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Review of “Generic-to-reference rock scaling factors for seismic ground motion in Italy” by Lanzano 

et al. 

Congratulations to the authors who have made a great effort to improve the paper by reorganizing 

the paper, adding figures/tables that are really useful in this new version of the paper and refining 

the results/models of the last part. The paper is now much easier and more pleasant to read. The 

results are also more convincing and I think they will be useful for future seismic hazard studies. 

I only have a few comments, especially on the last part of the paper. 

Many thanks for the words of appreciation for the paper reorganization effort. Responses (marked 

in red) to additional comments are below. 

Sincerely, 

Giovanni Lanzano 

 

Comments: 

-     δS2S800 is computed for stations having at least  5 records (l. 221) and thus 1028 stations 

are selected for the clustering analysis.  I just have a doubt in the paper: Is the whole 

ITACAext dataset used? or only the extraction of stations with at least 5 records ? If it is 

the case, maybe you could directly present the main characteristics of this dataset. 

For example, Figure S1 is very interesting, are the residuals computed for ITACAext? or for 

the dataset useful to define δS2S800 , which is finally the dataset of interest in this study. 

Or maybe ITACAext is firstly used to compute δBe? Do you compute it when only one 

recording is available for one event?  

The dataset for the residual analysis is ITACAext, because it provides the most robust δBe estimates 

(increasing as much as possible the number of records per event). The mixed-effects model allows 

estimating δBe even when only one record is available for a given event, but this is not the case for 

the ITACAext dataset.  Figure S1 was also prepared for this dataset.  

We then skimmed to exclude stations that might have roughly estimated site responses due to the 

small number of records. We believe that it is more appropriate to present ITA18ext in the ms, rather 

than a subset. 

-     L378/ L528: e -> and 

Done, thank you. 

  

-     L379 -> the model are quite similar at short periods, thus at high frequencies and no low 

frequencies 

Corrected, thanks. 

  

-     Figure S4 -> It might be interesting in this figure to distinguish the dots with measured 

VS30 from those deduced from the topo. 

In Figure S4 are represented the predictions of the model of Eq [5]. This is calibrated using sites with 

both inferred and measured Vs30. We did not calibrate models for measured and inferred vs30 only, 

because the number of measured Vs30 sites is too small to obtain a robust scaling factor. 

  

-     L417-420-> I'm not sure I fully understand these comments. Please rephrase. Why is the 

dependence on the residuals of VS30 opposite to what expected? At low frequency, the 

Response to Reviews



dependence is really weak, maybe if you use another binning it will be more visible. At 

high frequency, the residuals are larger than at high frequencies (probably because this 

frequency part is not well explain only with the VS30 parameter) and the general 

tendency is maybe to have prediction larger than observations but it is unclear. You can 

observe that also in Figure S7d. I am not convinced by the remark about missing low 

VS30 sites as we are looking at reference sites and I am not convinced that reference 

sites should have these low VS30 values (maybe due to the use of a topo proxy to define 

VS30).  

Thank you for this useful comment. Indeed, our conclusions may not be supported by sufficient 

observations. We have therefore tried to reformulate the sentence based on the reviewer’s 

comments. 

  

-     Eq 5: Is it necessary to have an option of the model for VS30 > 1500 m/s while the 

maximal VS30 value included in the dataset is around 1200 m/s? 

We thank the reviewer as the comment is relevant. However, while it is clear that there are no sites 

stiffer than 1200m/s in the dataset, this condition is represented in the Italian territory. If the most 

application of the model to Italian territory is to be allowed, we believe it is appropriate to introduce 

this saturation. 

  

-     L 473-479, please specify again the maximum value of VS30 and the minimum value of 

k0 of your dataset used to develop the model, just to well understand the importance of 

the extrapolation. 

Thanks for the suggestion, we have added the model validity limits. 

  

-     Rather than extrapolating the model for kappa and VS30 values outside the dataset, 

could a comparison be made with existing models including K0?  Such as Laurendeau et 

al., 2013, Bora et al., 2015 discussed previously in the paper. 

We believe both are interesting to investigate. However, we did not include the comparisons of the 

predictions of the k0-dependent models so as not to lengthen the work further. In any case, for the 

reviewer we have prepared a comparison of the scaling with k0 obtained from the model of Eq. [5] 

in FAS and that obtained from the model of Bora et al. 2015 (Figure below not included in the 

manuscript). The trends are very similar and, in particular, the effects of modeling with the kappa 

parameter are observed from frequencies between 0.5 and 1Hz, increasing significantly as the 

frequency increases. 

 



 

  

-     L484-488: I am sorry, but again I don't understand the quote. You are talking about the 

Laurendeau et al. (2018) model and you are using a quote from this paper that talks 

about another kind of method (similar to the one of Van Houtte et al., 2011, discussed in 

the text previously) to define HR-to-R spectral ratios. The Laurendeau et al. (2018) 

model depends only on VS30 and this is probably the reason why it does not have the 

same high frequency behavior as the other curves in figure 12 which also depend on k0 

(except those of Ktenidou).This behavior can be seen for example in the paper of 

Laurendeau et al. (2013) in figure 8, that displays the results of simulations (similar to 

ones of Campbell 2003, or Van Houtte et al., 2011) when only VS30 varies and K0 is fixed 

and when the two parameters vary following the k0-VS30 relationships. The results of 

Laurendeau et al. (2018) are more similar to the simulations including only the VS30 

effect. I think it would be better to avoid the quote about simulation spectral ratios and 

to add a comment about the limitations of this factor using only VS30 in the Laurendeau 

et al. (2018) study. 

Thank you for the suggestion. What we intended to comment on is exactly what is stated by the 

reviewer. If it is not clear, we prefer to remove the direct quote to the work of Laurendeau et al. 

(2018) and avoid any possible misunderstanding. 

  

-     L488-490: and maybe because the low frequency part is more dependent on VS30 and 

therefore more sensitive to the extrapolation, what do you think? 

Thank you. I agree with the comment. I believe that indeed the low frequency part is more sensitive 

to extrapolation, also because ITA18 was not calibrated with data with such high VS30. 

  

-     L 491-494: For the average reference rock in Italy, we expect the same result as on 

Figure 10b, isn’t it? It is not easy to do the link due the use of a linear scale in figure 10 

and then a log scale in figure 12. Please homogenize. 

Thank you for the comment. What is represented in Figure 10b (black or continuous gray line) and in 

Figure 12 (green line) are the same quantity, which has simply been represented with different scales 

and as a function of frequency. We have adopted another system of representation to make it more 

similar to the plots that have been produced in other cited work (Ktenidou and Abrahamson, 2016; 

Bard et al. 2020). However to avoid confusion to the reader this correspondence has been explicitly 

stated in the text. 

 

-     Figure 12: Laurendau -> Laurendeau 

Corrected, thanks. 
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Abstract:  12 

In this work, we apply the Reference-Rock Identification Method (RRIM; Lanzano et al. 2020) to the 13 

ITalian ACcelerometric Archive (ITACA), that includes more than 1600 recording stations in Italy and 14 

in the neighboring countries, with different levels of site characterization. The RRIM is based on the 15 

identification and the evaluation of site parameters representing the reference site conditions (Steidl 16 

et al., 1996) and the construction of the scoring scheme to classify the candidate stations. Given the 17 

large number of sites, the pre-selection of candidates is performed via residual analysis, selecting 18 

those characterized by flat site response and amplitude similar or lower than the one for the generic 19 

rock (average shear wave velocity in the uppermost 30m, VS,30=800m/s). The main results of this 20 

study are: i) a list of reference rock sites in Italy, with an associated score; ii) a scenario-independent 21 

generic-to-reference rock corrective factor for the ground motion model for shallow active crustal 22 

events in Italy (ITA18; Lanzano et al., 2019a) iii) a model for the generic-to-reference rock corrective 23 

factor, parametrized in terms of VS,30 and κ0, i.e. the high-frequency decay parameter (Anderson and 24 

Hough, 1984). A collateral product is a set of coefficients for the prediction of 81 ordinates of the 25 

Fourier Amplitude Spectra (FAS) in the frequency interval 0.1-30Hz, calibrated with the same dataset 26 

and functional form of ITA18 for acceleration response spectra, SA. The application of RRIM allowed 27 

us to identify 116 stations with average measured VS,30 ~ 900m/s. The corrective factor allows to 28 

scale both SA and FAS spectra and has a significant effect at high frequencies, reducing the ground 29 

motion by up to a factor 1.7 at f =10Hz. The introduction of κ0 in the corrective term modelling is 30 

effective from 2Hz onwards and results in a reduction of variability at high frequencies (f>10Hz).  31 

  32 
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1. Introduction 33 

 34 

One of the challenging tasks in engineering seismology is to correctly define the strong ground motion with 35 

respect to a reference level, usually corresponding to the rock. This is not because rock recordings are not 36 

available, but because the definition of rock is not unambiguous, but rather related to the requirements of each 37 

engineering and seismological application. Specifically, some definitions of rock, which we have set, are: 38 

- "Standard" is the rock motion defined by the technical regulations, i.e., it depends on the norm 39 

considered. It is generally based on the average shear wave velocity in the upper 30m, VS,30, and, as 40 

an example, is set to VS,30>= 800 m/s for Eurocode 8 Part 1 (EC8; CEN, 2004) and 760 m/s for US 41 

Building seismic provisions (NEHRP; BSSC, 2015). Recently, the equivalent shear wave velocity VS,H 42 

has been introduced and used to set the standard rock conditions (VS,H>= 800m/s) for the draft of the 43 

new EC8 (Paolucci et al. 2021) or in the new Italian technical standards (NTC, 2018); 44 

- "Generic" rock refers to the site condition used as a reference in Ground Motion Models (GMMs). 45 

Generally, it corresponds to the VS,30 (or VS,H) lower limit of standard rock definition (e.g., 46 

VS,30=800m/s), if the site effects are parametrized as function of this explanatory variable. For other 47 

GMMs, generic rocks are equivalent to standard rocks, if dummy variables based on norm 48 

classification are introduced in the GMM modelling; 49 

- “Bedrock” is a geologic description to define the rock that underlies looser surface material. If the 50 

shallow layers of soft materials are not present, the rock is defined as an outcrop. According to 51 

outcomes of the task of EU SERA project for site effects characterization (Di Giulio et al. 2019), “[…] 52 

there is no consensus on the understanding of what is bedrock, and therefore on the corresponding 53 

depth. We thus considered two main different definitions: seismological bedrock corresponds to the 54 

geological unit that, because of the impedance contrast with the upper layers, controls the lowest 55 

(fundamental) resonance frequency peak (f0); note however that some scientists consider the 56 

seismological bedrock as the crustal unit where the S-wave velocity is reaching a crustal value 57 

between 3.5 and 4.0 km/s; engineering bedrock corresponds to the unit where a conventional Vs value 58 

is first exceeded.” This conventional value generally corresponds with that indicated in the technical 59 

codes (standard rock); 60 

- “Hard” and “soft” rocks are site attributions modified after Boore and Joyner (1997), mainly based on 61 

the rock stiffness and attenuation properties (we define "soft” rock what the Authors have originally 62 

defined as "generic” rock), but also related to the tectonic environment (shallow active crustal regions 63 
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for soft rocks and stable continental zones for hard rocks); according to Boore and Joyner (1997), the 64 

soft rock in Western US have an average VS,30 =620 m/s; while Hashash et al. (2014) found a VS,30 65 

=2700–3300 m/s for hard rocks in Central and Eastern North America (CENA); 66 

- "Reference" rock (Steidl et al., 1996) is intended as an outcropping rock or stiff soils that have a flat, 67 

unamplified response over a frequency range of engineering interest (generally f=0.5-25 Hz). 68 

In this paper, we focus on the seismic motion of reference rocks and their differences with respect to the 69 

generic rocks. The reason is that the correct assessment of seismic motion on reference site is very important 70 

for many engineering seismology applications. As an example, the common practice to assess site-specific 71 

ground motion is: (1) to evaluate seismic ground motion at rock using Ground Motion Models (GMM) and then 72 

(2) applying the site response, which is typically computed using numerical simulations constrained on 73 

geological and geotechnical information available for the considered site (Rodriguez-Marek et al. 2014). To 74 

avoid inaccurate assessment of the site-specific ground motion (such as counting twice the site effects), the 75 

ground motion at rock should be exempt from any amplification phenomena (i.e., reference rock ground 76 

motion). Moreover, during the last 20 years, the standard practice to estimate seismological bedrock ground 77 

motion beneath a considered site is the application of host-to-target adjustment methods (see Campbell, 2003 78 

and Al Atik et al., 2014 for a review of the methods), which remove the combined effects of amplification and 79 

attenuation relative to the generic rock condition and replace them by those of the local rock on the basis of 80 

two parameters, i.e. the shear-wave velocity profile (VS) and the high frequency attenuation parameter, 0 81 

(Anderson and Hough, 1984). However, these adjustment methods still rely on the hypothesis that rock ground 82 

motion predicted by GMMs is exempt from any local site effect, since the adjustment only concerns effects 83 

related to differences in seismic impedance and in high frequency attenuation between host and target 84 

conditions.  85 

The estimation of reference rock ground motion level is necessary not only for site responses assessment but 86 

also in many other applications, as suggested by Pilz et al. (2020), such as the comparison between empirical 87 

observations and physics-based simulations, the assessment of the amplification factors for building codes, 88 

and inversion techniques of ground motion. For all the above mentioned purposes, the identification of 89 

reference rock sites became a crucial issue to address this goal. However, the simple norm definition of 90 

reference rock sites based on geological features and/or measurements of the shear-wave profiles, does not 91 

ensure the absence of local effects that may affect the ground motion (Lanzano et al., 2020). This is the reason 92 

why in the last few years, many efforts have been spent to identify reference sites based on a number of 93 

additional site parameters (multi-proxy techniques). 94 
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Felicetta et al. (2018) developed one of the first procedures to recognize reference rock sites among the 95 

recording stations of the Italian ACcelerometric Archive (ITACA v.3.1; D’Amico et al., 2020) using six proxies: 96 

three proxies out of six are based on geophysical and seismological data, whereas the remaining three are 97 

based on geological and geomorphological features (outcropping rock, flat topography and absence of 98 

interaction with structures). More recently, Lanzano et al. (2020) updated the methodology by Felicetta et al. 99 

(2018), including a mechanism derived from Decision Matrix Method to weight the different parameters and 100 

obtain a ranking of candidate sites as references (Reference-Rock Identification Method, RRIM). RRIM was 101 

applied to a rich ground motion dataset in Central Italy and allowed the identification of 36 reference sites. As 102 

a result, compared to ground motion predictions at generic rock sites (i.e. sites identified only with VS,30  800 103 

m/s), the high frequency median ground-motion predicted for reference rock is significantly reduced (up to 104 

40% at T=0.1s), while no variation is observed at low-frequency. 105 

Pilz et al. (2020) used the principles of the machine learning to classify the recording stations in Europe as a 106 

reference rock sites, adopting a set of proxies similar to those proposed by Felicetta et al. (2018). Namely, the 107 

proxies are: 1) the surface geology, 2) the slope of the topography, 3) the horizontal-to-vertical spectral ratios, 108 

4) the estimates of high frequency attenuation parameter on S-waves and coda, and 5) the local magnitude 109 

station correction. They finally identified about 300 out of more than 2000 sites.  110 

Strong efforts were also spent in the framework of the PEER NGA-East research project (see Data and 111 

Resources) to identify the reference condition for hard rock sites in CENA: in addition to the definition by 112 

Hashash et al. (2014) based on the velocity of S-waves, they also proposed a criterion on the site attenuation 113 

parameter (κ0), recommending a κ0 of 0.006s or lower. 114 

A different approach was followed by Laurendeau et al (2018), which used KiK-net data from stiff soil and rock 115 

sites to determine GMM for hard-rock by either, removing 1D site-response from surface records, or correcting 116 

borehole records from depth effects. Their GMM predicts high-frequency hard rock ground-motions about 50% 117 

smaller than ground motion predicted for surface standard rock motion. These results support the conclusions, 118 

reached first by Steidl et al. (1996) and more recently by Lanzano et al. (2020), i.e., rock data available in 119 

