, are
the Fourier Amplitude Spectra of the recording from the i-th earthquake at k-th target and
r reference sites, respectively, and N is the total number of earthquakes (Borcherdt 1970).

In general, this method is applied to data from dense, local arrays (Parolai et al. 2004)
as it is difficult to find a nearby reference site for which the ratio between site-to-reference
distance and epicentral distance is minimised.

In the GIT approach, the site amplification function is calculated by solving the following
linear system of equation (Andrews 1986):

InUi(f, R) = InS; (f) + InAy (f) + InPi(f, R) 2

where Ui (f, R) represents the spectral amplitude of the recording obtained at k-th site at
hypocentral distance R from the i-th earthquake with source function S; (f), Ay (f) is the
site amplification function and P, (f, R) is a function accounting for amplitude attenu-
ation. As this system of equations has two undetermined degrees of freedom, it needs to
be constrained by selecting one (or more) reference site and fixing the attenuation at a
given reference distance to be solved. Suitable solving schemes include parametric and
non-parametric methods and single or multi-step inversion; an in-depth discussion of all
solving strategies is beyond the scope of this paper but can be found in Shible et al. (2022).
In general, when dealing with large ground-motion datasets, GIT approach is considered to
provide robust estimates of the site amplification term but dependent on the identification
of a suitable reference site, whereas regional variations of attenuation and source terms are
affected by a higher variability and, therefore, may be less constrained.

In the S2S approach, residuals are calculated as the difference between the logarithm
of the observed ground motions at the site of interest and the logarithm of the predictions
from a chosen GMM. Then, the site amplification term, dS2S is calculated according to the
following decomposition scheme (Al Atik et al. 2010; Lanzano et al. 2025):

Res = 0o + 0B, levent + §528| site + 6 W 3)
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Where, R., represents the residual, &y is the residual offset', §B, and 6528 are the repeat-
able between-event and site-to-site components and W, is the event- and site-corrected
residual. In this study, dS2S represents the systematic deviations between the observed spec-
tral acceleration (Sa) and the median prediction of the Italian GMM (ITA18, Lanzano et al.
2019) calibrated for shallow crustal earthquakes in Italy. The reference condition (herein-
after also referred to as generic rock condition) for the estimation of the site amplification
is that of the outcropping engineering-bedrock (Vs,30=800 m/s) according to the current
building regulations (EC8, CEN 2005; NTC18, NTC 2018), hence the site amplification
term estimated through this method is denoted as 6525y, hereinafter.

In this study, the site amplification factor (4F) is used as the key parameter for the com-
parison between empirical and simulation-derived estimates. The AF is an integral param-
eter describing average amplification level in given period bands, extensively used for
seismic microzonation studies at local and national level (Moscatelli et al. 2020). It is cal-
culated according to the Italian Guidelines for Seismic Microzonation (SM Working Group,
2008) as the ratio between the averaged values of 5%-damped acceleration response spectra
(Sa) over the j-th period band, according to the following formula:

e AT;[ g Sa®dT
AT [ pq SamdT

forj=1,2,3 4)

out

where Sa®“ is the site-specific response spectrum at the surface, Sa'" is calculated for
outcropping bedrock conditions and j represents three period intervals (47,= [0.1-0.5] s;
AT,=[0.4-0.8] s; AT;= [0.7-1.1] s). The 3 amplification factors AF,;, AF,, and AF; are
named accordingly and they are intended to reflect the characteristic oscillator periods of
the Italian ordinary building stock. For structures with a fundamental natural period greater
than 1.1 s (e.g., high-rise buildings, large infrastructure, or special isolated structures) gen-
eralized regional site amplification models are not suitable and site-specific seismic hazard
assessment should be performed according to current engineering practice.

The AF's data used in this study were compiled from previously published research. In the
following we detail the procedures adopted for their computation and provide the relevant
literature references.

In the case of SSR, as a slight modification of the concept expressed by Eq. 1, AF is cal-
culated directly as the ratio of the recordings obtained for the same earthquake at the site of
interest Sa°“* and that at the reference site Sa’™ as a function of period (or frequency); the
final AF is obtained as the geometric average on all the events. Two AF datasets have been
considered in this study (Fig. 1; Table 1), based on different seismic networks: (i) 3 A net-
work in the Amatrice area installed during the Central Italy seismic sequence 2016-17 (Cara
etal. 2019; Felicetta et al. 2021) and (ii) the 3 H network installed in the Norcia municipality
during the L’ Aquila Mw 6.1, 2009 seismic sequence (Luzi et al. 2019).

In the case of GIT (Eq. 2), AF’s were calculated according to Eq. 4 as the ratio between
the average values of the output and input response spectra over the j-th period band. The
input spectrum Sa’" was defined as the average of seven 5%-damped acceleration response
spectra compatible with the Uniform Hazard Spectrum (UHS) corresponding to a 10% prob-

! The offset is non null when the dataset for residual analysis is different from those used for model calibra-
tion.
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Fig. 1 Distribution of sites across the Italian territory for which empirical ground-motion amplification
estimates are available, distinguished by estimation method. Regarding dS2Sy, stations, “ITACAs2s”
refers to the sites of Lanzano et al. (2025) and “Basilicata” to the ones computed in this study. Refer to
Figs. 2, 4, and 3, and for dedicated regional focus maps that explicitly display the individual stations with
different estimation methods

ability of exceedance (PoF) in 50 years, derived from the PSHM for Central Italy (Luzi et
al. 2020). When the GIT was derived from Fourier Amplitude Spectra (FAS), the output
spectrum Sa°“t was computed from site-specific accelerations obtained by multiplying the
GIT spectral amplification curve (GIT,s) by the Fourier amplitude spectrum of the seismic
input while preserving the phase information of the input signal, as described in Priolo et
al. (2020). This is the case of the stations in North-East Italy (Klin et al. 2021; Laurenzano
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Table 1 Main features of the AF empirical evaluation used in this study. References indicate the source
papers for the AFs

Method SSR SSR GITgag GITg, 8828
Area Central Italy Central Italy North-East Central Italy
Italy Italy
Region/Municipality Amatrice Norcia Friuli Venezia Lazio, all
municipality municipality Giulia, Veneto Umbria,
Trentino Marche,

regions, parts  Abruzzo
of Lombardia regions

and Emilia

Romagna

regions
stations 39 12 85 141 916+14
networks 3A 3H FV, NI, OL, IT, IV, XJ- Several

0X, ZX 2009, XO, permanent

3A,3H  and temporary
networks

reference site(s) IV.T1299 3H.NOI11 TNO2 for ZX average of ITA18

network, FAU response  predictions at
for the others  sites of 4 V5s,30=800 m/s

stations
(IT.LSS,
IT.SLO,
IV.T1217,
IV.T1221)

References Cara et al. Luzi et al. Klin et al. Priolo et Lanzano et al.
2019; Felicetta 2019 2021; al. 2020 2025 for 916
etal. 2021 Laurenzano et sites; this study

al. 2023 for the 14 sites
in the Basili-
cata region

et al. 2023) (Fig. 1; Table 1). As stated in Table 1, different reference sites were used since
they belong to different microzonation areas.

Differently, when the GIT was calculated in terms of response spectra (GIT§,), the out-
put spectrum Sa°“t was estimated by multiplying the reference spectrum on rock with the
GITy, to obtain the corresponding site-specific response spectrum (Pacor et al. 2016). This
is the case of the AF’s for the Amatrice and Accumoli area and for most of the other Central
Italy seismic stations (Priolo et al. 2020; Fig. 1; Table 1).

It is worth noting that GIT and SSR results were computed on a similar ground motion
dataset collected for the 2016 Central Italy seismic sequence, adopting analogous process-
ing schemes.

Finally, in the case of 652Sg,, (Eq. 3), AF values were calculated assuming that the
integrals of Eq. 4 can be approximated by averaging the 6525, values across the selected
period intervals (further details in Lanzano et al. 2025). The considered dataset refers to the
0528, and AF estimations for 925 accelerometric and velocimetric stations across Italian
territory: 916 of them are available in Lanzano et al. (2025), whereas estimates for 14 sites
from the temporary 1 V network in Basilicata region (Southern Italy; Gallipoli 2003) were
computed in this study with the same procedure (Fig. 1; Table 1).

The empirical AF datasets, whose key features are summarized in Table 1, were collected,
verified, and structured within a dedicated spatial data infrastructure that publishes Open
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Geospatial Consortium web services. In particular, each AF estimate was associated with
the latitude and longitude of the corresponding recording station, such that multiple esti-
mates from different methods at the same location could be directly compared. Analysis was
then performed using open-source Python libraries within a Jupyter-notebook environment.

3 Quantitative assessment of the agreement between AF estimates

To quantitatively evaluate the consistency of AF estimates obtained by different empiri-
cal methods as well as their agreement with the predictions from the 1D simulation-based
model by Falcone et al. (2021) (in terms of geometric average and associated standard
deviation), we employed several goodness-of-fit (GoF) metrics, which are described in the
following. As a preliminary step, since ground motions are assumed to be log-normally
distributed, natural logarithm transformation is applied to AF values, either empirically or
numerically derived, before calculation of statistical parameters.

3.1 Agreement at individual sites

When two distinct methods are used to estimate AF for the same group of sites, consistent
results among methods would imply a similar general trend in these estimates. Hence, the
assessment of the consistency between AF estimates obtained from different methods was
performed by the Spearman’s p (Spearman 1907) and Kendall’s 7 (Kendall 1970) non-
parametric correlation coefficients. Similarly to Pearson’s r linear correlation coefficient, p
and 7 inform about the strength of the relation between two variates, taking values ranging
between — 1 (perfect anti-correlation) and 1 (perfect correlation). Differently from r, they do
not require the data being normally distributed and are sensitive to non-linear (monotonic)
relationships between data. These GoF's are calculated as:

cov(rg,1y)

p= 5)

0 rz0 ry

-1
ORI o=y Jsgnl v~y

(6)
n(n —1)

where x; and y; are the (nat. log) values of the amplification factor estimated by two dis-
tinct methods for the i-th site in a sample with numerosity n, 7, and r, represent the ranks
of the amplification values, with standard deviations o ,, and o ,, (nat. log units), cov
denotes the covariance and sgn is the sign function. Such GoF metrics find extensive usage
in the literature (Thompson et al. 2012; Zhu et al. 2022).

Among the GoFs, p and 7 are simple parameters to adopt but are insensitive to system-
atic deviations of groups of estimates, even in case of significant correlation. Therefore, we
also use the chi-squared x 2 (Scherbaum et al. 2004). This is calculated as the sum of nor-
malized residuals (defined later in this section, Egs. 6 and 7) between any two estimates of
site amplification, divided by the number of considered sites, to account for the sample size:
a value near zero indicates perfect agreement, while systematic deviations between groups
of individual estimates result in higher values.

@ Springer



Bulletin of Earthquake Engineering

3.2 Similarity through statistical testing of distributions

While previous GoF's analyze the agreement of groups of AF estimates in a general sense,
a more complete understanding of the consistency of these estimates can be achieved by
examining the shape of their distributions. For this reason, the Kolmogorov-Smirnov (KS)
goodness-of-fit test was employed to assess the agreement between two distributions of AF
estimates. This statistical test evaluates the probability of observing the maximum value
of the absolute difference between two distinct Cumulative Distribution Functions (CDF)
against the null hypothesis of the amplification values estimated by different methods being
drawn from the same population. Being a non-parametric statistical test, it does not require
the data following a specific distribution and can be reliably used also in cases of small sam-
ples. In addition, this metric checks for the similarity of the distributions not only in general
terms, e.g. the similarity of CDF shapes, but also for more specific features, such as the most
deviant values of the criterion variable (Press et al. 2001; Scherbaum et al. 2004). KS is an
exact test which does not require binning of the data. However, it is worth noting that its sta-
tistical power is inherently higher for detecting differences near the central values (median)
of the distributions than in the tails (the extreme minimum and maximum values). Given
its robustness, K test has been extensively used in the field of ground motion selection and
testing against seismic hazard prediction (Bradley 2012; Chandramohan et al. 2016).