GMM databases are not exempt from high frequency amplifications. As pointed by Bard et al (2019), these 120 

results contrast with the “host-to-target” adjustment factors used until recently in site-specific seismic hazard 121 

studies (e.g. Al Atik et al., 2014; Renault et al., 2013; Bommer et al 2014), which involve a systematic increase 122 

of the high frequency ground motion content when adjusting the ground motion from generic to hard rock 123 

conditions. 124 
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In this paper, we apply the procedure developed by Lanzano et al (2020) with minor modifications to identify 125 

the reference stations throughout Italy. Then, rather than calibrating a new GMM for reference sites, we 126 

estimate the corrective factors to scale the ground-motion predicted for standard rock to the ground motion 127 

expected at reference rock both for Fourier and Acceleration Response spectra ordinates. We also develop a 128 

model to parametrize the corrective factors as a function of VS,30 and κ0. As additional products, we calibrate 129 

a new model for Fourier Amplitude Spectra (FAS), named ITA18-FAS, using the same dataset of the ITA18 130 

model (Lanzano et al. 2019a) for 5% damped acceleration response spectra. 131 

2. Datasets 132 

 133 

In this work, two different strong motion datasets are employed for the analyses carried out in the following 134 

sections. Both the datasets are derived from ITACA (ITalian ACcelerometric Archive) and ESM (Engineering 135 

Strong-Motion database) databases (see Data and Resources), which are the most complete and up-to-date 136 

collections of accelerometric records of Italy and Europe, respectively. Record collection criteria and data 137 

release procedures of ITACA and ESM are different, but there are several publications outlining the 138 

characteristics and main progress of each database (the most recent are D'Amico et al. 2021 and Lanzano et 139 

al. 2021). 140 

Each datum in both databases is constituted by a 3-components record (2 horizontal and 1 vertical waveforms) 141 

and is uniformly and manually processed according to the scheme proposed by Paolucci et al. (2011). For the 142 

purposes of ground motion analyses, the data are organized in flat-files, i.e., parametric tables with metadata 143 

and intensity measures, following the specifications given in Lanzano et al. (2019b). 144 

The first dataset, called ITA18_all, was already used to calibrate the ITA18-SA model, discussed in Lanzano 145 

et al. (2019a), and is also employed here to derive the corresponding model for Fourier Amplitude Spectrum 146 

ordinates (ITA18-FAS), as discussed in Appendix I. The accelerometric records of ITA18_all were selected 147 

according to the following criteria: i) earthquakes of active shallow crustal regions in Italy (focal depth lower 148 

than 30km) occurred in the period time 1972-2017; ii) minimum moment magnitude set to 3.5; iii) Joyner-Boore 149 

or rupture distance less than 200 km; and iv) only stations with surface instruments and with low or no 150 

interactions with nearby structures are included. The records of twelve worldwide events with magnitude larger 151 

than 6.1, having a source geometry defined by specific literature studies, were also included to extend the 152 

validity of the GMM to higher magnitudes. The final selection includes 5607 records, relative to 146 153 

earthquakes and 1657 stations.  154 
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The second dataset was created ad-hoc for this study, starting from the waveforms collection of the version 155 

3.1 of ITACA (D’Amico et al. 2020). It includes records of moderate-to-severe earthquakes (M>3.0) occurred 156 

in Italy in the period 1972 – 2019 from permanent and temporary accelerometric stations. The following 157 

selection criteria are adopted: i) moment magnitude (or local if not available) larger than 3.0; ii) epicentral 158 

distance lower than 220km; iii) exclusion of volcanic and subduction events; iv) event shallower than 30km 159 

and v) exclusion of the borehole and station installed on the building elevation floors. 160 

We also include the records of the networks of the neighboring countries, such as France, Switzerland, 161 

Slovenia, Albania and Montenegro to have a more robust estimation of the residual terms. Furthermore, we 162 

add the records of several velocimetric stations (not included in ITACA) especially in southern Italy, collected 163 

in the framework of the HYPSTHER project (D’Amico et al. 2018), removing the records affected by instrument 164 

saturation. Since the dataset also contains data external to ITACA, it is called ITACAext. 165 

The number of records of ITACAext is 32,600 for 1,756 earthquakes and 1,716 stations. The event and station 166 

spatial distributions are shown in Figure 1: most of the events (Figure 1a) have epicenter along the Apennine 167 

chain, in the Eastern Sicily, in Friuli, and around the Garda Lake (between Lombardy and Veneto). The 168 

distribution of the stations (Figure 1b) across the Italian territory is very dense, except some areas where the 169 

seismicity is lower, such as Sardinia Island, the coastal area of Tuscany, the Salento peninsula and some 170 

areas in the Piedmont. However, such collection of recording sites represents almost all the geologic 171 

environments present in Italy. 172 

Particular attention is also devoted to the site characterization in the compilation of ITACAext, since great 173 

efforts have been spent made in the last ten years to characterize the seismic stations in Italy (Felicetta et al., 174 

2017). In the framework of national projects (agreement INGV-DPC 2010-2020, Annex B2), a task was devoted 175 

to increase the level of completeness of site information of the permanent recording stations contained in the 176 

ITACA database. Several site information has been made available, such as resonance frequencies from noise 177 

and earthquake records, geological maps at different scales and measurements of the S-wave velocity profile 178 

at least down to 30m. To date, about 30% of Italian stations have a detailed site characterization, which allows 179 

the estimation of three site parameters: the resonance frequency, the measurement of VS,30 and the surface 180 

geology (>1:10,000). Concerning the temporary stations, the site characterization is poor, however information 181 

can be retrieved from the seismic microzonation studies and from the analysis of continuous records, 182 

especially in the areas struck by the seismic sequences of the last decades. All the recording stations included 183 

in ITACA are classified according to the EC8 soil categorization, using VS,30 measurements if available, 184 

otherwise VS,30 estimates from other proxies (CEN, 2004; Felicetta et al., 2017).  185 
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Figure 2 shows the distribution of the stations as function of the VS,30 and the number of records. 374 stations 186 

are characterized by measured VS,30, for the other ones VS,30 have been inferred from slope, according to the 187 

procedure by Wald and Allen (2007). The majority of the stations have VS,30 values in the interval 200-800m/s 188 

(about 70%), and the most populated range is 400-600m/s composed of about 500 recording stations. Very 189 

few stations are characterized by VS,30>1200m/s, which reflects the features of the outcropping geology in 190 

Italy, mainly composed of stiff soils and soft rocks. A large number of stations recorded more than 5 records 191 

(Figure 2b), corresponding to about 60%, with not negligible amount of recording sites with more than 30 192 

records (about 300 stations). 193 

 194 

3. Reference rock sites selection 195 

 196 

3.1 Pre-selection of the candidate sites 197 

As in the study by Lanzano et al. (2020) for central Italy, we perform a residual analysis with the goal of pre-198 

selecting sites that could be reference rock sites, on the basis of the spectral shape of the repeatable site 199 

terms δS2Ss (systematic deviation of the ground motion at a site w.r.t. a GMM prediction). The dataset used 200 

for this analysis is ITACAext, since the number of records per station is, in many cases, much greater than 201 

ITA18_all, allowing for a more robust estimation of δS2Ss. Differently from Lanzano et al. (2020), we prefer to 202 

perform the station pre-selection based on ITA18-FAS residual analysis, rather than ITA18-SA, as residuals 203 

with respect to FAS provide an empirical estimate of the amplitudes of the site transfer function. The 204 

consistency of the results obtained on residuals from ITA18-FAS and -SA models was nevertheless verified, 205 

finding differences lower than 6% among the pre-selected sites.  206 

The ITA18-FAS residuals are decomposed into between-event δBe, site-to-site δS2Ss and event- and site- 207 

corrected δW0e,s components and computed by applying the random-effect model (Bates et al. 2015). Because 208 

some of the data contained in ITACAext are outside the validity limits of ITA18-FAS (Mw 3.5-7.5 and RJB or 209 

Rrup 0-200km), the prediction model may not be suitable for describing the median of the observations and the 210 

physical interpretation of the results may be thwarted. This could especially be the case for magnitudes 211 

between 3.0 and 3.5 that make up a non-negligible portion of the ITACAext dataset. For this reason, we carried 212 

out a consistency analysis to verify that the ITA18-FAS residuals have no significant bias in the ranges of 213 

variation of the explanatory variables in ITACAext. The results are showed in the electronic supplemental 214 

material (Figure S1), where δBe, δS2Ss, and δW0e,s are plotted as a function of moment magnitude, VS,30, and 215 
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RJB, respectively. The residuals do not have significant bias with respect to the median prediction of ITA18-216 

FAS: only the δBe’s are slightly negative for Mw<3.5 and slightly positive for Mw>3.5, suggesting that scaling 217 

with magnitude could be only corrected to a very small extent. 218 

With the objective of pre-selecting candidate reference rock stations, we compute the site-to-site residual 219 

(named δS2S800) with respect to generic rock condition of ITA18-FAS, i.e., VS,30=800m/s. We expect that the 220 

candidates for reference rock sites exhibit negative or close-to-zero values of δS2S800 at all frequencies, since 221 

the stations with VS,30=800m/s of ITA18 include both, reference sites and those affected by amplifications. Our 222 

strategy to identify the candidate reference rock sites is to perform a cluster analysis on the δS2S800 curves 223 

(as a function of frequency) with the aim of detecting the sites belonging to the class with the lowest values 224 

and flat trend. This way of interpreting the seismic behavior of the recording stations on the basis of data-225 

driven aggregation of the site-to-site residual curves has become popular following the application by Kotha et 226 

al. (2018) on the Japanese KiK-net dataset. Considering the procedure to estimate the residual terms (Stafford, 227 

2014), the δS2S800, used for cluster analysis, are calculated on, at least, 5 records. As a result, the number of 228 

investigated stations is 1028. For the clustering analysis of ITA18-FAS model residuals, the considered 229 

frequency interval is 0.2-20Hz. 230 

Among several techniques for data aggregation available in literature, we use the k-means clustering (David 231 

and Vassilvitskii, 2007); the main advantage of this method is that it converges very quickly, but the number 232 

of clusters must be assigned a-priori. The analysis is carried out on the amplification factors (10δS2S), and, after 233 

some trials, we set the number of clusters n = 8, because, in this way, the clusters of stations with ground-234 

motion level lower or similar to the generic rock prediction of ITA18 (VS,30=800m/s), i.e., sites presenting 10δS2S 235 

≃ 1 over the whole frequency band, are clearly represented and distinguished. Figure 3 reports the mean 236 

amplification curves 10δS2S as a function of frequency for the 8 clusters. The mean 10δS2S trend and the relative 237 

dispersion are also provided for each cluster in the supplemental material (Figure S2). 238 

Some summarizing features regarding the different clusters is also provided in Table 1, which includes, for 239 

each group, a general description of the mean curve type, the number of sites, the average dispersion around 240 

the mean curve (in log10), and the median and standard deviation of the measured VS,30. Although the cluster 241 

analysis was not intended to provide a physical interpretation of the trends, there appears to be an agreement 242 

between the average amplifications and the VS,30 values in Table 1, as also observed in Felicetta et al. (2020): 243 

at low frequencies, the highest amplifications (cluster #7) relate to sites with the lowest VS,30, while mean VS,30 244 

increases as amplification decreases (clusters #3 and #1). At high frequencies, the amplification should be 245 
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justified by the presence of a strong impedance contrast of a few metres of sediments, typical of EC8 soil 246 

category E (cluster #4 and #5). 247 

Two clusters of the candidate reference rock sites are recognizable: both have flat trend but different level of 248 

amplification (with respect to the mean prediction of the ITA18-FAS model for VS,30 = 800 m/s), i.e., less than 249 

1 (de-amplification) for cluster #8 (hereinafter called set A) and equal to 1 (no amplification) for cluster #2 250 

(hereinafter called set B). Furthermore, as a confirmation that pre-selection is effective but not too restrictive, 251 

the above clusters have the highest number of stations compared to the other clusters and the median value 252 

of measured VS,30 is in both cases above 800m/s.  253 

The number of the pre-selected stations for sets A and B is 262 and 216, respectively, for a total number of 254 

478 candidate stations, corresponding to the 46% of the total number of stations (478 out of 1028). 433 stations 255 

are installed on the Italian territory and belong to Italian seismic networks. The remaining stations are part of 256 

international networks operated by various providers and located close to the Italian borders. In the following 257 

section, we consider only the Italian stations due to the availability of metadata deriving from detailed seismic 258 

site characterization. 259 

 260 

3.2 Application of the RRIM 261 

The Reference-Rock Identification Method (RRIM) is a procedure aimed at identifying the reference rock sites 262 

in regions of medium-to-high seismicity (Lanzano et al. 2020). RRIM is based on the decision-matrix method 263 

(DMM, Pugh, 1981), a qualitative technique used to rank the multi-dimensional alternatives of an option set 264 

and adopts a weighted decision matrix consisting in a set of criteria referred to several proxies. Each proxy is 265 

weighted in order of relevance, scored and summed to obtain a total score allowing to rank the candidates to 266 

be reference sites. In order to handle the relevance, the data quality and the possible lack of information related 267 

to a given proxy, the RRIM weighting scheme is based on the combination of two values (Table 2): the 268 

hierarchical index (HI) and the proxy weight (PW). HI expresses the relevance of each proxy to represent the 269 

site effect, PW evaluates to which extent the single proxy value fulfills the criterion representative of a reference 270 

site.  271 

The proxies, proposed by Lanzano et al. (2020), are (Table 2): 1) the site-to-site term of the horizontal 272 

component (δS2S); 2) the housing condition of the station (HOU); 3) the averaged shear wave velocity VS,30, 273 

based on in-situ measurements or inferred by proxies (VS30); 4) the surface geology based on lithological 274 

maps at different scales (GEO); 5) the topography based on an averaged terrain slope in the area (TOP); 6) 275 

the horizontal-to-vertical spectral ratio computed from in-situ noise measurement or, alternatively, form seismic 276 
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recordings (H/V). It should be noticed that these proxies can be easily obtained in contexts of medium-high 277 

seismicity, where ground-motion datasets are rich in recordings, the number of stations in free-field condition 278 

is large and geological information and for some stations, site characterizations from geophysical 279 

measurements are available. 280 

According to the capability of the selected proxies to represent the seismic response, the HI varies from 0.5 to 281 

2 (Table 2). As highlighted by recent results of the EU SERA project (Cultrera et al. 2021), we assume that the 282 

most relevant indicators for site-effect characterization, assigned HI=2, are GEO, VS30 and H/V (preferably 283 

from Fourier spectra of noise records). The HOU and TOP proxies are considered less relevant and HI is set 284 

equal to 0.5. Furthermore, PW is assigned following general rules: 1) if the proxy value fulfills the criterion, the 285 

weight is set equal to 1 (highlighted in bold in Table 2); 2) if the proxy value does not fulfill the criterion, the 286 

weight is set equal to 0; 3) when the criterion is partially met, the weight ranges from 0.25 to 0.75, according 287 

to the possibilities listed in the ‘PW’ column of Table 2.  288 

The VS30 proxy was previously weighted using a step function with a threshold VS,30 = 750 m/s (Lanzano et 289 

al. 2020). However, this weighting scheme may be excessively penalizing for values close to the threshold 290 

(e.g., VS,30 around 750 m/s), also considering the uncertainty related to the shear wave velocity profile 291 

estimation (Régnier et al., 2016). For this reason, in this study, we prefer to adopt the following piecewise 292 

linear function PW0: 293 

 294 

𝑃𝑊0(𝑉𝑆,30) =

{
 
 

 
 
0                                                                                        𝑓𝑜𝑟 𝑉𝑆,30 ≤ 600𝑚/𝑠

0.75 ∙
(𝑉𝑆,30−600)

(750−600)
                                              𝑓𝑜𝑟 600 ≤ 𝑉𝑆,30 ≤ 750𝑚/𝑠

1 − [
(1−0.75)

(1500−750)
∙ (1500 − 𝑉𝑆,30)]              𝑓𝑜𝑟 750 ≤ 𝑉𝑆,30 ≤ 1500𝑚/𝑠

1                                                                                      𝑓𝑜𝑟 𝑉𝑆,30 ≥ 1500𝑚/𝑠