3.3 Discrepancies through residual analysis

The examination of residual distributions can offer further understanding of AF estimates
derived from various methods. Residuals can reveal systematic patterns based on their spa-
tial arrangement or the classification of site conditions. This information can then provide
clues about the source of potential systematic errors between estimates and suggest possible
corrections.

To account for the individual uncertainty in AF estimates, we normalized the residuals by
their dispersion according to the error propagation rule, such that the residual between AF
values obtained by method x and method z for site i were calculated as:

T; — 25

Res =

(M

with

0:%/0§+0§+200v(02,az) )

In the above equations, x; is the natural log of AF from method x at site i, z; is the estimate
from method z at the same site i and o is the standard deviation of the natural log amplifi-
cation values.

Ideally, in case of equal estimates from two independent methods x and z, the normalized
residuals (hereinafter only residuals) should be normally distributed with a mean value of
zero and unit variance. After calculating residuals, their spatial distribution can be examined
for clusters which may reveal regional dependencies. Residuals were grouped according to
different site classification schemes, considering geological, morphological or geophysical
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information available for the sites, and the resulting distributions were further analyzed.
Specifically, Kruskal-Wallis (KW) approach (Kruskal and Wallis 1952) was used to identify
significant differences among group means; this is a non-parametric statistical test similar
to analysis of variance (ANOVA) which operates on the rank of data and does not require
to fulfill the strict assumptions of ANOVA regarding homogeneity of the distributions’ vari-
ances and equal sample size (Vidakovic 2011). Since this test is unable to identify dissimilar
distributions among those examined, if significant differences are detected across all consid-
ered distributions, subsequent statistical procedures, such as the Conover test (Conover and
Iman 1979; Terpilowski 2019), were utilized to pinpoint the dissimilar groups via multiple
pairwise comparisons.

4 Results
4.1 Comparison of empirical AF estimates

To assess the reliability of empirical estimates, we employed the GoF's metrics introduced
in the previous section. These metrics enabled the comparison of empirical AFs estimates
derived from different datasets at various spatial scales. For this study, the 652y, estimates
will serve as reference values due to their homogeneous widespread calculation across
the entire national territory. We then compared this reference dataset against other empiri-
cal estimates obtained at regional and municipal levels. In order for the comparison to be
meaningful, we contrasted only those estimates obtained for the exact same geographical
location, namely two empirical estimates from different methods calculated for the same
recording station.

4.1.1 Regional comparison: North-East Italy

In the case of NE Italy (Table 1), the regression between (nat. log) AFs estimated from
082Sy, and GITy at 21 sites indicates that GIT,¢ overpredict 452§ g, by 10 to 20% on
average, depending on the considered period band (Fig. 2). However, the regression param-
eters alone provide an incomplete picture of the methods agreement, especially in the case
of a small sample size and considering only the 4F median values. Indeed, when evaluating
the broader set of GoFs introduced in the Sect. 3, the comparison shows a remarkably close
agreement, with values of p above 0.9 and x 2 below 0.15 for all the considered period
bands (Table 2). For these two datasets, the two-tail KS-test result supports the conclu-
sion that the CDF distribution of median estimates from the two methods are equivalent
(Table 2; Fig. 3).

4.1.2 Regional comparison: Central Italy

In the case of Central Italy (Table 1), which represent the area with the largest number of
sites available for comparison (roughly 100 sites), we still found a significant correlation
between 6528y, and GIT, AF estimates (p above 0.9 and 7 above 0.75 for all the con-
sidered period intervals, Table 3). However, a systematic deviation was observed between
the two methods, particularly for the AF; (x 2 of 0.64), for which the regression indicates
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Fig. 2 Map of stations in North-East Italy used for 4Fs comparison (top right panel). Scatter plot of AF
estimates obtained from 0S2Sg, (in abscissa) versus those obtained from GITp,g (in ordinates), in the
short- (AF; in blue, top left panel), intermediate- (AF), in red, bottom left panel) and long-period intervals
(AF; in green, bottom right panel). In the scatter plots, the linear fit of log AF values (solid line) and 1:1

line are also shown

Table 2 GoFs values calculated from the comparison of AF estimates obtained through 0S2S,, and GITy
at 21 sites in North-East Italy

p T X 2 KS p-value
AF, 0.91 0.72 0.15 0.14 99%
AF, 0.94 0.82 0.13 0.29 36%
AF, 0.94 0.82 0.13 0.29 36%

@ Springer



Bulletin of Earthquake Engineering

AF, [0.1-0.55, AF, [0.4-0.85] AF, [0.7-1.15]

1.0 T 1.0 1.0

— Amplification 8s2s,,, — Amplification 852s,,, — Amplification 8s2s,,,
Amplification GIT,,; ~— Amplification GIT,,; Amplification GIT,,

0.8 0.8 0.8

w

=}

© 0.6 Il 0.6 0.6

8

£ i

“o.a H 0.4 0.4
0.2 H 0.2 0.2 I
Qo1 10° 10t %P0 10° 10t %P0 10° 10t

Amplification Amplification Amplification

Fig. 3 Comparison of AF,; (left panel), AF, (middle panel) and AF; (right panel) empirical cumulative
distribution functions (CDF) for the sites in NE Italy obtained by dS2Sg,, method (blue, red and green)
and GITg, (light blue, light red and light green). The vertical dashed lines indicate the median values of
the two distributions. The results of two-samples KS-test are reported in Table 2

Table 3 GoF values calculated from the comparison of AF estimates obtained through dS2S;,, and GITg, at
99 sites in Central Italy

p T x 2 KS p-value
AF, 0.90 0.75 0.64 0.39 >>0.1%
AF, 0.91 0.76 0.45 0.25 0.4%
AF, 0.91 0.76 0.38 0.26 0.2%

that GIT, provides AF estimates about 65% larger than 652S;,, on average (Fig. 4). These
deviations are larger for the short-period interval and decrease for the intermediate and long-
period intervals ( x 2 values in Table 3). This mismatch stems from a fundamental difference
in the reference ground motion definitions adopted by the two methods. As also shown for
the local comparison in the next Sect. (4.1.3) and thoroughly quantified and discussed later
in Sect. 4.2, the local reference stations used in the GITy, exhibit significant lower ground-
motion amplitudes (up to 55% at short periods) relative to the reference used in dS2Sy,
which inherently drives the AF estimates from GIT, toward higher values.

4.1.3 Local-scale comparison: Amatrice and Norcia municipalities, Central Italy

In this section, we show the comparison of dS2Sy,, and SSR estimates of 4F’s obtained at a
local scale, namely for those stations belonging to the temporary networks within the Norcia
and Amatrice municipalities in Central Italy (Fig. 5).

The comparison of the estimates from the two methods, considering all sites from both
the Norcia and Amatrice networks, shows a rather poor correlation, particularly in the short-
period range ( p =0.42, Table 4). However, distinguishing the SSR estimates in two subsets
based on the network, a distinct pattern of significantly higher correlations was observed
(Table 4; Fig. 5), as in the previous cases. The scatter plots show two distinct clusters of
values: the Norcia cluster, with higher positive deviation between SSR and 6S2Sy,, estimates
(x % around 6, Table 4) and the Amatrice cluster, with lower deviations ( x 2 around 0.15 for
AF; and AF’;, Table 4). As further discussed in the next Sect. 4.2, the cause of this difference
is due to the choice of the local reference site, which was different between the two local
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Fig. 4 Same as Fig. 2 but for the comparison between AF estimates obtained from 652Sy,, and GIT, for
the stations in Central Italy

networks: the systematic offset observed between the two groups of sites in terms of SSR

values (Fig. 5) suggests that the reference site selection has a major role on the mismatch
between estimates of amplification level.

4.2 On the role of the reference ground motion in the mismatch between
experimental AF estimates

The discrepancies in experimental AF values may stem from various factors, such as the
characteristics of the ground-motion database or the underlying assumptions of the estima-
tion method.

However, the comparison in Sect. 4.1.3 highlighted the significant influence of the refer-
ence motion used to evaluate site amplification. To further explore this, it is crucial to quan-
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tify the differences among the reference motions employed by each estimation method and
understand if the choice of a particular reference ground motion could introduce a potential
mismatch. To this aim, the most suitable dataset is the Central Italy one (Sect. 4.1.2), which
includes a greater number of sites and where we observed a systematic deviation between
empirical estimates obtained by 6528, and GITy, (Fig. 4).

The 0528y, values of the reference sites used for GIT, analysis in Central Italy (Table 1)
are shown in Fig. 6a. These sites, on average, show site terms remarkably lower than the
generic rock for periods above 0.1 s, thus implying that the generic rock conditions include
several stations with non-negligible ground motion amplifications. In particular, the ground
motion mean reduction with respect to the generic rock is greater for the short periods (up to
55% for IT.LSS and IV.T1221 at about 0.15 s), but it also characterized by a large variability
(amplification at 0.05s for IV.T1217). At longer periods the difference is lower (around 25%
around 1 s) with less variability. Similarly, the two reference stations used in Amatrice (IV.
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Table 4 GoF values calculated

¢ ] p T x 2 KS p-value
from the comparison of AF esti-
mates obtained through 6525y, AF, 0.42 032 221 055 >>0.1%
and SSR at 33 sites in Amatrice AF, 0.53 0.45 1.92 0.42 0.5%
and Norcia municipalities, AF; 0.65 0.49 1.82 0.33 5.1%
Central Italy Norcia network
AF, 0.83 0.69 6.32 1.00 >>0.1%
AF, 0.99 0.96 5.88 1.00 >>0.1%
AF, 0.95 0.87 5.68 0.80 0.2%
Amatrice network
AF, 0.94 0.78 0.43 0.35 12.4%
AF, 0.96 0.89 0.17 0.30 24.1%
AF; 0.89 0.74 0.14 0.22 66.0%

T1299) and Norcia (N3H.NO11) municipalities show site terms generally lower than the
generic rock for periods in the range 0.1-1.1 s (Fig. 6b). Consequently, the SSR technique
overestimates the AFs compared to the 6525, in both municipalities. However, because
the reference site in Norcia has a site term remarkably lower than that in Amatrice, the
resulting SSR overestimation is systematically larger in Norcia (Fig. 5).

Lanzano et al. (2022) developed an empirical correction function for generic-to-refer-
ence ground-motion scaling, J,,, by computing the residuals between the ITA-18 GMM for
generic rock conditions and the ground motion recorded at a group of reference sites in the
national territory, chosen based on strict seismological criteria (Lanzano et al. 2020). This
term describes the log factor that must be added (with sign) to the predictions of existing
GMM for generic rocks to provide median ground motions of the selected reference sites
in Italy. Thus, the predicted ground-motion amplitude Sa,z, s, for reference rock sites is:

longajTAlg_Tef (T, M, R, SF) = longa[TAlg (T7 M, R, SF) + 4 (T) )

where the generic rock prediction (Sa;y;g) is dependent on period 7" and various explana-
tory variables, such as the moment magnitude M, distance R and style of faulting SF. In
turn, the correction factor ¢ is scenario independent and depends only on 7, is larger at
short periods and decreases at lower periods. Note that Lanzano et al. (2022) also proposed
a parameterized version of the correction term dependent on Vs,30 and «, (near-site high
frequency attenuation parameter; Anderson and Hough 1984), but in this study their simpli-
fied version was used.

The physical basis of such period-dependent corrective term relies on the distinction
between generic rock conditions and “true” reference sites. The former is assumed by stan-
dard GMM and is generally calibrated on recordings obtained at sites with Vs,30=800 m/s
(Lanzano et al. 2022). Being V5,30 an incomplete predictor of site amplification (Castellaro
et al. 2008), it has been proved that such condition does not ensure a negligible site amplifi-
cation, instead such sites are often affected by high-frequency amplification resulting from
weathering and fracturing of surface rock outcrops (Steidl et al. 1996; Cadet et al. 2010).
Conversely, site-specific methods, such as SSR and GIT, utilize local reference sites lying
on outcropping rock with measured negligible site amplification over a wide frequency
range (Steidl et al. 1996). However, the selection of reference sites in local datasets can be
challenging and is difficult to generalize: the differences between reference ground-motion
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levels could lead to systematic bias in the AF estimates, like in Central Italy, whereas this
effect is not relevant in other areas, like North-East Italy.