    [1] 295 

 296 

In the PW0 function, the threshold to account for possible reference sites is reduced to 600 m/s, as the mean 297 

value of VS,30 for soft rocks in California, proposed by Boore & Joyner (1997). Then, the final weight PW 298 

associated to the VS30 proxy is dependent on how VS,30 has been estimated: 299 

 300 

𝑃𝑊(𝑉𝑆,30) = 𝛼 ∙ 𝑃𝑊0(𝑉𝑆,30)          [2] 301 

 302 
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where α=1 for VS,30 measured from geophysical tests and α=0.5 in the case of VS,30 inferred from empirical 303 

correlations. In this analysis, VS,30 is derived by the correlation with slope provided by Wald and Allen (2007). 304 

The RRIM method is applied to the preselected stations, namely the set A and the set B, drawing up a final 305 

ranking to the candidates to be reference sites. As explained above, the overall score assigned to each station 306 

is given by the sum of the scores associated to each proxy as follows: 307 

 308 

𝑆 = ∑𝐻𝐼𝑖 ∗ 𝑃𝑊𝑖 𝑤ℎ𝑒𝑟𝑒𝑖 = 1,… ,6          [3] 309 

 310 

We assume that a station is a reference site if it reaches a minimum score of 4.75 out of 8. Adopting this 311 

threshold, almost 60% of the required criteria are met. In order to give a statistical meaning to the choice of 312 

the threshold, we compute the moments of the score distribution for all investigated stations: the median score 313 

is 3.75, while the 84th percentile is 5.25. The adopted threshold corresponds to the 75th percentile of the score 314 

distribution. 315 

 316 

3.3 Final selection 317 

After the application of the RRIM, we identify 116 reference rock stations: 81 out of 236 from set A and 35 out 318 

of 197 from set B. The maximum score obtained by the candidate stations is 7.53, none reach the maximum 319 

score of 8, since the VS,30 value greater than 1500 m/s is not represented in the Italian dataset. The 320 

geographical distribution of the selection stations is reported in Figure 4, while the list of the selected stations, 321 

with full details of weight assignment, are given in electronic supplements (Table S1). 322 

Figure 5 shows the distributions of the reference rock-sites in terms of EC8 classes as inferred from surface 323 

geology, VS,30 values, slope range, and shape of H/V curves. As expected, the majority of the selected stations 324 

are located on rock or stiff soil conditions with flat topography (slope ≤ 15°) and the estimated H/V curves are 325 

flat. The few stations classified as EC8-C on the basis of surface geology, are installed on alluvial deposits 326 

with thicknesses of a few meters (IT.SDM, IT.BCN, IT.DCM). 82% of the selected stations has VS,30 values 327 

greater than 750 m/s (lower limit generally considered for rock by NEHRP), while 87% has VS,30 greater than 328 

600 m/s. 329 

About one third of the selected stations have VS,30 value estimated from a measured Vs profile (Figure 6), with 330 

mean value about 900 m/s; if both measured and inferred VS,30 values are considered, the mean decreases to 331 

about 850 m/s. The average Vs profile of the selected reference stations with in-situ measurements is very 332 



 13 

similar to the profiles proposed by Cotton et al. (2006), assuming VS,30 = 900m/s, and Poggi et al. (2011) for 333 

Switzerland, while Vs profile proposed by the Boore & Joyner (1997) for generic rocks in North America is 334 

close to the average profile minus one standard deviation. Among the stations disregarded by the final 335 

selection, about 53% are characterized by peaked H/V curves and 80% are classified in EC8-B and EC8-C 336 

soil categories, according to the outcropping geology. Finally, only 1% of the excluded stations have VS,30 337 

values obtained from geophysical measurements larger than 750 m/s. 338 

The ITA18_all dataset includes 104 out of the 116 reference rock sites, allowing to build a subset, called 339 

ITA18_ref, composed of 799 records, relative to 105 earthquakes. Figure 7 reports the magnitude-distance 340 

distribution of ITA18_ref, compared to ITA18_all. A good data coverage is observed with the distance from 341 

10km onwards and with the magnitude up to 6.5, considering that the strongest events in the dataset are 342 

almost all non-Italian (with the exception of the Mw 6.9 Irpinia 1980 earthquake). 343 

 344 

4. Scaling GMMs from generic to reference rock sites 345 

 346 

4.1 Scenario-independent scaling factor 347 

Given the large number of ground-motion models available in the literature (see Data and Resources), rather 348 

than calibrating an ad-hoc model for reference rock ground motion, we prefer to compute correction factors for 349 

an existing model. Such corrective terms are evaluated by performing a residual analysis, which describes the 350 

discrepancies between ground-motion observations at reference sites and GMM generic rock predictions. The 351 

proposed approach is similar to the Referenced Empirical Approach (REA), developed by Atkinson (2008) for 352 

the calibration of a predictive model for Eastern North America based on the model for active shallow crustal 353 

regions by Boore and Atkinson (2008). 354 

The correction factor for reference rock ground-motions with respect to generic rock predictions is defined as 355 

δ(f or T). The latter describes the log factor that must be added (with sign) to the predictions of existing GMM 356 

for generic rocks to provide ground motions in agreement with the mean observations of the selected reference 357 

sites. Thus, the predicted ground-motion amplitude YITA18-ref for reference rock sites is: 358 

 359 

log10YITA18-ref (f or T, M, R, SF) = log10YITA18 (f or T, M, R, SF) + δ(f or T)      [4] 360 

 361 
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where the generic rock prediction (YITA18) is dependent on frequency f or period T for ITA18-FAS and -SA 362 

models, respectively, and various explanatory variables, such as the moment magnitude M, distance R (RJB 363 

or Rrupt) and style of faulting SF. In turn, the correction factor δ depends only on f or T. In order to compute the 364 

correction factor δ, the residuals Re,s are calculated as the logarithmic difference between a set of records from 365 

reference rock sites (ITA18_ref), and the prediction of ITA18 for VS,30=800m/s, i.e., the generic rock condition. 366 

The most important assumption in the calibration of δ is that the magnitude and distance scaling of ground 367 

motions from reference rock sites is the same as that assumed for ITA18. This underlying assumption was 368 

already verified in the works of Felicetta et al. (2018) and Lanzano et al. (2020), relative to the calibration of 369 

GMM for reference rock sites in Italy. The values of the corrective terms and the associated standard deviation 370 

(σ) are reported in the electronic supplements (Table S2) and shown in Figure 8a for both ITA18-FAS and –371 

SA. The standard deviations of ITA18 are also included in Figure 8b for comparison. 372 

The trends of the corrective terms are very similar for ITA18-FAS and -SA and show a significant reduction of 373 

seismic motion at high frequencies for reference sites with respect to predictions at generic rock. The largest 374 

values attain -0.21 for ITA18-SA (at T=0.1-0.2s) and -0.25 for ITA18-FAS (at f=20-25Hz). At low frequencies, 375 

the corrections tend to zero, with the lowest absolute values for ITA18-SA at T=5s (δ=-0.04) and ITA18-FAS 376 

at f=0.2Hz (δ=-0.01). The variability remains unchanged with respect to the ITA18-FAS model at high 377 

frequencies, while at low frequencies it is reduced by about 15% (25% for ITA18-SA): the application of RRIM 378 

has effect on the sigma only at low frequencies, since no proxy has been introduced yet to control variability 379 

at high frequencies. In this regard, Laurendeau et al. (2013) show that once introduced the high-frequency 380 

decay by means the 𝜅0 parameter in a ground motion model, the associated variability is reduced. 381 

The impact of the introduction of empirical corrective factors is evaluated in Table 3, by computing the 382 

normalized difference (∆Y) between the median predictions of the ITA18-SA at VS,30=800m/s and the median 383 

predictions of ITA18-ref (according to Eq. [4]). The reductions of the ground motion predicted at reference sites 384 

using the corrective factors vary from 16% at long period to 38% at low period. Consistent reductions are 385 

reported for the model of Felicetta et al. (FEL18, 2018), computed with respect to Bindi et al. (ITA10, 2011) 386 

and for the Central Italy reference ground motion model (CI19, 2019) by Lanzano et al. (2020).  387 

Figure S3 of the supplemental material shows the spectra predicted at different scenarios for the reference 388 

conditions of ITA18-SA-ref, FEL18 and CI19, including the associated variability. The predictions of the three 389 

models are quite similar at short periods; at long periods the ordinates of the model proposed in this analysis 390 

is higher than FEL18, but lower than those proposed by CI19. As a matter of fact, the spectra of CI19 reflect 391 
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the rich low frequency energy content (T>0.5s) of the records of the events in this small area (Bindi et al. 392 

2019a). 393 

 394 

4.2 Parametrization of the scaling factor as a function of VS,30 and 𝜅0 395 

This section reports a first attempt of parameterizing the generic-to-reference scaling factor as a function of 396 

VS,30 and the high-frequency attenuation parameter, 𝜅0 (Anderson and Hough, 1984; Ktenidou et al., 2014). 397 

The parameter 𝜅0 describes the deviation at high frequencies between the acceleration Fourier Amplitude 398 

Spectrum (FAS) computed from a seismic record and a source model proportional to ω-2 and is broadly used 399 

in the classical framework of GMMs, both as an input parameter for the host-to-target correction of GMMs 400 

(Cotton et al., 2006; Douglas et al., 2006) and as explanatory variables in the functional forms of predictive 401 

models (Laurendeau et al., 2013). 402 

In this study, the values of 𝜅0 for the reference rock stations are obtained applying a semi-automatic procedure, 403 

detailed in Appendix II, on the basis of the path-corrected value derived from the high-frequency linear decay 404 

of the station records (S-waves) in FAS (Anderson and Hough, 1984). This analysis benefits from the large 405 

collection of recordings of events with M>2.0 and the study of high frequency attenuation for central and 406 

southern Italy in the framework of the MUR-INGV Pianeta Dinamico-Working Earth project (see Data and 407 

Resources). Unluckily, the values of 𝜅0 are only for 54 stations, out of the 116 reference rock sites, for which 408 

a sufficient number of records were available to robustly estimate this parameter (see Table 4 and Appendix 409 

II for further details).  410 

The number of records is almost always greater than 10 (94% of stations), while it is greater than 50 and 100 411 

for 67% and 44% of selected sites, respectively. In two cases (TERO and FIAM), the stations recorded more 412 

than 1,000 events. Almost all stations have records within 25km, and more than half (72%) within 10km, 413 

allowing for a more reliable estimation of 𝜅0. 414 

The range of variation of 𝜅0 is between 0.007 (GLT and LSS) and 0.053s, the median value is 0.026s and the 415 

standard deviation is 0.012s. In particular, there are several stations with a marked attenuation at high 416 

frequency, such as GATE, PIGN and MRLC stations. The Root Mean Square Errors (RMSEs) associated with 417 

the estimate of 𝜅0 was also estimated for each station, showing a range of variation between 0.0026 and 418 

0.0202s and median of 0.0085s. 419 

Table 4 also reports the estimates of VS,30 (measured or inferred) for the 54 reference rock sites that vary in a 420 

fairly wide range between 400 and 1265 m/s with a median value of 790204 m/s; if we refer only to sites with 421 

measured VS,30 (33%), the median value remains roughly unchanged but with less variability (783170 m/s).  422 
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The records included in ITA18_all for the 54 reference rock stations in Table 4 are 509 (named 423 

ITA18_ref_small in the following). These data are used to explore the relation between the residuals Re,s and 424 

the site parameters (VS,30, 𝜅0), as shown in Figure 9. The logarithmic deviations of reference rock sites ground 425 

motion with respect to generic rock predictions show a dependence on 𝜅0 only at high frequencies. In particular, 426 

Re,s decreases as 𝜅0 increases, enlarging the gap between generic and reference rocks. On the contrary, the 427 

dependence on of the residuals on VS,30 is weak, probably because this ground motion frequency part is not 428 

well explain only with this parameter. 429 

Following Laurendeau et al. (2013), we adopt the following functional form for the parametrization of δ: 430 

 431 

𝛿𝑚𝑜𝑑𝑒𝑙(𝑓 𝑜𝑟 𝑇, 𝑉𝑆,30, 𝜅0) = 𝑎𝜅 + 𝑏𝜅𝑙𝑜𝑔10
𝑉𝑆,30

800
+ 𝑐𝜅𝜅0       [5] 432 

 433 

Where 𝑎𝑘, 𝑏𝑘and 𝑐𝑘 are the model coefficients, available in Table S2 of electronic supplements. From a first 434 

preliminary calibration based on ITA18_ref_small data, the results are quite unstable, especially in terms of 435 

coefficient 𝑏𝑘, and this is related to the ambiguous trends observed in Figures 9c and 9d. In order to make the 436 

regression results more reliable, we adopt the same VS,30 scaling in the 𝛿𝑚𝑜𝑑𝑒𝑙 model (Eq. [5]) as in the 437 

reference GMM (see Eq. [A4] in Appendix I for ITA18-FAS). This choice is based on the assumption that there 438 

is no trade-off between the coefficients 𝑏𝑘 and 𝑐𝑘, despite some authors have already shown that there is a 439 

correlation between VS,30 and 𝜅0 (Boore and Joyner, 1997; Van Houtte et al. 2011). However, we check that 440 

𝑏𝑘 and 𝑐𝑘, obtained from the 1st step regression, are not strongly correlated (correlation coefficients are in the 441 

range 0.3 - 0.6 as the frequency varies), such that the imposition of the value of 𝑏𝑘=k does not condition too 442 

much the estimates of 𝑐𝑘. In addition, to obtain spectra without bumps or drops, we apply a smoothing with a 443 

moving average on the coefficient 𝑐𝑘, we recalibrate 𝑎𝑘 and, finally, we apply a smoothing also on 𝑎𝑘 term. 444 

This procedure is quite common for GMMs, especially in FAS, as can be seen in the paper by Bayless and 445 

Abrahamson (2018). 446 

The median of the residuals Re,s computed over ITA18_ref and ITA18_ref_small datasets (named 𝛿ITA18-ref and 447 

𝛿ITA18-ref-small, respectively) and the 𝛿model predictions in Eq. [5] are shown in Figure 10a and 10c for ITA18-FAS 448 

and –SA. There are no significant differences between 𝛿ITA18-ref and 𝛿ITA18-ref-small neither in terms of mean value 449 

nor in terms of associated standard deviation, confirming that ITA18_ref_small is still representative of ground 450 

motion of reference sites in Italy. The standard deviation of 𝛿ITA18-ref-small is only slightly higher than 𝛿ITA18-ref at 451 

high frequencies and this could only be due to sample size reasons (509 vs 799 samples). 452 
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The 𝛿model predictions in Eq. [5] for VS,30=900m/s, corresponding to the mean of measured VS,30 of the reference 453 

sites in Italy, and three different values of 𝜅0 (0.01, 0.025 and 0.04s) are also reported in Figure 10a and 10c 454 

for ITA18-FAS and -SA, respectively. As expected, the calibration allows identification of a significant 455 

dependence on 𝜅0 in the available data range: at high frequencies (from 2Hz onwards), the cκ coefficient is 456 

negative and this determines a remarkable reduction of seismic motion for the sites with the highest 𝜅0. It is 457 

noted, in particular, that 𝜅0 =0.025s reproduces the empirical mean curve and can be considered as a 458 

representative value for the reference rock sites in Italy, as confirmed by the averaged value of 𝜅0 calculated 459 

for such reference sites. The threshold frequency below which 𝛿model is independent on 𝜅0 is 2Hz, roughly 460 

consistent with the period of 0.2s considered by Laurendeau et al. (2013). Although the scaling with VS,30 is 461 

imposed on the basis of the outcomes of ITA18 model, 𝛿model predictions are also shown in the electronic 462 

appendices (Figure S4), for 𝜅0=0.025s and 3 VS,30 values equal to 700, 900, and 1100 m/s. In contrast to 𝜅0, a 463 

change in VS,30 has a small impact on 𝛿model prediction at low frequencies and is negligible at high frequencies. 464 

The introduction of the 𝜅0-dependency in Eq. [5] also allows to significantly reduce the variability associated to 465 

the median prediction: for the ITA18-FAS model the reduction is about 11% at 10Hz and increases up to 17% 466 

at 30Hz; for ITA18-SA, the reduction at short periods [T=0.01-0.1s] is almost constant and equal to 10%. 467 