It is then important to define the reference level using at least one nationwide dataset in
order to allow for comparison across a sufficient number of samples. This is the case of the
empirical correction function J,,, which is calibrated on a carefully selected group of Italian
“true” reference hard-rock sites based on careful examination and weighting of multiple site
proxies. It allows to systematically remove the amplification included in the generic rock
condition of the GMM, harmonizing the generic rock and “true” reference ground motion
levels and ensuring that the derived 4Fs estimates are comparable.

Application of J,,rat the AF" estimates in Central Italy (hereinafter 4S25,,/) compensates
for the systematic deviations previously observed between dS2Sy,, and the GITj, derived
values (Figs. 4 and 7). In fact, the dS25,,, distribution are shifted towards higher values
with respect to those of 525, after application of the generic-to-reference rock correc-
tion, so that the x 2 values are largely reduced and the two-tail KS-test results support the
conclusion that the distribution of median estimates from 8525,,rand GITy, are equivalent
(Table 5).

These results demonstrate that the eventual mismatch between AF estimates calculated
by different empirical methods is mainly controlled by the assumption on the reference
ground-motion level, such that any systematic deviation obtained by empirical methods can
be corrected by accounting for the scaling between the utilized reference motions.
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Fig.7 Comparison of AF, (left panels), AF', (middle panels) and AF; (right panels) empirical cumulative
distribution functions (CDFs) for the sites in Central Italy obtained by 652Sy,, method (blue, red and
green) and GIT, (light blue, light red and light green). Bottom row: similar to upper row for the compari-
son of CDF's from 0S2S,,rand GITg, methods. The median values of the two distributions (vertical dashed
lines) are also shown; the results of two-samples K test are reported in Tables 2 and 4
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Table 5 GoF values calculated from the comparison of AF estimates obtained through 4528, and GITg,
techniques at 99 sites in Central Italy )

p T x 2 KS p-value
AF, 0.90 0.75 0.14 0.17 10.8%
AF, 0.91 0.76 0.14 0.06 99.4%
AF, 0.91 0.76 0.13 0.07 96.7%

In the case of NE Italy dataset, application of the correction factor worsens the previously
observed fit between 3S2Sg,, and GITx only in the short period interval (x 2 from 0.15 to
0.58 for AF;; Figure S1 and Table S1 in the Supplementary material), whereas a similar fit
is observed in terms of AF, and AF’;. This evidence suggests that the ground motion of the
reference site for the GITy,s in NE Italy is consistent with the ITA-18 GMM prediction for
generic rock conditions.

4.3 Comparison between empirical and 1D simulation AF estimates

Having shown that empirical AF estimates are mutually consistent once scaled to a common
reference condition, we now compare them with the 1D numerical simulation estimates
recently proposed for the Italian territory (Falcone et al. 2021). This comparison is useful
for a better understanding of how well simplified 1D simulations describe site amplification
assessed by the experimental estimates.

In particular, Falcone et al. (2021) developed AF’s maps for Italy based on a rather com-
plex procedure including: (1) zonation of Italy into 42 clusters based on geological-geo-
morphological criteria; (2) subclustering of each zone to identify “typical” 1D subsurface
models, namely stacks of horizontal uniform layers, based on the available geological, geo-
technical and geophysical data from seismic microzonation studies (Moscatelli et al. 2020),
using standard modulus reduction and material damping curves from literature studies to
describe nonlinear soil behavior and accounting for the uncertainty in the model parameters
by stochastically varying the distribution of soil units and their parameter values above the
bedrock; (3) implementation of a large number of 1D equivalent-linear visco-elastic GRAs
based on the Random Vibration Theory (Kottke et al. 2013), using UHSs input correspond-
ing to an exceedance probability of 10% in 50 years of the available PSHM calculated by
the Istituto Nazionale di Geofisica e Vulcanologia (Stucchi et al. 2011); (4) development
of AFs-Vs,30 correlations (16°, 50° and 84° percentiles) as a function of the input motion
level for each of the 42 initial zones and (5) development of national AFs maps on a regular
50x50 m grid. It is worth noting that these AF estimates, which were calculated according
to Eq. 4, do not reflect any site-specific Vs profile or soil layering but rather an average esti-
mate from a set of 1D models representative of a wide area, with randomization of Vs and
other model layer parameters to account for subsurface spatial variability in the considered
subcluster.

We followed the same approach of Sect. 4 for the comparison between the 1D numerical
simulation-based estimates (hereinafter 1D simulation) obtained by Falcone et al. (2021)
and the empirical estimates, by archiving and analyzing them through the same spatial infra-
structure used for the empirical AF data. In particular, we compared our empirically derived
estimates at seismic recording sites with those estimated in the AFs national maps for the
same geographical locations. We used the estimates from the 4Fs maps instead of the AFs-

@ Springer



Bulletin of Earthquake Engineering

Vs,30 correlations as the latter require the knowledge of Vs,30 at the site of interest, which
has been measured only for a minor fraction of seismic recording sites (about 30%, Lanzano
et al. 2019).

To maximize the number of sites, thus exploring the variability of the comparison as a
function of diverse local conditions, we considered the empirical 4Fs obtained at the national
level by 6S2S method at 925 sites. As the AFs from 1D simulations were calculated with
respect to the engineering-bedrock condition of the building regulations (Vs,30=800 m/s;
CEN 2005; NTC 2018), we considered here the 652S,. As already shown by Lanzano et al.
(2025), the empirical and numerical estimates are uncorrelated in terms of AF; and weakly
correlated for AF, and AF; (Fig. 8 and Table S2 in the Supplementary material). The 1D
simulations cannot reproduce the range of observed AFs, which spans a wider range of val-
ues (0.2-7). It is also worth noting that the uncertainty in empirical estimates is considerably
larger than that of 1D simulations. Therefore, we neglected the uncertainty in the latter when
calculating the residuals to a first approximation.

The distribution of residuals calculated for short-period amplification factor (AF;)
showed a negative tail (skewness of about—0.5) and mean value around — 1 (Fig. 9, bottom-
left panel). This indicates that most sites, mainly located along the Apennine belt and in the
Tyrrhenian side of the Italian peninsula (bluish triangles in Fig. 9, top-left panel), display
negative residuals, meaning that 1D simulations overestimate the empirical AF.

For about 30% of sites the residuals have values around zero, meaning that AF; estimated
by the 1D simulation approach is consistent with the experimental measures (white triangles
in Fig. 9). Finally, only a small fraction of sites (about 5%) showed residuals larger than
1, meaning that 1D simulation values underestimate the empirical AF;; all these sites are
located in the central and eastern side of the peninsula and in eastern Sicily, often within
deep basins, like the Po plain, the Fucino basin and the Adriatic foredeep (reddish triangles
in Fig. 9, top-left panel).

Focusing on the long-period site amplification factor (4F;), the distribution of residuals
showed a shape close to standard-normal, with a slightly more pronounced positive tail
(skewness of 0.25, Fig. 9). With respect to AF, the fraction of sites for which 1D simu-
lations overestimate empirical AF; decreases from 65% to 34%, while the percentage of
sites with comparable AF; slightly increases from 30 to 35%. Notably, a more consistent

AF, [0.1-0.55] AF, [0.4-0.85] AF,[0.7-1.15]

100

Amplification 1D simulations

100 100
Amplification 8s2s,,, Amplification 8s2s,,,

10°
Amplification 8s2s,,,,

Fig. 8 Scatter plot of AF estimates from 6S2Sg,, method (in abscissa) versus those obtained from 1D
simulations, calculated in the short-period interval (blue, left panel), intermediate- (red, middle panel)
and long-period intervals (green, right panel). The linear fit of log AF values (solid line) and 1:1 line are
also shown
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percentage of sites (around 16%) showed a significant underestimation of empirical AF’;. In
general, the spatial distribution of 4F; residuals follows the geographic patterns described
for AF;, with severe underestimation of empirical 4F’; in large deep basins, like the Po plain
(Fig. 9, top-right panel and Figure S2 in Supplementary material). For AF,, the statistical
and spatial distribution of residuals exhibited characteristics that were intermediate between
those observed for the short and long-period amplification factors.

To investigate any systematic pattern, residual distributions were analyzed as a function
topographical (Mascandola et al. 2021a, b) and Vs,30-based site classification adopted in
the current building regulations (CEN 2005; NTC 2018). Specifically, NTC18 defines 5
primary site classes (A to E) based on decreasing Vs,30 and 4 topographical classes (T1
to T4) corresponding to increasing slope inclination (T4 refers to slope inclination>30°).
These classifications are associated with an aggravation factor of the ground motion for
Vs,30<800 m/s and inclination>15°. In addition, distributions were also grouped accord-
ing to a simplified geological classification, adapted from the national map by Bucci et al.
(2022). Even if not very detailed, given the scale of the map and the crudeness of the pro-
posed classification, it is worthwhile assessing whether geological data can account for any
significant difference observed in the distributions.

For all the considered period intervals, the KW statistical test indicated significant differ-
ences among the residual distributions for all classification schemes (Table 6).
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Table 6 Results of Kuskal-Wallis rank test for the null hypothesis that the residual distribution median values
classified according to different schemes are equal (see main text for more details on classification)

Topographic Topographic Vs,30-based Vs,30-based geological geologi-

classification classification classification classification classification  cal clas-
KW p-value KW p-value KwW sification
p-value
AF, 23.42 <<0.1% 83.14 <<0.1% 76.70 <<0.1%
AF, 34.59 <<0.1% 87.02 <<0.1% 49.30 <<0.1%
AF; 58.61 <<0.1% 105.54 <<0.1% 61.14 <<0.1%

Consequently, additional statistical testing is necessary to distinguish which are the
residual distributions that significantly differ within each classification scheme.

For AF,, when distinguishing residual values by topographical classification, the dis-
tributions showed similar median values and variance, with 84% of sites having negative
residuals (Fig. 10, top-left panel). The Conover posterior statistical test revealed significant
differences only between the distribution pairs T1-T2 and T1-T3 (Fig. 10, top-right panel).
These results suggest that the mismatch between 1D simulation and experimental AF, esti-
mates is lower for sites lying on flat topographies (T1) with respect to sites on slopes (T2,
T3) but similar to that for sites lying of very inclined slopes; therefore, it is difficult inter-
preting the mismatch as a function of surface morphological features.

In terms of simplified geological classification, clear distinctions can be observed between
sites on clays, for which the distribution showed positive residuals in more than 50% of
cases, and all other classes, which showed predominantly negative residuals (Fig. 10, bot-
tom panels). This suggests that 1D simulations underestimate empirical AF, for sites on
predominant clayey soils and overestimate empirical data for sites in other classes. The
posterior statistical test revealed significantly lower median residuals for sites on rock (or
altered rock) compared to those on loose deposits (sands and gravels, Fig. 10, bottom-right
panel). A similar consideration follows from observing residual distributions as a function
of EC8 soil classification, which includes information on both geophysical and geological
properties of the subsurface. EC8 classes A and B, corresponding to stiffer sites with higher
Vs,30, showed negative medians with values significantly lower than classes C and E, with
lower Vs,30 (Fig. 10, intermediate panels). This suggests that 1D simulations systematically
overpredict AF, for classes A and B, which represent the largest fraction of sites (about
70%). At longer periods, distributions tend to shift toward higher residual values but conclu-
sions similar to those for the short period intervals can be drawn from the residual analyses
for AF, and AF; (Figures S4 and S5 in the supplementary material).

These results suggest that EC8 classification and basic geological information have some
explanatory capability of the observed residuals: on average, for soft soil sites, 1D simula-
tions underestimate empirical AFs, particularly at long periods, whereas they overestimate
observed AFs for rock sites, even if a large variability is observed for class B sites.