In Figure 11, we use the 𝛿𝑚𝑜𝑑𝑒𝑙 in Eq. [5] to correct the ITA18-FAS predictions for the generic rock at different 468 

scenarios. The introduction of the high frequency attenuation parameter dependency allows to reduce the 469 

spectral amplitudes as 𝜅0 increases and to shift the FAS peak to higher frequencies. The 𝛿𝑚𝑜𝑑𝑒𝑙-corrected 470 

spectra for ITA18-SA are available in the electronic supplemental material (Figure S5) for the same scenarios 471 

proposed in Figure 11. The predictions for very low 𝜅0 values (0.01s) return positive 𝛿𝑚𝑜𝑑𝑒𝑙 values at higher 472 

frequencies, causing a weak amplification of the seismic motion for f>7Hz: this would indicate that for some 473 

boundary conditions (𝜅0<0.01s, regardless of VS,30, which has less significant impact on the final prediction) 474 

the correction becomes almost ineffective as the generic and reference site predictions match (or the latter 475 

slightly exceeds the former). This result should not be surprising since the median prediction of ITA18 at 476 

800m/s contains both sites that are affected by amplifications and de-amplifications at high-frequency: 477 

removing the former with RRIM and checking the latter assuming low values of 𝜅0, the effects are 478 

counterbalanced, returning a median reference motion almost equal to the generic one but with a smaller 479 

associated variability. 480 

Figure 12 compares the ITA18-SA corrective terms of this study with the host-to-target adjustments (Campbell, 481 

2003) proposed in literature and defined as the scaling factor from hard to soft rock sites (SAHR/SASR): i) the 482 
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scaling curve of Van Houtte et al. (2011) obtained by the well-known VS,30- 𝜅0 relationship proposed by the 483 

authors; ii) the scaling models proposed by Ktenidou and Abrahamson (2016) for CENA; iii) the Laurendeau 484 

et al. (2018) hard-to-soft rock corrective term, estimated on the generation of a virtual rock motion dataset, 485 

obtained by the deconvolution of the surface records of the KiK-net (Japanese) network. Although our model 486 

is not calibrated for very hard rock (model validity ranges are VS,30 400-1200m/s and 𝜅0 8-50ms), we extrapolate 487 

it to equivalent site conditions in terms of VS,30 and 𝜅0, in order to check the predictive power out of the validity 488 

ranges. In particular, a value of VS,30>1500 m/s is assumed, considering that the prediction of ITA18 beyond 489 

this threshold is independent of this variable, and 𝜅0=0.006s, as the threshold for reference sites in CENA 490 

(Hashash et al. 2014). Alongside these 'extreme' conditions, the predictions of 𝛿𝑚𝑜𝑑𝑒𝑙 (Eq. [5] and continuous 491 

gray line in Figure 10b) and Laurendeau et al. (2018) for site conditions more similar to the reference sites in 492 

Italy, i.e., VS,30=900 and 𝜅0=0.025s, are also shown in Figure 13. 493 

 𝛿𝑚𝑜𝑑𝑒𝑙for very hard rock conditions predicts a small amplification at high frequencies caused by the low 𝜅0 494 

values considered, in agreement with the Ktenidou and Abrahamson (2016) models, which also refer to CENA 495 

site conditions. The 𝜅0 of the sites considered by Van Houtte et al. (2011) have even lower values than our 496 

target and, for this reason, show a higher amplification. The lack of high frequency amplification in the 497 

Laurendeau model (2018) could be a consequence of modelling the scaling factor only on VS,30. At low 498 

frequencies, 𝛿𝑚𝑜𝑑𝑒𝑙 shows higher de-amplifications than the other models in the literature: this is probably due 499 

to the fact that we assume a scaling with VS,30 equal to that of the ITA18 model, and maybe because the low 500 

frequency part is more dependent on VS,30 and, therefore, more sensitive to the extrapolation. 501 

For the reference average rock condition in Italy, the scaling factor returns a ground motion that is always 502 

lower than that of the generic rock, but the reduction is different for 𝛿𝑚𝑜𝑑𝑒𝑙 and Laurendeau et al. (2018). The 503 

reason for this difference could be related to the different VS,30 values of the rocks in the regional datasets 504 

used, i.e., Italy and Japan; in addition, the gradient of reduction in high-frequency seismic motion is similar 505 

between the two models and would suggest that the average 𝜅0 of sites in Japan is similar to that obtained in 506 

this study for Italy (0.025s). 507 

 508 

Conclusions 509 

 510 

The overall objective of this paper is to properly characterize the seismic motion of reference sites in Italy, i.e., 511 

rock or stiff soil sites whose recorded ground motion is exempt from amplifications. The work is organized in 512 
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two phases: i) identification of seismic stations that can be considered as reference rock sites; ii) calibration of 513 

a scaling factor to obtain predictions of seismic motion on reference rock, starting from those for generic rock 514 

(in this case corresponding to VS,30=800m/s).  515 

In order to identify the reference rock recording stations in Italy, we prepared a very large station-oriented 516 

dataset, extracted from the last release of Italian Accelerometric Archive (ITACA v3.1). The dataset is 517 

composed by more than 1600 stations. Given the large number of sites, a pre-selection of candidates was 518 

performed via residual analysis with respect to the ITA18 GMM. Candidate sites presenting flat site-to-site 519 

residual (representing site response) with amplitude similar or lower than the one of the generic rock ground 520 

motion (VS,30=800m/s) were pre-selected. We also calibrated a GMM in Fourier amplitudes, using the same 521 

functional form and calibration dataset adopted for the reference Italian model (ITA18), defined for response 522 

spectra. 523 

The 433 pre-selected stations were then analyzed by means of the Reference-Rock Identification Method 524 

(RRIM), originally developed by Lanzano et al. (2020) and slightly modified here. RRIM is based on the 525 

identification of site parameters, representative of the reference site conditions and the implementation of the 526 

scoring scheme to rank candidate stations. This procedure allows to identify a total of 116 reference rock 527 

stations in Italy, having mean VS,30 = 900m/s, if only measured values of VS,30 are considered. The list includes 528 

the majority of stations already identified in Central Italy (Lanzano et al. 2020), based on a different dataset 529 

and reference GMPEs, confirming the robustness of the proposed approach. A direct comparison with other 530 

studies dedicated to the identification of reference sites is not easy, since they are based on different station 531 

datasets and different definitions of reference conditions: for example, the work of Pilz et al. (2020), carried 532 

out on the European recording stations available in EIDA, does not consider the Italian accelerometer stations 533 

of the RAN network which constitute about 60% of the stations of our study; in this case only 16 sites are in 534 

common. 535 

We exploited the records of the reference rock sites available in ITACA (about 800) to develop an empirical 536 

generic-to-reference rock scaling factor for ITA18 GMMs in SA (Lanzano et al. 2019a) and FAS. Finally, we 537 

modelled the empirical corrective factors as function of VS,30 and the high frequency attenuation parameter (𝜅0) 538 

for a subset of 54 reference rock sites in Italy, for which an estimate of 𝜅0 is available. Such stations have 539 

remarkably different behaviours at high-frequencies, the estimates of 𝜅0 ranging from 0.007s to 0.053s. The 540 

trend of such corrective terms, when extrapolated for conditions that reproduce hard rocks (VS,30>>1500m/s 541 

and 𝜅0=0.006s), resembles the host to target scaling factors proposed by Ktenidou and Abrahamson (2016). 542 
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The wide variability of 𝜅0, observed among the reference sites shows a regional dependence and deserves to 543 

be further investigated. One of the future developments could focus on the study of the regional characteristics 544 

of the high frequency attenuation parameter with the aim of reproducing a map similar to the one proposed by 545 

Van Houtte et al. (2018) for New Zealand. In addition, the definition of the “ideal” reference site on the basis 546 

of the proxies proposed by the RRIM, could be not sufficient, since the high frequency attenuation parameter 547 

must also be controlled. 548 

In conclusion, in this paper, we have provided an ensemble of stations that most closely approximate the ideal 549 

conditions of the reference sites in Italy. Based on this list, a user can make further selections considering the 550 

global score and/or the individual proxies, including, if available, the value of 𝜅0. As an example, within the non-551 

parametric spectral analysis in central Italy, as part of the Dynamic Planet project (Morasca and D’Amico, 552 

2020), 6 reference sites were selected starting from the 36 reference rock stations provided by Lanzano et al. 553 

(2020), imposing as further criteria that 𝜅0<= 0.015s.  554 

Regarding the non-parametrized generic-to-reference rocks scaling function, it can be used to estimate the 555 

seismic hazard at reference sites in Italy and compare it with that generally produced for generic rock sites, as 556 

a tool for seismic design (e.g., MPS04 seismic hazard map, Stucchi et al., 2011). Being scenario independent, 557 

the corrective can also be used to directly scale uniform hazard spectra over generic rock and use them as a 558 

target spectrum for waveform selection for any analysis where it is appropriate to have reference site 559 

conditions. This could be useful to assess the bedrock ground motion for seismic site response or site-specific 560 

hazard analyses with a deterministic or hybrid-deterministic approach to avoid starting from an already 561 

amplified reference seismic motion. 562 

The parameterized model is still an experiment, but it certainly confirms the importance of using additional and 563 

alternative proxies to VS,30 to describe site effects. Moreover, once the regional differences of VS,30 and 𝜅0 in 564 

Italy are identified, it allows reconstructing shaking scenarios more accurately than those based only on VS,30, 565 

as happens with ShakeMaps in Italy (Michelini et al. 2019). 566 

Data and resources 567 

The waveforms and the associated metadata, used for the calibration of the predictive models, are obtained 568 

from the following databases: 569 

 The ITalian ACcelerometric Archive (ITACA) available at https://itaca.mi.ingv.it ; 570 

 The Engineering Strong Motion (ESM) database available at https://esm-db.eu; the parametric table 571 

of the records included in ESM until 2016 are available at https://esm-db.eu/#/products/flat_file; 572 

https://itaca.mi.ingv.it/
https://esm-db.eu/
https://esm-db.eu/#/products/flat_file
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 Additional databases that were used for ITA18 dataset are listed in the paper of Lanzano et al. (2019a). 573 

The waveforms used for the computation of the high frequency attenuation parameters are obtained from: 574 

 The European Integrated Waveform Data Archive (EIDA) at http://www.orfeus-eu.org/data/eida;  575 

 The RAN (Rete Accelerometrica Nazionale in Italian) network managed by DPC (Italian Civil 576 

Protection Department), at http://ran.protezionecivile.it/IT/index.php . 577 

The list of the Ground Motion Model is reported in the repository made available by John Douglas at 578 

http://www.gmpe.org.uk/.  579 

The information about the research project can be obtained at the following links: 580 

 The Seismic Ground Motion Assessment project SIGMA-2 at http://www.sigma-2.net/; 581 

 The DPC-ReLUIS (Rete dei Laboratori Universitari di Ingegneria Sismica in Italian) 2019-2021 project 582 

at http://www.reluis.it/; 583 

 The INGV Pianeta Dinamico (Dynamic Planet) - Working Earth project at 584 

https://progetti.ingv.it/it/pianeta-dinamico; 585 

 The European Commission funded project “Seismology and Earthquake Engineering Research 586 

Infrastructure Alliance for Europe” (SERA) at http://www.sera-eu.org/en/home/; 587 

 The INGV project HYPSTHER (hybrid ground motion Prediction equations for PSHA purposes: the 588 

study case of southern Italy) at http://hypsther.mi.ingv.it/; 589 

 NGA-East (Next Generation Attenuation Relationships for Central & Eastern North-America) project 590 

of Pacific Earthquake Engineering Research Center (PEER) is available at 591 

https://peer.berkeley.edu/research/nga-east.  592 

All the URLs were last accessed in August 2021. 593 

The electronic supplements of this paper include: i) a table with the list of the 116 reference rock sites for Italy, 594 

including the scoring results (Table_S1.txt); ii) a table with the generic-to-reference scaling factor 𝛿 for ITA18-595 

SA and –FAS, the VS,30-ref from Eq. [4] and the calibration coefficients of 𝛿model in Eq. [5] (Table_S2.txt); iii) a 596 

table with the regression coefficients and standard deviations of ITA18-FAS model in Eqs. [1-5] for Joyner-597 

Boore and rupture distances (Table_S3.txt); iv) a pdf document with additional figures (Figure S1 to S8), 598 

mentioned in the text (Figure_S1_S8.pdf), and the corresponding captions. 599 

 600 

http://www.orfeus-eu.org/data/eida
http://ran.protezionecivile.it/IT/index.php
http://www.gmpe.org.uk/
http://www.sigma-2.net/
http://www.reluis.it/
https://progetti.ingv.it/it/pianeta-dinamico
http://www.sera-eu.org/en/home/
http://hypsther.mi.ingv.it/
https://peer.berkeley.edu/research/nga-east
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Tables, with captions above each table 801 

 802 

Table 1. Clusters summarizing features. The clusters selected for RRIM analysis are marked in bold. 803 

Cluster # sites 
# sites 

with meas. 
VS,30 

average dispersion 
around the mean 

[log10] 

median 
meas. VS,30 

std 
meas. 
VS,30 

mean curve type 

1 133 31 0.253 466 192 
low-frequency small 

amplification 

2 (set B) 216 55 0.185 648 268 flat not amplified 

3 86 27 0.291 257 78 
low-frequency moderate 

amplification 

4 52 21 0.327 425 162 
high-frequency high 

amplification 

5 121 30 0.232 594 303 
high-frequency moderate 

amplification 

6 136 47 0.254 419 203 
intermediate-frequency 

small amplification (broad-
band) 

7 20 9 0.296 221 61 
low-frequency high 

amplification 

8 (set A) 262 48 0.192 859 358 flat de-amplified 
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Table 2. Hierarchical index and weight values assigned to the proxies for reference rock sites identification. PW0(VS,30) 805 

function is reported in Eq. [6]. The conditions for full criterion fulfillment are reported in bold. The confidence interval of 806 

δS2S is defined by the 5th-95th percentile of the distribution of the eδS2S curves of the stations in each cluster or set. The 807 

proxy completely fulfills the criterion when the eδS2S station curve is within the confidence interval for the 95% of the periods 808 

considered. The association between lithological complexes and EC8 site classes is made on the basis of the study by Di 809 

Capua et al. (2011). H/V curves can be alternatively obtained from 1) in-situ noise measurements (HVNSR); 2) Fourier 810 

amplitude spectra of the coda-waves (HVSR-C) or 3) the S-waves (HVSR-S); 4) 5% damped elastic response spectra 811 

(HVRS). 812 

Proxy 
Hierarchical 

Index (HI) 
Criterion Proxy Weight (PW) 

δS2S 1 

set A within the confidence interval 1 

set A beyond the confidence interval 0.75 

set B within the confidence interval 0.75 

set B beyond the confidence interval 0.5 

HOU 0.5 
Free-field condition 1 

Electrical transformation cabin 0.75 

VS30 2 
Measured from geophysical in-situ tests 1 * PW0(VS,30) 

Inferred from topographic proxy  0.5 * PW0(VS,30) 

GEO 2 

EC8-A (scale-map ≥ 1:10,000) 1 

EC8-A (scale-map < 1:10,000) 0.75 

EC8-B (scale-map ≥ 1:10,000) 0.5 

EC8-B (scale-map < 1:10,000) 0.25 

TOP 0.5 
slope ≤ 15° 1 

15° < slope ≤ 30° 0.5 

H/V 2 

Flat  

(amplitude < 2√𝟐) 

HVNSR 1 

HVSR-C 1 

HVSR-S 0.5 

HVRS 0.5 

Broad-band 

(amplitude > 2√2) 

HVNSR 0.5 

HVSR-C 0.5 

HVSR-S  0.25 

HVRS 0.25 

 813 
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Table 3. Percentage reduction between the predictions of generic and reference rock sites, ΔY. The values of ΔY are 815 

averaged over 11 bins of distance [1–100 km] and 34 bins of magnitude [3.2–6.5]. Generic and reference predictions of 816 

Lanzano et al. (2020) are obtained from the CI19-EC8 for soil category A and CI19-Ref models, calibrated by the Authors 817 

for central Italy. Reference predictions of Felicetta et al. (2018) are compared to generic predictions for EC8 soil category 818 