Although a wide dispersion in the dataset is observed, particularly for AF, analysis of
residuals as a function of Vs,30 further supports this interpretation, revealing a weak nega-
tive correlation, namely a trend of AFs overprediction by 1D simulations for sites with
high Vs,30 and underprediction for sites with lower Vs,30. This correlation is slightly more
pronounced for AF; (Fig. 11).
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Fig. 11 Scatter plot of AF; (left panel), AF, (middle panel) and AF’; (right panel) residuals as a function
of Vs,30. In each panel, the dashed line of the linear fit between residual and log Vs,30 is also shown
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5 Discussion and conclusions

In this study, we established a quantitative framework of GoF metrics and statistical tests
for evaluating the consistency between period-dependent site amplification factor estimates
(AFs) obtained from different empirical methods and with those from a simplified 1D simu-
lation approach, which is commonly employed for considering site effects in seismic hazard
assessment. The statistics is based on a large number of Italian sites up to 925 sites, depend-
ing on the methods.

Regarding the empirical estimates, our analyses revealed a significant correlation (Spear-
man’s coefficient p generally larger than 0.9) between AFs from different methodologies,
namely 0528 (Lanzano et al. 2025), GIT (Priolo et al. 2020; Klin et al. 2021) and SSR (Priolo
etal. 2020; Luzi et al. 2019), applied to various ground-motion datasets from temporary and
permanent seismic networks. This implies that each empirical method allows for obtaining
a measure of the difference in the AFs level between pairs of sites which is in close agree-
ment with the other methods, as also shown by previous studies (Parolai et al. 2004; Pilz et
al. 2009; Bindi and Kotha 2020).

However, in Central Italy, empirical estimates from 6525, and GITg, methods exhibited
systematic deviations. On average, values differed by up to 50% in terms of AF; and up
to 30% in terms of AF;. The primary cause of the mismatch is the selection of the refer-
ence ground-motion level, while other factors may potentially contribute to these systematic
deviations:

i) Magnitude and source-to-site distance distributions of the analyzed earthquake cata-
logue, which control the calibration of source, attenuation and site terms in GMM (Bal-
tay et al. 2017) and GIT schemes (Shible et al. 2022);

ii) Path-dependent regional attenuation, which may be difficult to constrain with an insuf-
ficient sample of source-to-site paths, so that this unmodelled effect may bias the source
and site term estimates (Baltay et al. 2020);

iii) Nonlinear site effects, which induce a decrease of ground-motion amplitude and a shift
of the site resonance frequency towards lower frequencies, so that the linear site term
may be biased (Bradley 2015).

Excluding the contribution of soil nonlinear behavior, which is negligible in the Italian
dataset used in this study (Lanzano et al. 2025), our results support the hypothesis of the
main role of the reference ground-motion in determining systematic deviations between
empirical AF estimates. In fact, the application of the generic rock-to-reference scaling fac-
tor to the JS2S estimates compensates for the observed systematic underestimation of GIT,
in Central Italy. Such corrective term accounts for the period-dependent site amplification
included in the ITA18-GMM calibrated for the engineering bedrock condition, namely for
EC-8 site class A site (V5,30>800 m/s), with respect to which the residual decomposition is
calculated (Lanzano et al. 2025).

Empirical estimates are therefore particularly suitable for determining site amplification,
owing to their high correlation and the potential to correct for any systematic difference
by scaling them to a common reference ground-motion level. However, in the site-specific
seismic hazard practice, the site amplification is typically accounted for by performing 1D
simulations. This is the case for Italy, where 1D equivalent-linear simulations have been
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extensively used to develop 4F models at regional and national levels (Falcone et al. 2021;
Pieruccini et al. 2024; Albarello et al. 2025). Hence, to improve seismic hazard assessment,
comparing simulation-based estimates with those from experimental methods is useful for
evaluating how effectively 1D simulations capture the observed site amplification.

Our results showed that the 1D simulations cannot reproduce the range of observed
median AFs estimates. It is worth noting that the latter have significantly larger uncertain-
ties (standard deviations) than the former, due to several sources of variability which are
not taken fully into account in 1D simulations, such as (i) the variability in the azimuth and
incidence angle of the wavefield embedded in the recordings used to calculate AFs (Mau-
froy et al. 2017), (ii) the spatial variability of topography and subsurface structure at the site
of interest (Matsushima et al. 2017) and (iii) the temporal variability of the site properties
induced by environmental factors, such as temperature and soil saturation (Roumelioti et al.
2019; Bonilla and Ben-Zion 2021). Recent studies have also shown that the standard devia-
tion of empirical site response estimated from local low-magnitude events is particularly
higher for stiffer sites and for those sites characterized by rough topography, which repre-
sent the majority of sites considered within this study (Zhu et al. 2021).

Overall, numerical and empirical estimates are uncorrelated for 4F;, and only weakly
correlated in the intermediate- and long-period bands (AF, and AF;). Bearing in mind that
the 1D simulation-based AF estimates are averaged from an ensemble of 1D models where
parameters were randomized to reflect the subsurface variability of a wider area, the mis-
match and the lower variability of these simulations may be partly driven by this random-
ization and averaging effect. In fact, this generally reduces the computed site amplification
(Rathje et al. 2010), particularly at short periods and for higher-amplitude input motions
(Pehlivan et al. 2015), due to the more smoothed and attenuated shape of the median theo-
retical transfer function calculated from the multiple 1D randomized models with respect to
the site-specific 1D subsurface model (Kaklamanos et al. 2020).

Another potential contribution for the bias between empirical and 1D simulation esti-
mates is related to soil nonlinear behavior, which causes a reduction of site amplification.
While the analyses of site-specific proxies for soil nonlinearity on worldwide earthquake
databases highlighted its limited impact on recorded motions (Guéguen et al. 2019), the
comparison of observed and predicted ground motion at Japanese KiK-net sites has shown
that 1D equivalent-linear models become inaccurate in predicting short-period site ampli-
fication for induced maximum shear strain in the soil between 0.1% and 0.4%; at longer
periods (7>0.5s) the accuracy of linear-equivalent and nonlinear 1D simulations is similar
(Kaklamanos et al. 2018). Assumed peak ground acceleration (PGA) thresholds for induced
soil nonlinear behavior are in the range 0.1 to 0.3 g (Thompson et al. 2012; Kaklamanos et
al. 2013; 2018). Thus, considering the reference hazard level for the AFs model by Falcone
et al. (2021), we expect a limited impact of soil nonlinear behaviour, which should cause
underestimation of AF; values from 1D simulations in those areas characterized by PGA
with 10% PoE in 50 years>0.2—-0.3 g, namely the central Apennines, Eastern Alps and East-
ern Sicily. This is not the case for the comparison with the empirical estimates, for which we
observed a general overestimation of AF; from 1D simulations (Fig. 9, left panel).

From the analysis of the residuals between the empirical and 1D simulation AF estimates,
emerges a satisfactory agreement (residuals around zero) for 30-35% of sites, varying as a
function of the considered period band, suggesting that the 1D simulations provide a good
approximation of observed AFs for one third of the dataset (Figure S6 in the supplementary
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material). Such percentages are consistent with findings from similar studies (Thompson et
al. 2012; Pilz and Cotton 2019).

The estimates disagree for the remaining 65 to 70% of sites. In particular, the larger
group of rock and stiff sites (30 to 60% depending on the considered period band) are char-
acterized by negative residuals: they belong to ECS classes A and B (with higher Vs,30) and
are distributed along the Apennine belt and in the Tyrrhenian side of the Italian peninsula.
These results suggest that for rock and stiff site conditions, 1D simulations may provide
conservative estimates of AFs for seismic hazard assessment. For these classes of sites, for
which a limited impact of soil nonlinearity is expected, a reason different from the effect of
randomization on 1D simulations should be taken into account for explaining the mismatch
between estimates, particularly at short periods, such as inaccurate and/or oversimplified
1D models (Kaklamanos and Bradley 2018; Li et al. 2018). In particular, it has been dem-
onstrated that the near surface attenuation (i.e. ), which is often poorly known for stiff/
rock sites, has a strong influence on short periods site amplification (Douglas et al. 2009).

On the contrary, for a smaller group of soft soil sites (5 to 15% depending on the
considered period band) we observed positive residuals, implying that 1D simulations
underestimate empirical AFs. Even if this observation may be related to the reduction of
simulation-based AFs due to 1D model parameter randomization and soil nonlinearity, it is
worth noting that these sites are located in the central and eastern side of the peninsula and
in eastern Sicily, often within deep basins, like the Po plain, the Fucino basin and the Adri-
atic foredeep. Therefore, we suggest that the mismatch is likely due to the limitations of 1D
models in accounting for more complex site effects, such as basin edge generated surface
waves, 2D and 3D resonances, and it is consistent with the studies on the Po Plain, which
showed a significant role of 3D basin amplification in the observed ground motion and in
the regional seismic hazard assessment (Mascandola et al. 2021a, b, 2023). In similar cases,
an empirical determination of AF’s is more suitable for seismic hazard assessment. However,
it is also worth underscoring that the relatively small percentage of sites exhibiting such
underestimation is primarily driven by the dataset spatial distribution, which is inherently
underrepresented in terms of stations lying on soft sites within sedimentary basins. The
lack of a sufficiently statistical sample for these specific site conditions also hinders the
possibility of calibrating an average statistically robust correction factor for the AFs from
1D simulations based on empirical data, which in principle could lead to the development
of a regional site amplification model bridging the gap between the two approaches. Con-
sequently, more thorough future analyses leveraging a large, targeted dataset specifically
focused on such site conditions are needed to properly address the potential limitations of
1D simulations in accounting for complex 3D site effects.

In conclusion, our analyses showed that empirical estimates are particularly suitable for
determining AFs in a seismic hazard perspective, whereas 1D simulations may underesti-
mate AFs in areas characterized by complex site effects, such as large deep basins. There-
fore, national or regional site-amplification models that combine empirical estimates with
proxy-based spatial interpolation should be preferred over 1D simulations. Nevertheless,
since the empirical dataset, albeit large, is non-uniformly sampling all the Italian territory,
this approach will require a large number of recordings and sites, covering diverse soil con-
ditions and geographical areas, and a set of easily obtainable site-amplification proxies for
the spatial extrapolation of single-point empirical estimates.
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In particular, the selection of reliable site proxies for spatial extrapolation remains an
active area of research (Cultrera et al. 2025; Bergamo et al. 2023). Traditional indirect prox-
ies, such as geological classifications, soil classes, or topographic parameters (e.g., slope
and curvature) used for first-order approximations of Vs,30 often exhibit low reliability
when applied to geographical areas different from those they were originally developed
upon (Bergamo et al. 2021 and references therein). To overcome such limitations, recent
literature suggests shifting toward more robust direct or advanced indicator frameworks
(Cultrera et al. 2021; Bose et al. 2024). These include vector valued indicators, such as fre-
quency-dependent quarter-wavelength parameters (time-averaged shear-wave velocity and
seismic impedance contrast down to depth of one-fourth of the corresponding wavelengths;
Bergamo et al. 2020) or set of scalar proxies (e.g. Vs,30-bedrock depth proxy), particularly
those incorporating the site fundamental frequency of resonance (f;), which alone can cap-
ture a major component of site effects (Zhu et al. 2020). Such novel framework has been
proposed for the Second Generation of Eurocode 8 (FprEN 1998-1-1:2024), which consid-
ers Vs,30, Hy,, (depth beyond which the shear-wave velocity exceeds 800 m/s) and f, as
reliable site amplification proxies.

In Italy, attempts to derive site amplification models for vast-areas based on observed data
were proposed by Sgobba et al. (2024), who combined empirical measurements and a Vs,30
map to develop a site amplification model for Central Italy, and by Laurenzano et al. (2023),
who used dense seismic noise data as a proxy for site amplification in an Alpine valley. Ata
broader scale, Kawase et al. (2018) demonstrated the feasibility of a novel approach for con-
verting seismic noise Horizontal-to-Vertical spectral ratio into site amplification functions,
offering a potential pathway for the development of consistent national-scale amplification
models. Nevertheless, the development of vast-area site amplification models still needs
further research on reliable site amplification proxies to ensure that regional models accu-
rately capture the full spectrum of locally observed amplification effects. Future research
should therefore focus on enhancing the diversity of local conditions represented by empiri-
cal site amplification data, and on exploring a broader range of suitable site amplification
proxies and spatial interpolation methods, including Machine Learning algorithms.
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