A of Bindi et al. (2011). 819 

ΔY (%) PGA SA-T=0.1s SA-T=0.2s SA-T=1s SA-T=2s 

This study 33.9 38.1 38.0 20.2 16.1 

Lanzano et al. (2020) 40.5 46.7 36.7 4.2 6.9 

Felicetta et al. (2018) 35.1 33.5 38.5 26.5 28.0 

 820 
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Table 4. Reference rock sites used for the parameterization of Eq. [5]. RMSE is the Root Mean Square Error of the 𝜅0 822 

estimate. 823 

NET 
CODE 

STA 
CODE Score #recs Mmin Mmax 

Repi,min 
[km] 

Repi,max 
[km] 𝜅0 [s] 

𝜅0 RMSE 
[s] 

VS,30 

[m/s] 
VS,30  
method 

IT PPL1 7.52 7 3.1 4.5 5.8 67.5 0.0232 0.0112 775 Meas 

IV TERO 7.11 1124 2.2 6.3 5.4 137.4 0.0214 0.0103 912 Meas 

IT MNF 6.96 180 2.3 6.2 4.7 68.8 0.0137 0.0058 1060 Meas 

IV ATVO 6.69 559 2.2 6.3 4 123.4 0.0245 0.0098 1033 Meas 

IT SCN 6.56 6 3.5 5 24.7 78 0.0200 0.0089 839 Meas 

IV ATLO 6.51 596 2.2 6.3 9 128.9 0.0241 0.0089 767 Meas 

IT LSS 6.48 76 2.8 6.1 11.3 57 0.0074 0.0026 1091 Meas 

IV MCEL 6.27 67 2.5 4.5 8.4 128.7 0.0432 0.0166 815 Topo 

IT SUL 6.17 20 2.5 6.3 12.9 106.6 0.0116 0.0070 1265 Topo 

IV FIAM 6.09 1447 2.2 6.2 8.2 132.2 0.0319 0.0094 1007 Topo 

MN CUC 6.09 103 2.4 4.9 6.8 131.2 0.0386 0.0113 1016 Topo 

IV T1256 6 514 2.2 6.3 6 71.7 0.0214 0.0074 757 Topo 

IV T1215 5.82 632 2.4 6.3 8.5 105.2 0.0197 0.0064 951 Topo 

IV PIEI 5.78 908 2.2 6.3 9.6 136.1 0.0251 0.0088 838 Topo 

IT FMG 5.78 24 3.8 6.1 14.2 68 0.0258 0.0063 790 Meas 

IV RM27 5.78 35 2.2 4.1 15.1 51.4 0.0374 0.0075 836 Topo 

IT SLO 5.77 86 2.3 5.6 8.2 53.8 0.0113 0.0052 823 Topo 

IV T1217 5.76 680 2.4 6.3 9.4 90.7 0.0167 0.0060 786 Topo 

IT GNU 5.56 57 2.8 6.2 8.3 68.7 0.0145 0.0041 928 Topo 

IV BSSO 5.55 123 2.2 5.4 1.9 115.4 0.0383 0.0087 659 Topo 

IT PSC 5.42 12 3.2 5.6 10.7 90.1 0.0177 0.0068 1000 Meas 

3A MZ19 5.33 256 2.4 6 1.1 48.8 0.0194 0.0068 1005 Topo 

IV MRLC 5.32 19 2.4 5 0.3 136.9 0.0536 0.0202 861 Meas 

IV FIU1 5.31 456 2.2 6.2 3.3 92.3 0.0081 0.0038 612 Topo 

IV SERS 5.28 54 2.6 4.7 16.9 137.1 0.0391 0.0171 837 Topo 

IV RM01 5.26 200 2.2 5.6 4.9 53 0.0392 0.0118 790 Topo 

IV T1212 5.25 450 2.4 4.9 0.7 94.2 0.0175 0.0084 539 Topo 

IV POFI 5.25 245 2.2 5.6 1.6 137.9 0.0186 0.0091 443 Topo 

IV RM03 5.25 220 2.2 5.6 1.6 86.3 0.0218 0.0093 517 Topo 

IV T1211 5.25 741 2.2 6.3 2.5 136.4 0.0297 0.0063 468 Topo 

IV SACR 5.25 63 2.3 5.4 7.8 100.4 0.0449 0.0096 501 Topo 

IV PIGN 5.25 49 2.6 5.4 27.5 135.2 0.0533 0.0102 560 Topo 

IT PTL 5.21 12 2.7 3.9 5 24.9 0.0146 0.0071 717 Topo 

IT AMT 5.2 96 2.6 6.3 2.4 52.6 0.0096 0.0058 670 Meas 

IV CAFI 5.19 121 2.2 5.3 28.7 139.3 0.0352 0.0149 738 Topo 

IV SACS 5.17 71 2.2 6.3 11.9 123.1 0.0178 0.0067 692 Meas 

IV T0106 5.1 62 2.2 4.3 1 93.2 0.0414 0.0116 1061 Topo 

IV FOSV 5.09 964 2.2 6.3 7 119.6 0.0222 0.0065 1008 Topo 

IT ORC 5.01 21 3.2 5.6 9 64.5 0.0166 0.0098 767 Meas 

IV T1214 5.01 316 2.2 4.8 1 82 0.0252 0.0094 766 Topo 

IT SNO 5 54 2.3 6.2 2.4 62.7 0.0141 0.0068 429 Topo 

IV T1241 5 489 2.2 6.3 13.9 114.8 0.0179 0.0087 559 Topo 

IT CSC 4.98 120 2.7 5.6 6 38.9 0.0239 0.0074 698 Meas 

MN TIP 4.9 96 2.5 4.7 17.1 137.6 0.0238 0.0086 1208 Topo 

IT SDM 4.88 23 2.9 5.5 6.4 65.1 0.0147 0.0050 752 Meas 

IT ANT 4.86 32 3.7 6.1 14 50.5 0.0267 0.0132 912 Meas 

IT ASS 4.85 19 2.7 5.6 9.1 112 0.0216 0.0059 1051 Topo 

IT CSO1 4.85 8 3.2 6.1 23.2 55.9 0.0265 0.0154 1049 Topo 
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IT GLT 4.84 21 3.3 6.2 25.1 69.6 0.0065 0.0085 669 Topo 

IV GATE 4.84 47 2.5 5.4 5 79.7 0.0468 0.0052 1025 Topo 

IV T1244 4.81 520 2.2 6.3 2.2 50.9 0.0345 0.0089 918 Topo 

IT BZZ 4.79 21 3.1 6.3 1.8 66.5 0.0296 0.0060 679 Meas 

3A MZ31 4.75 91 2.6 4.7 7.4 47.1 0.0170 0.0073 597 Topo 

IV SGTA 4.75 48 2.4 4.3 8.6 94.6 0.0343 0.0098 400 Meas 

 824 
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 827 

Figure 1. Spatial distribution of epicenters of the events (a) and recording stations (b) included in the 828 

ITACAext dataset. 829 

Figure 2. ITACAext distribution of recording station as a function of a) VS,30 and b) number of records. 830 

Figure 3. Results of cluster analysis for 10δS2S in FAS. 831 

Figure 4. Geographical distribution of the selected reference stations. 832 

Figure 5. Distribution of the selected reference rock-sites in terms of: a) EC8 class inferred from 833 

surface geology (GEO proxy); b) VS,30 as function of type (measured or inferred from topographic 834 

proxy); c) slope range (TOP proxy); d) shape of H/V curves colored as function of the analysis type. 835 

BB: Broad-band; F: Flat; P: Peaked. 836 

Figure 6. Mean shear-wave velocity profile (black line) and its standard deviation (dotted lines), up 837 

to 200 m, obtained from measured VS profiles available for the selected reference rock-sites (red 838 

lines). P-2011 is the model by Poggi et al. (2011) for reference rock sites in Switzerland; BJ-1997 839 

are the profile for generic and very hard rocks proposed by Boore and Joyner (1997) for North 840 

America; C-2006 is obtained from the VS(z) model proposed by Cotton et al. (2006), assuming 841 

VS,30=900m/s. 842 

Figure 7. Magnitude-distance distribution of ITA18_ref vs. ITA18_all. 843 

Figure 8. Frequency-dependent generic-to-reference corrective term, δ, (a) and associated standard 844 

deviations, σ (b) for ITA18-FAS and –SA models in RJB. The total standard deviation of ITA18-FAS 845 

and –SA are also reported. ITA18-SA is represented as function of f=1/T, where T is the oscillation 846 

period. 847 

Figure 9. Total residuals Re,s, i.e., the logarithm differences between the observations of 848 

ITA18_ref_small and the ITA18-FAS (RJB) predictions for VS,30=800m/s: a, b) Re,s vs. 𝜅0; c, d) Re,s vs. 849 

VS,30; a, c) f=0.9905Hz; b, d) f=15.0508Hz. 850 
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Figure 10. Outcomes of the calibration of 𝛿model in Eq. [5] for different values of 𝜅0: a) predictions of 851 

𝛿model for ITA18-FAS (RJB) as a function of frequency; b) total standard deviations of 𝛿model for ITA18-852 

FAS (RJB) as a function of frequency; c) predictions of 𝛿model for ITA18-SA (RJB) as a function of 853 

period; d) total standard deviations of 𝛿model for ITA18-SA (RJB) as a function of period. 𝛿ITA18-ref in 854 

𝛿ITA18-ref-small are the median generic-to-reference corrections (and the associated total standard 855 

deviations) obtained for ITA18_ref and ITA18_ref_small datasets, respectively. 856 

Figure 11. Fourier amplitude spectra predicted by ITA18-FAS for generic rock (VS,30=800m/s) and 857 

incorporating the 𝛿model of Eq. [5] (named ITA18-ref): a, b, c) MW=5.0; d, e, f) MW=6.0; g, h, i) MW=7.0; 858 

a, d, g) RJB=0km; b, e, h) RJB=10km; c, f, i) RJB=50km. The style of faulting is normal. 859 

Figure 12. Hard-over-soft rocks ground motion proposed for host to target correction and those 860 

proposed in this study. 861 

Figure A1. Fourier Amplitude spectra predicted by ITA18-FAS (this study), BA18 (Bayless and 862 

Abrahamson, 2018) and BOR14 (Bora et al. 2014) for several scenarios. a) Mw 4.0 and RJB=1km; b) 863 

Mw 4.0 and RJB =10km; c) Mw 5.5 and RJB =1km; d) Mw 5.5 and RJB =10km; e) Mw 7.0 and RJB =1km; 864 

f) Mw 7.0 and RJB =10km. 865 

Figure A2. a) Components of the standard deviation for ITA18-FAS model in RJB and Rrup; b) total 866 

standard deviation of ITA18-FAS in RJB (this study), ITA18-SA (Lanzano et al. 2019a), BOR14 (Bora 867 

et al. 2014), and BA18 (Bayless and Abrahamson, 2019). 868 

Figure A3. a) VS,30 scaling coefficients of ITA18-FAS in RJB, ITA18-SA, BOR14, and BA18; d) p-869 

values of the VS,30 scaling coefficients of ITA18-FAS and ITA18-SA in RJB. 870 
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Figures, with captions below each figure  872 

 873 

 874 

Figure 1. Spatial distribution of epicenters of the events (a) and recording stations (b) included in the ITACAext dataset. 875 
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 877 

Figure 2. ITACAext distribution of recording station as a function of a) VS,30 and b) number of records. 878 
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 880 

Figure 3. Results of cluster analysis for 10δS2S in FAS. 881 
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 883 

Figure 4. Geographical distribution of the selected reference stations. 884 

  885 



 41 

  886 

Figure 5. Distribution of the selected reference rock-sites in terms of: a) EC8 class inferred from surface geology (GEO 887 

proxy); b) VS,30 as function of type (measured or inferred from topographic proxy); c) slope range (TOP proxy); d) shape of 888 

H/V curves colored as function of the analysis type. BB: Broad-band; F: Flat; P: Peaked. 889 
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 891 

Figure 6. Mean shear-wave velocity profile (black line) and its standard deviation (dotted lines), up to 200 m, obtained from 892 

measured VS profiles available for the selected reference rock-sites (red lines). P-2011 is the model by Poggi et al. (2011) 893 

for reference rock sites in Switzerland; BJ-1997 are the profile for generic and very hard rocks proposed by Boore and 894 

Joyner (1997) for North America; C-2006 is obtained from the VS(z) model proposed by Cotton et al. (2006), assuming 895 

VS,30=900m/s. 896 
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 898 

Figure 7. Magnitude-distance distribution of ITA18_ref vs. ITA18_all. 899 
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(a) 

 
(b) 

Figure 8. Frequency-dependent generic-to-reference corrective term, δ, (a) and associated standard deviations, σ (b) for 901 

ITA18-FAS and –SA models in RJB. The total standard deviation of ITA18-FAS and –SA are also reported. ITA18-SA is 902 

represented as function of f=1/T, where T is the oscillation period. 903 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 9. Total residuals Re,s, i.e., the logarithm differences between the observations of ITA18_ref_small and the ITA18-905 

FAS (RJB) predictions for VS,30=800m/s: a,b) Re,s vs. 𝜅0; c,d) Re,s vs. VS,30; a,c) f=0.9905Hz; b,d) f=15.0508Hz. 906 
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(a) 

 

(b) 

 
(c) 

 
(d) 

Figure 10. Outcomes of the calibration of 𝛿model in Eq. [5] for different values of 𝜅0: a) predictions of 𝛿model for ITA18-FAS 908 

(RJB) as a function of frequency; b) total standard deviations of 𝛿model for ITA18-FAS (RJB) as a function of frequency; c) 909 

predictions of 𝛿model for ITA18-SA (RJB) as a function of period; d) total standard deviations of 𝛿model for ITA18-SA (RJB) as 910 

a function of period. 𝛿ITA18-ref in 𝛿ITA18-ref-small are the median generic-to-reference corrections (and the associated total 911 

standard deviations) obtained for ITA18_ref and ITA18_ref_small datasets, respectively. 912 
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 914 

 915 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

 
(i) 

 916 

Figure 11. Fourier amplitude spectra predicted by ITA18-FAS for generic rock (VS,30=800m/s) and incorporating the 𝛿model 917 

of Eq. [5] (named ITA18-ref): a,b,c) MW=5.0; d,e,f) MW=6.0; g,h,i) MW=7.0; a,d,g) RJB=0km; b,e,h) RJB=10km; c,f,i) 918 

RJB=50km. The style of faulting is normal. 919 
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 921 

Figure 12. Hard-over-soft rocks ground motion proposed for host to target correction and those proposed in this study. 922 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure A1. Fourier Amplitude spectra predicted by ITA18-FAS (this study), BA18 (Bayless and Abrahamson, 2018) and 924 

BOR14 (Bora et al. 2014) for several scenarios. a) Mw 4.0 and RJB=1km; b) Mw 4.0 and RJB =10km; c) Mw 5.5 and RJB 925 

=1km; d) Mw 5.5 and RJB =10km; e) Mw 7.0 and RJB =1km; f) Mw 7.0 and RJB =10km.  926 
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 927 
   (a)       (b) 928 
Figure A.2. a) Components of the standard deviation for ITA18-FAS model in RJB and Rrup; b) total standard deviation of 929 

ITA18-FAS in RJB (this study), ITA18-SA (Lanzano et al. 2019a), BOR14 (Bora et al. 2014), and BA18 (Bayless and 930 

Abrahamson, 2019). 931 
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 933 
   (a)      (b) 934 

Figure A.3. a) VS,30 scaling coefficients of ITA18-FAS in RJB, ITA18-SA, BOR14, and BA18; d) p-values of the VS,30 scaling 935 

coefficients of ITA18-FAS and ITA18-SA in RJB. 936 

  937 



 52 

Appendix I: Fourier Amplitude Spectra GMM for shallow active crustal events in Italy (ITA18-FAS) 938 

 939 

In order to make the GMM for FAS (ITA18-FAS) consistent with ITA18-SA (Lanzano et al. 2019a), we adopted 940 

the same dataset (see §2) and functional form selected for the calibration of the model of the acceleration 941 

spectral ordinates: 942 

log10𝑌 =  𝑎 + 𝐹𝑀(𝑀𝑊 ,SOF) + 𝐹𝐷(𝑀𝑊 , 𝑅) + 𝐹𝑆(𝑉𝑆,30) + 𝜎       [A1] 943 

𝐹𝑀(𝑀𝑊,SOF) = 𝑓𝑗SOF𝑗 + {
𝑏1(𝑀𝑊 −𝑀ℎ)            where 𝑀𝑊 ≤ 𝑀ℎ

𝑏2(𝑀𝑊 −𝑀ℎ)            where 𝑀𝑊 > 𝑀ℎ
      [A2] 944 

𝐹𝐷(𝑀𝑊 , 𝑅) = [𝑐1(𝑀𝑊 −𝑀ref) + 𝑐2]log10√𝑅
2 + ℎ2 + 𝑐3√𝑅

2 + ℎ2      [A3] 945 

𝐹𝑆(𝑉𝑆,30) = 𝑘log10 (
𝑉0

800
)         

𝑉0 = 𝑉𝑆,30           for 𝑉𝑆,30 ≤ 1500𝑚 𝑠⁄

𝑉0 = 1500𝑚 𝑠⁄      for 𝑉𝑆,30 > 1500𝑚 𝑠⁄
     [A4] 946 

𝜎 = √𝜏2 + 𝜙𝑆2𝑆
2 + 𝜎0

2  [A5] 947 

Y is the observed intensity measure, i.e., the 81 ordinates of FAS in the frequency range 0.1–30Hz, calculated 948 

using the Konno & Ohmachi (1998) smoothing function (b=40). The prediction is valid for the geometric mean 949 

of the two horizontal components. Since the data processing is manual, high- and low- pass filter corner 950 

frequencies may differ. As a result, the number of records varies with frequencies: 100% of the data is 951 

considered in the interval 1-10Hz, while the calibration dataset is reduced by about 30% at f=0.1Hz and about 952 

10% at 30Hz. 953 

We derived two different sets of coefficients for Joyner-Boore (R=RJB) and rupture (R=Rrup) distances 954 

(epicentral and hypocentral distances are considered as an alternative, respectively, if the fault geometry is 955 

unknown). The explanatory variables are: the moment magnitude (MW), the source-to-site distance (R), the 956 

average shear wave velocity in the uppermost 30m (VS,30), and the styles of faulting (SOFj), which are dummy 957 

variables. The coefficients a, b1, b2, c1, c2, c3, k, fj (f1 for strike-slip, f2 for thrust fault, and f3 for normal fault), 958 

the hinge (Mh) and the reference (Mref) magnitudes, the pseudo-depth h and the standard deviations, are 959 

available in the electronic supplements (Table S3).  960 

In addition, the residuals are decomposed into mean error of event (between-event, δBe), station (site-to-site, 961 

δS2Ss) and residual corrected by systematic source and site contributions (event- and site- corrected residual, 962 

δW0e,s), by means of a mixed-effect regression (Stafford, 2014; Bates, 2015), in order to estimate the partially 963 

non-ergodic sigma according to Al Atik et al (2010). The calibration also provides the standard deviations of 964 
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each residual term, where τ and ɸS2S represent between-event and site-to-site variability, respectively, and 0 965 

is the standard deviation of the event- and site- corrected residuals.  966 

In the electronic appendix (Figure S6), we show δBe, δS2Ss, and δW0e,s as a function of magnitude, VS,30, and 967 

RJB, respectively, for two control frequencies (1 and 10Hz). The median trend of the residuals does not exhibit 968 

relevant bias with respect to the different explanatory variables, with the exception of few outliers, i.e., two 969 

foreign events of magnitude 6.6 and 6.9, already identified in ITA18-SA and affected by large between-event 970 

errors at high frequencies. The latter are Japanese events, that generally assume different values of stress 971 

drop with respect to same magnitude Italian events (Oth, 2013). 972 

Further plots are available in the electronic supplements (Figure S7 and S8), to compare the ITA18-FAS 973 

predictions and the observation for selected scenarios (Mw 4.5 and 6.5, VS,30=300 and 600m/s, normal and 974 

thrust faults) at the same two control frequencies. In general, the proposed model shows a remarkable ability 975 

to predict median seismic motion, taking into account that significant “local” specificities are present in Italy 976 

(e.g., see Lanzano et al. 2016b for some peculiar characteristics of the ground motion in Northern Italy). The 977 

issues are the same as for ITA18-SA: i) although anelastic attenuation is constrained by a considerable amount 978 

of data, a slight overprediction for large magnitudes normal fault events still exists at distances larger than 80 979 

km, especially for Central Italy events (Luzi et al., 2017); ii) there is a slight underestimation of seismic motion 980 

in near-source conditions (RJB<20km). The first problem is related to the use of a national dataset, which does 981 

not allow to capture regional specificities, while the second depends on the absence of data, which could be 982 

overcome by integrating the dataset with additional waveforms observed or simulated in the proximity of the 983 

seismic source Sgobba et al. (2021). 984 

The models available in the literature for predicting the FAS ordinates are significantly fewer than those 985 

developed in acceleration response spectra (see John Douglas database in Data and Resources) which are 986 

obviously of major interest for engineering applications. Finally, we selected two GMMs for comparisons:  987 

- The model by Bora et al 2014 (BOR14) for Europe and Middle-East is chosen as a reference, since 988 

its functional form is similar to ITA18-FAS. The newer model (Bora et al., 2015) was disregarded since 989 

it contains further explanatory variables, such as the apparent stress-drop and the high-frequency 990 

attenuation parameter 𝜅0. 991 

- The model of Bayless and Abrahamson 2018 (BA18) developed for California, but globally applicable 992 

because the calibration dataset (NGA-West2) contains many foreign events. 993 

Figure A.1 shows the comparison among the predicted spectra of ITA18-FAS, BOR14 and BA18 for three 994 

magnitudes (4.0, 5.5 and 7.0), three styles of faulting (normal, thrust and strike-slip), two values of VS,30 (200 995 
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and 800 m/s), and RJB=1km. The shape of the ITA18-FAS spectrum has no bumps or gaps compared to 996 

BOR14, albeit no smoothing is applied, as, instead, in BA18. The ITA18-FAS and BOR14 predictions are quite 997 

similar for several scenarios, whereas they agree with the BA18 values only at intermediate and higher 998 

magnitudes. In fact, at M = 4.0, the predictions of BA18 approximately correspond to the predictions of ITA18-999 

FAS minus one standard deviation. At high-frequency, the ITA18-FAS predicts larger amplitudes than the other 1000 

ones, especially for soft soils (VS,30=200m/s), suggesting that suggesting that, with VS,30 being equal, Italian 1001 

stations are characterized by a lower high-frequency attenuation than the sites in California. Larger differences 1002 

are observed between predictions of strike-slip and thrust fault events, compared to normal faults, which are 1003 

more similar. 1004 

Figure A.2a compares the τ, ɸS2S and 0 standard deviations of the ITA18-FAS model for RJB and Rrup, by 1005 

observing negligible differences. The between-event standard deviation (τ) exhibits values in the interval 0.12-1006 

0.27 log10 units, with lowest values between 0.5 and 4Hz. Event- and site- corrected standard deviations (0) 1007 

are almost constant around 0.19 in a wide frequency range (0.1-10Hz) and, afterwards, increase as the 1008 

frequency increases (up to 0.27). The largest contribution of total sigma is due to site-to-site variability (ɸS2S) 1009 

especially at high frequencies, moving from about 0.24 log10 units at 3Hz to over 0.4 at 30Hz.  1010 

Figure A.2b compares the total standard deviation  of ITA18-FAS in RJB with that of ITA18-SA, BOR14 and 1011 

BA18 models. The minimum total variability is at 2Hz (about 0.31), while maximum value is about 0.56 at 30Hz. 1012 

The main cause of the larger variability of FAS model w.r.t. SA is related to the differences between FAS and 1013 

the corresponding SA (Bora et al. 2016): the response spectral accelerations at high frequencies are controlled 1014 

by a much wider range of frequencies than Fourier amplitudes; as a consequence, narrow-band site effects at 1015 

short periods have a larger impact on Fourier amplitudes whereas for response spectral accelerations they 1016 

are smoothed out. Several studies have also shown that using the same functional form for model calibration, 1017 

results in increased high frequency variability for FAS compared to SA model (Bindi et al., 2019a; 2019b).  1018 

Regarding the other FAS models, BA18 is heteroscedastic with a sigma dependent on magnitude and a total 1019 

variability that decreases as magnitude increases. ITA18-FAS and BOR14 are instead homoscedastic models 1020 

and the total variability is influenced by lower magnitude data, which are more numerous and scattered. As a 1021 

matter of fact, the variability of ITA18-FAS reproduces that of BA18 for Mw=4.0, whereas the BOR14 model 1022 

has significantly higher variability. 1023 

Figure A.3a compares the values of coefficient relative to the VS,30 scaling (k in equation [A4] for ITA18-FAS) 1024 

against frequency for ITA18-FAS, ITA18-SA, BOR14 and BA18 models. At high frequency (above 8Hz for 1025 

BOR14 and 15Hz for ITA18-FAS and BA18), positive scaling is achieved for all the FAS models, albeit with 1026 
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rather low values, which causes unphysical increases of amplification with VS,30 (see Kamai et al. 2014 for 1027 

expected ground-motion scaling with VS,30). For the purpose of demonstrating that the positive values of the 1028 

VS,30 scaling coefficients are merely the result of a numerical artifact, the p-values of the coefficient k in Eq [A4] 1029 

are shown in Figure A.3b. The p-value is a statistical parameter, that indicates if the null hypothesis can be 1030 

rejected. In particular, a predictor (in this case the coefficient k) having p-value < 0.05 can be considered as a 1031 

meaningful addition to the model. As expected, the p-values of ITA18-FAS become higher than 0.05 for f>10-1032 

15Hz. These findings confirm the inadequacy of VS,30 to describe the high-frequency site effects into the GMM 1033 

in FAS.  1034 

 1035 

Appendix II: Estimation of the high frequency attenuation parameter for reference rock sites 1036 

 1037 

The parameter 𝜅 describes the high-frequency decay of the acceleration Fourier Amplitude Spectrum, FAS 1038 

(e.g., Anderson & Hough, 1984; Castro et al. 1990) and depends primarily on the source-observer path and 1039 

local geology (Anderson & Hough 1984; Ktenidou et al. 2013). At high frequency, the FAS is parametrized as 1040 

follows:  1041 

 1042 

𝐴(𝑓) = 𝐴0𝑒
−𝜋𝑘𝑓          for 𝑓 > 𝑓𝐸  [B1] 1043 

 1044 

Where A0 contains source and propagation contributions, 𝑓𝐸 is the frequency beyond which the spectrum 1045 

decays linearly (larger than the corner frequency of the event). The common approach to isolating the site-1046 

specific component 𝜅0, due to propagation in the shallower layers (Ktenidou et al. 2013), is to remove the 1047 

regional contribution 𝜅r by applying a linear model to the kappa values estimated to a given station: 1048 

 1049 

𝜅 = 𝜅0 + 𝜅𝑟𝑅            [B2] 1050 

 1051 

where R is the epicentral distance.  1052 

Although non-parametric approaches may be adopted, also including a source term, the linear model in Eq. 1053 

[B2] has often proven to be a good approximation (Ktenidou et al., 2015). The high-frequency decay in Italy 1054 

was investigated within a research on the ground motion variability in Italy, carried out within the framework of 1055 

the Italian INGV Pianeta Dinamico (Dynamic Planet)-Working Earth project (see Data and Resources), based 1056 

on a very large dataset of accelerometric and velocimetric records relative to events with magnitude M > 2.0, 1057 
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occurred central and southern Italy since 2008. The 𝜅 estimation is performed from the semi-logarithm 1058 

frequency decay of the acceleration S-waves FAS, implementing a semi-automatic procedure in order to take 1059 

advantage of as many records as possible available at the station within 150 km from the epicenter. The data 1060 

processing consists of the following steps: 1061 

i. Baseline correction and derivation of the velocimetric waveforms; 1062 

ii. Computation of FAS on time windows starting 0.1 s before the S wave onset and ending when different 1063 

percentages of the total energy are reached, in function of the source to site distance R (Pacor et al., 1064 

2016). A minimum length of 5 s and a maximum length of 20 s are imposed. The extracted S wave 1065 

signals are tapered with Hanning windows; 1066 

iii. Smoothing of the FAS ordinates using the Konno Ohmachi algorithm (b=40) and vectorial composition 1067 

of the two horizontal components; 1068 

iv. Performing of automatic 𝜅 calculation for 11 overlapping frequency bands of variable width from 12 to 1069 

20Hz; the minimum and maximum frequencies of the frequency bands are 8 and 38 Hz, respectively;  1070 

v. Within each band, the 𝜅 is estimated if: i) at least 65% of the spectral ordinates exceed a Signal-to-1071 

Noise Ratio (SNR) threshold equal to 3 and ii) the lowest frequency of the band is larger than the 1072 

corner frequency of the theoretical Brune spectrum of the event (computed considering stress drop 1073 

∆𝜎=30bar and shear wave velocity at the source depth VS=3.0km/s); 1074 

vi. To each record, the final 𝜅 is given by the median and standard deviation of the pre-calculated values; 1075 

the median value is discarded if: i) the pre-calculated 𝜅 are available for less than half of the considered 1076 

frequency ranges (6 out of 11); and ii) the associated standard deviation is larger than 0.015 s; 1077 

The 𝜅0 is then estimated for each station at the reference distance of 10 km, applying the eq. [B2]; if at least 1078 

10 records are available at epicentral distance less than 25km, the 𝜅0 is simply estimated as the median of the 1079 

𝜅 values within this distance range. 1080 

 1081 

 1082 
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Abstract:  12 

In this work, we apply the Reference-Rock Identification Method (RRIM; Lanzano et al. 2020) to the 13 

ITalian ACcelerometric Archive (ITACA), that includes more than 1600 recording stations in Italy and 14 

in the neighboring countries, with different levels of site characterization. The RRIM is based on the 15 

identification and the evaluation of site parameters representing the reference site conditions (Steidl 16 

et al., 1996) and the construction of the scoring scheme to classify the candidate stations. Given the 17 

large number of sites, the pre-selection of candidates is performed via residual analysis, selecting 18 

those characterized by flat site response and amplitude similar or lower than the one for the generic 19 

rock (average shear wave velocity in the uppermost 30m, VS,30=800m/s). The main results of this 20 

study are: i) a list of reference rock sites in Italy, with an associated score; ii) a scenario-independent 21 

generic-to-reference rock corrective factor for the ground motion model for shallow active crustal 22 

events in Italy (ITA18; Lanzano et al., 2019a) iii) a model for the generic-to-reference rock corrective 23 

factor, parametrized in terms of VS,30 and κ0, i.e. the high-frequency decay parameter (Anderson and 24 

Hough, 1984). A collateral product is a set of coefficients for the prediction of 81 ordinates of the 25 

Fourier Amplitude Spectra (FAS) in the frequency interval 0.1-30Hz, calibrated with the same dataset 26 

and functional form of ITA18 for acceleration response spectra, SA. The application of RRIM allowed 27 

us to identify 116 stations with average measured VS,30 ~ 900m/s. The corrective factor allows to 28 

scale both SA and FAS spectra and has a significant effect at high frequencies, reducing the ground 29 

motion by up to a factor 1.7 at f =10Hz. The introduction of κ0 in the corrective term modelling is 30 

effective from 2Hz onwards and results in a reduction of variability at high frequencies (f>10Hz).  31 

  32 
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1. Introduction 33 

 34 

One of the challenging tasks in engineering seismology is to correctly define the strong ground motion with 35 

respect to a reference level, usually corresponding to the rock. This is not because rock recordings are not 36 

available, but because the definition of rock is not unambiguous, but rather related to the requirements of each 37 

engineering and seismological application. Specifically, some definitions of rock, which we have set, are: 38 

- "Standard" is the rock motion defined by the technical regulations, i.e., it depends on the norm 39 

considered. It is generally based on the average shear wave velocity in the upper 30m, VS,30, and, as 40 

an example, is set to VS,30>= 800 m/s for Eurocode 8 Part 1 (EC8; CEN, 2004) and 760 m/s for US 41 

Building seismic provisions (NEHRP; BSSC, 2015). Recently, the equivalent shear wave velocity VS,H 42 

has been introduced and used to set the standard rock conditions (VS,H>= 800m/s) for the draft of the 43 

new EC8 (Paolucci et al. 2021) or in the new Italian technical standards (NTC, 2018); 44 

- "Generic" rock refers to the site condition used as a reference in Ground Motion Models (GMMs). 45 

Generally, it corresponds to the VS,30 (or VS,H) lower limit of standard rock definition (e.g., 46 

VS,30=800m/s), if the site effects are parametrized as function of this explanatory variable. For other 47 

GMMs, generic rocks are equivalent to standard rocks, if dummy variables based on norm 48 

classification are introduced in the GMM modelling; 49 

- “Bedrock” is a geologic description to define the rock that underlies looser surface material. If the 50 

shallow layers of soft materials are not present, the rock is defined as an outcrop. According to 51 

outcomes of the task of EU SERA project for site effects characterization (Di Giulio et al. 2019), “[…] 52 

there is no consensus on the understanding of what is bedrock, and therefore on the corresponding 53 

depth. We thus considered two main different definitions: seismological bedrock corresponds to the 54 

geological unit that, because of the impedance contrast with the upper layers, controls the lowest 55 

(fundamental) resonance frequency peak (f0); note however that some scientists consider the 56 

seismological bedrock as the crustal unit where the S-wave velocity is reaching a crustal value 57 

between 3.5 and 4.0 km/s; engineering bedrock corresponds to the unit where a conventional Vs value 58 

is first exceeded.” This conventional value generally corresponds with that indicated in the technical 59 

codes (standard rock); 60 

- “Hard” and “soft” rocks are site attributions modified after Boore and Joyner (1997), mainly based on 61 

the rock stiffness and attenuation properties (we define "soft” rock what the Authors have originally 62 

defined as "generic” rock), but also related to the tectonic environment (shallow active crustal regions 63 
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for soft rocks and stable continental zones for hard rocks); according to Boore and Joyner (1997), the 64 

soft rock in Western US have an average VS,30 =620 m/s; while Hashash et al. (2014) found a VS,30 65 

=2700–3300 m/s for hard rocks in Central and Eastern North America (CENA); 66 

- "Reference" rock (Steidl et al., 1996) is intended as an outcropping rock or stiff soils that have a flat, 67 

unamplified response over a frequency range of engineering interest (generally f=0.5-25 Hz). 68 

In this paper, we focus on the seismic motion of reference rocks and their differences with respect to the 69 

generic rocks. The reason is that the correct assessment of seismic motion on reference site is very important 70 

for many engineering seismology applications. As an example, the common practice to assess site-specific 71 

ground motion is: (1) to evaluate seismic ground motion at rock using Ground Motion Models (GMM) and then 72 

(2) applying the site response, which is typically computed using numerical simulations constrained on 73 

geological and geotechnical information available for the considered site (Rodriguez-Marek et al. 2014). To 74 

avoid inaccurate assessment of the site-specific ground motion (such as counting twice the site effects), the 75 

ground motion at rock should be exempt from any amplification phenomena (i.e., reference rock ground 76 

motion). Moreover, during the last 20 years, the standard practice to estimate seismological bedrock ground 77 

motion beneath a considered site is the application of host-to-target adjustment methods (see Campbell, 2003 78 

and Al Atik et al., 2014 for a review of the methods), which remove the combined effects of amplification and 79 

attenuation relative to the generic rock condition and replace them by those of the local rock on the basis of 80 

two parameters, i.e. the shear-wave velocity profile (VS) and the high frequency attenuation parameter, 0 81 

(Anderson and Hough, 1984). However, these adjustment methods still rely on the hypothesis that rock ground 82 

motion predicted by GMMs is exempt from any local site effect, since the adjustment only concerns effects 83 

related to differences in seismic impedance and in high frequency attenuation between host and target 84 

conditions.  85 

The estimation of reference rock ground motion level is necessary not only for site responses assessment but 86 

also in many other applications, as suggested by Pilz et al. (2020), such as the comparison between empirical 87 

observations and physics-based simulations, the assessment of the amplification factors for building codes, 88 

and inversion techniques of ground motion. For all the above mentioned purposes, the identification of 89 

reference rock sites became a crucial issue to address this goal. However, the simple norm definition of 90 

reference rock sites based on geological features and/or measurements of the shear-wave profiles, does not 91 

ensure the absence of local effects that may affect the ground motion (Lanzano et al., 2020). This is the reason 92 

why in the last few years, many efforts have been spent to identify reference sites based on a number of 93 

additional site parameters (multi-proxy techniques). 94 
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Felicetta et al. (2018) developed one of the first procedures to recognize reference rock sites among the 95 

recording stations of the Italian ACcelerometric Archive (ITACA v.3.1; D’Amico et al., 2020) using six proxies: 96 

three proxies out of six are based on geophysical and seismological data, whereas the remaining three are 97 

based on geological and geomorphological features (outcropping rock, flat topography and absence of 98 

interaction with structures). More recently, Lanzano et al. (2020) updated the methodology by Felicetta et al. 99 

(2018), including a mechanism derived from Decision Matrix Method to weight the different parameters and 100 

obtain a ranking of candidate sites as references (Reference-Rock Identification Method, RRIM). RRIM was 101 

applied to a rich ground motion dataset in Central Italy and allowed the identification of 36 reference sites. As 102 

a result, compared to ground motion predictions at generic rock sites (i.e. sites identified only with VS,30  800 103 

m/s), the high frequency median ground-motion predicted for reference rock is significantly reduced (up to 104 

40% at T=0.1s), while no variation is observed at low-frequency. 105 

Pilz et al. (2020) used the principles of the machine learning to classify the recording stations in Europe as a 106 

reference rock sites, adopting a set of proxies similar to those proposed by Felicetta et al. (2018). Namely, the 107 

proxies are: 1) the surface geology, 2) the slope of the topography, 3) the horizontal-to-vertical spectral ratios, 108 

4) the estimates of high frequency attenuation parameter on S-waves and coda, and 5) the local magnitude 109 

station correction. They finally identified about 300 out of more than 2000 sites.  110 

Strong efforts were also spent in the framework of the PEER NGA-East research project (see Data and 111 

Resources) to identify the reference condition for hard rock sites in CENA: in addition to the definition by 112 

Hashash et al. (2014) based on the velocity of S-waves, they also proposed a criterion on the site attenuation 113 

parameter (κ0), recommending a κ0 of 0.006s or lower. 114 

A different approach was followed by Laurendeau et al (2018), which used KiK-net data from stiff soil and rock 115 

sites to determine GMM for hard-rock by either, removing 1D site-response from surface records, or correcting 116 

borehole records from depth effects. Their GMM predicts high-frequency hard rock ground-motions about 50% 117 

smaller than ground motion predicted for surface standard rock motion. These results support the conclusions, 118 

reached first by Steidl et al. (1996) and more recently by Lanzano et al. (2020), i.e., rock data available in 119 

GMM databases are not exempt from high frequency amplifications. As pointed by Bard et al (2019), these 120 

results contrast with the “host-to-target” adjustment factors used until recently in site-specific seismic hazard 121 

studies (e.g. Al Atik et al., 2014; Renault et al., 2013; Bommer et al 2014), which involve a systematic increase 122 

of the high frequency ground motion content when adjusting the ground motion from generic to hard rock 123 

conditions. 124 
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In this paper, we apply the procedure developed by Lanzano et al (2020) with minor modifications to identify 125 

the reference stations throughout Italy. Then, rather than calibrating a new GMM for reference sites, we 126 

estimate the corrective factors to scale the ground-motion predicted for standard rock to the ground motion 127 

expected at reference rock both for Fourier and Acceleration Response spectra ordinates. We also develop a 128 

model to parametrize the corrective factors as a function of VS,30 and κ0. As additional products, we calibrate 129 

a new model for Fourier Amplitude Spectra (FAS), named ITA18-FAS, using the same dataset of the ITA18 130 

model (Lanzano et al. 2019a) for 5% damped acceleration response spectra. 131 

2. Datasets 132 

 133 

In this work, two different strong motion datasets are employed for the analyses carried out in the following 134 

sections. Both the datasets are derived from ITACA (ITalian ACcelerometric Archive) and ESM (Engineering 135 

Strong-Motion database) databases (see Data and Resources), which are the most complete and up-to-date 136 

collections of accelerometric records of Italy and Europe, respectively. Record collection criteria and data 137 

release procedures of ITACA and ESM are different, but there are several publications outlining the 138 

characteristics and main progress of each database (the most recent are D'Amico et al. 2021 and Lanzano et 139 

al. 2021). 140 

Each datum in both databases is constituted by a 3-components record (2 horizontal and 1 vertical waveforms) 141 

and is uniformly and manually processed according to the scheme proposed by Paolucci et al. (2011). For the 142 

purposes of ground motion analyses, the data are organized in flat-files, i.e., parametric tables with metadata 143 

and intensity measures, following the specifications given in Lanzano et al. (2019b). 144 

The first dataset, called ITA18_all, was already used to calibrate the ITA18-SA model, discussed in Lanzano 145 

et al. (2019a), and is also employed here to derive the corresponding model for Fourier Amplitude Spectrum 146 

ordinates (ITA18-FAS), as discussed in Appendix I. The accelerometric records of ITA18_all were selected 147 

according to the following criteria: i) earthquakes of active shallow crustal regions in Italy (focal depth lower 148 

than 30km) occurred in the period time 1972-2017; ii) minimum moment magnitude set to 3.5; iii) Joyner-Boore 149 

or rupture distance less than 200 km; and iv) only stations with surface instruments and with low or no 150 

interactions with nearby structures are included. The records of twelve worldwide events with magnitude larger 151 

than 6.1, having a source geometry defined by specific literature studies, were also included to extend the 152 

validity of the GMM to higher magnitudes. The final selection includes 5607 records, relative to 146 153 

earthquakes and 1657 stations.  154 
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The second dataset was created ad-hoc for this study, starting from the waveforms collection of the version 155 

3.1 of ITACA (D’Amico et al. 2020). It includes records of moderate-to-severe earthquakes (M>3.0) occurred 156 

in Italy in the period 1972 – 2019 from permanent and temporary accelerometric stations. The following 157 

selection criteria are adopted: i) moment magnitude (or local if not available) larger than 3.0; ii) epicentral 158 

distance lower than 220km; iii) exclusion of volcanic and subduction events; iv) event shallower than 30km 159 

and v) exclusion of the borehole and station installed on the building elevation floors. 160 

We also include the records of the networks of the neighboring countries, such as France, Switzerland, 161 

Slovenia, Albania and Montenegro to have a more robust estimation of the residual terms. Furthermore, we 162 

add the records of several velocimetric stations (not included in ITACA) especially in southern Italy, collected 163 

in the framework of the HYPSTHER project (D’Amico et al. 2018), removing the records affected by instrument 164 

saturation. Since the dataset also contains data external to ITACA, it is called ITACAext. 165 

The number of records of ITACAext is 32,600 for 1,756 earthquakes and 1,716 stations. The event and station 166 

spatial distributions are shown in Figure 1: most of the events (Figure 1a) have epicenter along the Apennine 167 

chain, in the Eastern Sicily, in Friuli, and around the Garda Lake (between Lombardy and Veneto). The 168 

distribution of the stations (Figure 1b) across the Italian territory is very dense, except some areas where the 169 

seismicity is lower, such as Sardinia Island, the coastal area of Tuscany, the Salento peninsula and some 170 

areas in the Piedmont. However, such collection of recording sites represents almost all the geologic 171 

environments present in Italy. 172 

Particular attention is also devoted to the site characterization in the compilation of ITACAext, since great 173 

efforts have been spent made in the last ten years to characterize the seismic stations in Italy (Felicetta et al., 174 

2017). In the framework of national projects (agreement INGV-DPC 2010-2020, Annex B2), a task was devoted 175 

to increase the level of completeness of site information of the permanent recording stations contained in the 176 

ITACA database. Several site information has been made available, such as resonance frequencies from noise 177 

and earthquake records, geological maps at different scales and measurements of the S-wave velocity profile 178 

at least down to 30m. To date, about 30% of Italian stations have a detailed site characterization, which allows 179 

the estimation of three site parameters: the resonance frequency, the measurement of VS,30 and the surface 180 

geology (>1:10,000). Concerning the temporary stations, the site characterization is poor, however information 181 

can be retrieved from the seismic microzonation studies and from the analysis of continuous records, 182 

especially in the areas struck by the seismic sequences of the last decades. All the recording stations included 183 

in ITACA are classified according to the EC8 soil categorization, using VS,30 measurements if available, 184 

otherwise VS,30 estimates from other proxies (CEN, 2004; Felicetta et al., 2017).  185 
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Figure 2 shows the distribution of the stations as function of the VS,30 and the number of records. 374 stations 186 

are characterized by measured VS,30, for the other ones VS,30 have been inferred from slope, according to the 187 

procedure by Wald and Allen (2007). The majority of the stations have VS,30 values in the interval 200-800m/s 188 

(about 70%), and the most populated range is 400-600m/s composed of about 500 recording stations. Very 189 

few stations are characterized by VS,30>1200m/s, which reflects the features of the outcropping geology in 190 

Italy, mainly composed of stiff soils and soft rocks. A large number of stations recorded more than 5 records 191 

(Figure 2b), corresponding to about 60%, with not negligible amount of recording sites with more than 30 192 

records (about 300 stations). 193 

 194 

3. Reference rock sites selection 195 

 196 

3.1 Pre-selection of the candidate sites 197 

As in the study by Lanzano et al. (2020) for central Italy, we perform a residual analysis with the goal of pre-198 

selecting sites that could be reference rock sites, on the basis of the spectral shape of the repeatable site 199 

terms δS2Ss (systematic deviation of the ground motion at a site w.r.t. a GMM prediction). The dataset used 200 

for this analysis is ITACAext, since the number of records per station is, in many cases, much greater than 201 

ITA18_all, allowing for a more robust estimation of δS2Ss. Differently from Lanzano et al. (2020), we prefer to 202 

perform the station pre-selection based on ITA18-FAS residual analysis, rather than ITA18-SA, as residuals 203 

with respect to FAS provide an empirical estimate of the amplitudes of the site transfer function. The 204 

consistency of the results obtained on residuals from ITA18-FAS and -SA models was nevertheless verified, 205 

finding differences lower than 6% among the pre-selected sites.  206 

The ITA18-FAS residuals are decomposed into between-event δBe, site-to-site δS2Ss and event- and site- 207 

corrected δW0e,s components and computed by applying the random-effect model (Bates et al. 2015). Because 208 

some of the data contained in ITACAext are outside the validity limits of ITA18-FAS (Mw 3.5-7.5 and RJB or 209 

Rrup 0-200km), the prediction model may not be suitable for describing the median of the observations and the 210 

physical interpretation of the results may be thwarted. This could especially be the case for magnitudes 211 

between 3.0 and 3.5 that make up a non-negligible portion of the ITACAext dataset. For this reason, we carried 212 

out a consistency analysis to verify that the ITA18-FAS residuals have no significant bias in the ranges of 213 

variation of the explanatory variables in ITACAext. The results are showed in the electronic supplemental 214 

material (Figure S1), where δBe, δS2Ss, and δW0e,s are plotted as a function of moment magnitude, VS,30, and 215 
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RJB, respectively. The residuals do not have significant bias with respect to the median prediction of ITA18-216 

FAS: only the δBe’s are slightly negative for Mw<3.5 and slightly positive for Mw>3.5, suggesting that scaling 217 

with magnitude could be only corrected to a very small extent. 218 

With the objective of pre-selecting candidate reference rock stations, we compute the site-to-site residual 219 

(named δS2S800) with respect to generic rock condition of ITA18-FAS, i.e., VS,30=800m/s. We expect that the 220 

candidates for reference rock sites exhibit negative or close-to-zero values of δS2S800 at all frequencies, since 221 

the stations with VS,30=800m/s of ITA18 include both, reference sites and those affected by amplifications. Our 222 

strategy to identify the candidate reference rock sites is to perform a cluster analysis on the δS2S800 curves 223 

(as a function of frequency) with the aim of detecting the sites belonging to the class with the lowest values 224 

and flat trend. This way of interpreting the seismic behavior of the recording stations on the basis of data-225 

driven aggregation of the site-to-site residual curves has become popular following the application by Kotha et 226 

al. (2018) on the Japanese KiK-net dataset. Considering the procedure to estimate the residual terms (Stafford, 227 

2014), the δS2S800, used for cluster analysis, are calculated on, at least, 5 records. As a result, the number of 228 

investigated stations is 1028. For the clustering analysis of ITA18-FAS model residuals, the considered 229 

frequency interval is 0.2-20Hz. 230 

Among several techniques for data aggregation available in literature, we use the k-means clustering (David 231 

and Vassilvitskii, 2007); the main advantage of this method is that it converges very quickly, but the number 232 

of clusters must be assigned a-priori. The analysis is carried out on the amplification factors (10δS2S), and, after 233 

some trials, we set the number of clusters n = 8, because, in this way, the clusters of stations with ground-234 

motion level lower or similar to the generic rock prediction of ITA18 (VS,30=800m/s), i.e., sites presenting 10δS2S 235 

≃ 1 over the whole frequency band, are clearly represented and distinguished. Figure 3 reports the mean 236 

amplification curves 10δS2S as a function of frequency for the 8 clusters. The mean 10δS2S trend and the relative 237 

dispersion are also provided for each cluster in the supplemental material (Figure S2). 238 

Some summarizing features regarding the different clusters is also provided in Table 1, which includes, for 239 

each group, a general description of the mean curve type, the number of sites, the average dispersion around 240 

the mean curve (in log10), and the median and standard deviation of the measured VS,30. Although the cluster 241 

analysis was not intended to provide a physical interpretation of the trends, there appears to be an agreement 242 

between the average amplifications and the VS,30 values in Table 1, as also observed in Felicetta et al. (2020): 243 

at low frequencies, the highest amplifications (cluster #7) relate to sites with the lowest VS,30, while mean VS,30 244 

increases as amplification decreases (clusters #3 and #1). At high frequencies, the amplification should be 245 
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justified by the presence of a strong impedance contrast of a few metres of sediments, typical of EC8 soil 246 

category E (cluster #4 and #5). 247 

Two clusters of the candidate reference rock sites are recognizable: both have flat trend but different level of 248 

amplification (with respect to the mean prediction of the ITA18-FAS model for VS,30 = 800 m/s), i.e., less than 249 

1 (de-amplification) for cluster #8 (hereinafter called set A) and equal to 1 (no amplification) for cluster #2 250 

(hereinafter called set B). Furthermore, as a confirmation that pre-selection is effective but not too restrictive, 251 

the above clusters have the highest number of stations compared to the other clusters and the median value 252 

of measured VS,30 is in both cases above 800m/s.  253 

The number of the pre-selected stations for sets A and B is 262 and 216, respectively, for a total number of 254 

478 candidate stations, corresponding to the 46% of the total number of stations (478 out of 1028). 433 stations 255 

are installed on the Italian territory and belong to Italian seismic networks. The remaining stations are part of 256 

international networks operated by various providers and located close to the Italian borders. In the following 257 

section, we consider only the Italian stations due to the availability of metadata deriving from detailed seismic 258 

site characterization. 259 

 260 

3.2 Application of the RRIM 261 

The Reference-Rock Identification Method (RRIM) is a procedure aimed at identifying the reference rock sites 262 

in regions of medium-to-high seismicity (Lanzano et al. 2020). RRIM is based on the decision-matrix method 263 

(DMM, Pugh, 1981), a qualitative technique used to rank the multi-dimensional alternatives of an option set 264 

and adopts a weighted decision matrix consisting in a set of criteria referred to several proxies. Each proxy is 265 

weighted in order of relevance, scored and summed to obtain a total score allowing to rank the candidates to 266 

be reference sites. In order to handle the relevance, the data quality and the possible lack of information related 267 

to a given proxy, the RRIM weighting scheme is based on the combination of two values (Table 2): the 268 

hierarchical index (HI) and the proxy weight (PW). HI expresses the relevance of each proxy to represent the 269 

site effect, PW evaluates to which extent the single proxy value fulfills the criterion representative of a reference 270 

site.  271 

The proxies, proposed by Lanzano et al. (2020), are (Table 2): 1) the site-to-site term of the horizontal 272 

component (δS2S); 2) the housing condition of the station (HOU); 3) the averaged shear wave velocity VS,30, 273 

based on in-situ measurements or inferred by proxies (VS30); 4) the surface geology based on lithological 274 

maps at different scales (GEO); 5) the topography based on an averaged terrain slope in the area (TOP); 6) 275 

the horizontal-to-vertical spectral ratio computed from in-situ noise measurement or, alternatively, form seismic 276 
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recordings (H/V). It should be noticed that these proxies can be easily obtained in contexts of medium-high 277 

seismicity, where ground-motion datasets are rich in recordings, the number of stations in free-field condition 278 

is large and geological information and for some stations, site characterizations from geophysical 279 

measurements are available. 280 

According to the capability of the selected proxies to represent the seismic response, the HI varies from 0.5 to 281 

2 (Table 2). As highlighted by recent results of the EU SERA project (Cultrera et al. 2021), we assume that the 282 

most relevant indicators for site-effect characterization, assigned HI=2, are GEO, VS30 and H/V (preferably 283 

from Fourier spectra of noise records). The HOU and TOP proxies are considered less relevant and HI is set 284 

equal to 0.5. Furthermore, PW is assigned following general rules: 1) if the proxy value fulfills the criterion, the 285 

weight is set equal to 1 (highlighted in bold in Table 2); 2) if the proxy value does not fulfill the criterion, the 286 

weight is set equal to 0; 3) when the criterion is partially met, the weight ranges from 0.25 to 0.75, according 287 

to the possibilities listed in the ‘PW’ column of Table 2.  288 

The VS30 proxy was previously weighted using a step function with a threshold VS,30 = 750 m/s (Lanzano et 289 

al. 2020). However, this weighting scheme may be excessively penalizing for values close to the threshold 290 

(e.g., VS,30 around 750 m/s), also considering the uncertainty related to the shear wave velocity profile 291 

estimation (Régnier et al., 2016). For this reason, in this study, we prefer to adopt the following piecewise 292 

linear function PW0: 293 

 294 

𝑃𝑊0(𝑉𝑆,30) =

{
 
 

 
 
0                                                                                        𝑓𝑜𝑟 𝑉𝑆,30 ≤ 600𝑚/𝑠

0.75 ∙
(𝑉𝑆,30−600)

(750−600)
                                              𝑓𝑜𝑟 600 ≤ 𝑉𝑆,30 ≤ 750𝑚/𝑠

1 − [
(1−0.75)

(1500−750)
∙ (1500 − 𝑉𝑆,30)]              𝑓𝑜𝑟 750 ≤ 𝑉𝑆,30 ≤ 1500𝑚/𝑠

1                                                                                      𝑓𝑜𝑟 𝑉𝑆,30 ≥ 1500𝑚/𝑠

    [1] 295 

 296 

In the PW0 function, the threshold to account for possible reference sites is reduced to 600 m/s, as the mean 297 

value of VS,30 for soft rocks in California, proposed by Boore & Joyner (1997). Then, the final weight PW 298 

associated to the VS30 proxy is dependent on how VS,30 has been estimated: 299 

 300 

𝑃𝑊(𝑉𝑆,30) = 𝛼 ∙ 𝑃𝑊0(𝑉𝑆,30)          [2] 301 

 302 
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where α=1 for VS,30 measured from geophysical tests and α=0.5 in the case of VS,30 inferred from empirical 303 

correlations. In this analysis, VS,30 is derived by the correlation with slope provided by Wald and Allen (2007). 304 

The RRIM method is applied to the preselected stations, namely the set A and the set B, drawing up a final 305 

ranking to the candidates to be reference sites. As explained above, the overall score assigned to each station 306 

is given by the sum of the scores associated to each proxy as follows: 307 

 308 

𝑆 = ∑𝐻𝐼𝑖 ∗ 𝑃𝑊𝑖 𝑤ℎ𝑒𝑟𝑒𝑖 = 1,… ,6          [3] 309 

 310 

We assume that a station is a reference site if it reaches a minimum score of 4.75 out of 8. Adopting this 311 

threshold, almost 60% of the required criteria are met. In order to give a statistical meaning to the choice of 312 

the threshold, we compute the moments of the score distribution for all investigated stations: the median score 313 

is 3.75, while the 84th percentile is 5.25. The adopted threshold corresponds to the 75th percentile of the score 314 

distribution. 315 

 316 

3.3 Final selection 317 

After the application of the RRIM, we identify 116 reference rock stations: 81 out of 236 from set A and 35 out 318 

of 197 from set B. The maximum score obtained by the candidate stations is 7.53, none reach the maximum 319 

score of 8, since the VS,30 value greater than 1500 m/s is not represented in the Italian dataset. The 320 

geographical distribution of the selection stations is reported in Figure 4, while the list of the selected stations, 321 

with full details of weight assignment, are given in electronic supplements (Table S1). 322 

Figure 5 shows the distributions of the reference rock-sites in terms of EC8 classes as inferred from surface 323 

geology, VS,30 values, slope range, and shape of H/V curves. As expected, the majority of the selected stations 324 

are located on rock or stiff soil conditions with flat topography (slope ≤ 15°) and the estimated H/V curves are 325 

flat. The few stations classified as EC8-C on the basis of surface geology, are installed on alluvial deposits 326 

with thicknesses of a few meters (IT.SDM, IT.BCN, IT.DCM). 82% of the selected stations has VS,30 values 327 

greater than 750 m/s (lower limit generally considered for rock by NEHRP), while 87% has VS,30 greater than 328 

600 m/s. 329 

About one third of the selected stations have VS,30 value estimated from a measured Vs profile (Figure 6), with 330 

mean value about 900 m/s; if both measured and inferred VS,30 values are considered, the mean decreases to 331 

about 850 m/s. The average Vs profile of the selected reference stations with in-situ measurements is very 332 
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similar to the profiles proposed by Cotton et al. (2006), assuming VS,30 = 900m/s, and Poggi et al. (2011) for 333 

Switzerland, while Vs profile proposed by the Boore & Joyner (1997) for generic rocks in North America is 334 

close to the average profile minus one standard deviation. Among the stations disregarded by the final 335 

selection, about 53% are characterized by peaked H/V curves and 80% are classified in EC8-B and EC8-C 336 

soil categories, according to the outcropping geology. Finally, only 1% of the excluded stations have VS,30 337 

values obtained from geophysical measurements larger than 750 m/s. 338 

The ITA18_all dataset includes 104 out of the 116 reference rock sites, allowing to build a subset, called 339 

ITA18_ref, composed of 799 records, relative to 105 earthquakes. Figure 7 reports the magnitude-distance 340 

distribution of ITA18_ref, compared to ITA18_all. A good data coverage is observed with the distance from 341 

10km onwards and with the magnitude up to 6.5, considering that the strongest events in the dataset are 342 

almost all non-Italian (with the exception of the Mw 6.9 Irpinia 1980 earthquake). 343 

 344 

4. Scaling GMMs from generic to reference rock sites 345 

 346 

4.1 Scenario-independent scaling factor 347 

Given the large number of ground-motion models available in the literature (see Data and Resources), rather 348 

than calibrating an ad-hoc model for reference rock ground motion, we prefer to compute correction factors for 349 

an existing model. Such corrective terms are evaluated by performing a residual analysis, which describes the 350 

discrepancies between ground-motion observations at reference sites and GMM generic rock predictions. The 351 

proposed approach is similar to the Referenced Empirical Approach (REA), developed by Atkinson (2008) for 352 

the calibration of a predictive model for Eastern North America based on the model for active shallow crustal 353 

regions by Boore and Atkinson (2008). 354 

The correction factor for reference rock ground-motions with respect to generic rock predictions is defined as 355 

δ(f or T). The latter describes the log factor that must be added (with sign) to the predictions of existing GMM 356 

for generic rocks to provide ground motions in agreement with the mean observations of the selected reference 357 

sites. Thus, the predicted ground-motion amplitude YITA18-ref for reference rock sites is: 358 

 359 

log10YITA18-ref (f or T, M, R, SF) = log10YITA18 (f or T, M, R, SF) + δ(f or T)      [4] 360 

 361 
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where the generic rock prediction (YITA18) is dependent on frequency f or period T for ITA18-FAS and -SA 362 

models, respectively, and various explanatory variables, such as the moment magnitude M, distance R (RJB 363 

or Rrupt) and style of faulting SF. In turn, the correction factor δ depends only on f or T. In order to compute the 364 

correction factor δ, the residuals Re,s are calculated as the logarithmic difference between a set of records from 365 

reference rock sites (ITA18_ref), and the prediction of ITA18 for VS,30=800m/s, i.e., the generic rock condition. 366 

The most important assumption in the calibration of δ is that the magnitude and distance scaling of ground 367 

motions from reference rock sites is the same as that assumed for ITA18. This underlying assumption was 368 

already verified in the works of Felicetta et al. (2018) and Lanzano et al. (2020), relative to the calibration of 369 

GMM for reference rock sites in Italy. The values of the corrective terms and the associated standard deviation 370 

(σ) are reported in the electronic supplements (Table S2) and shown in Figure 8a for both ITA18-FAS and –371 

SA. The standard deviations of ITA18 are also included in Figure 8b for comparison. 372 

The trends of the corrective terms are very similar for ITA18-FAS and -SA and show a significant reduction of 373 

seismic motion at high frequencies for reference sites with respect to predictions at generic rock. The largest 374 

values attain -0.21 for ITA18-SA (at T=0.1-0.2s) and -0.25 for ITA18-FAS (at f=20-25Hz). At low frequencies, 375 

the corrections tend to zero, with the lowest absolute values for ITA18-SA at T=5s (δ=-0.04) and ITA18-FAS 376 

at f=0.2Hz (δ=-0.01). The variability remains unchanged with respect to the ITA18-FAS model at high 377 

frequencies, while at low frequencies it is reduced by about 15% (25% for ITA18-SA): the application of RRIM 378 

has effect on the sigma only at low frequencies, since no proxy has been introduced yet to control variability 379 

at high frequencies. In this regard, Laurendeau et al. (2013) show that once introduced the high-frequency 380 

decay by means the 𝜅0 parameter in a ground motion model, the associated variability is reduced. 381 

The impact of the introduction of empirical corrective factors is evaluated in Table 3, by computing the 382 

normalized difference (∆Y) between the median predictions of the ITA18-SA at VS,30=800m/s and the median 383 

predictions of ITA18-ref (according to Eq. [4]). The reductions of the ground motion predicted at reference sites 384 

using the corrective factors vary from 16% at long period to 38% at low period. Consistent reductions are 385 

reported for the model of Felicetta et al. (FEL18, 2018), computed with respect to Bindi et al. (ITA10, 2011) 386 

and for the Central Italy reference ground motion model (CI19, 2019) by Lanzano et al. (2020).  387 

Figure S3 of the supplemental material shows the spectra predicted at different scenarios for the reference 388 

conditions of ITA18-SA-ref, FEL18 and CI19, including the associated variability. The predictions of the three 389 

models are quite similar at short periods; at long periods the ordinates of the model proposed in this analysis 390 

is higher than FEL18, but lower than those proposed by CI19. As a matter of fact, the spectra of CI19 reflect 391 
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the rich low frequency energy content (T>0.5s) of the records of the events in this small area (Bindi et al. 392 

2019a). 393 

 394 

4.2 Parametrization of the scaling factor as a function of VS,30 and 𝜅0 395 

This section reports a first attempt of parameterizing the generic-to-reference scaling factor as a function of 396 

VS,30 and the high-frequency attenuation parameter, 𝜅0 (Anderson and Hough, 1984; Ktenidou et al., 2014). 397 

The parameter 𝜅0 describes the deviation at high frequencies between the acceleration Fourier Amplitude 398 

Spectrum (FAS) computed from a seismic record and a source model proportional to ω-2 and is broadly used 399 

in the classical framework of GMMs, both as an input parameter for the host-to-target correction of GMMs 400 

(Cotton et al., 2006; Douglas et al., 2006) and as explanatory variables in the functional forms of predictive 401 

models (Laurendeau et al., 2013). 402 

In this study, the values of 𝜅0 for the reference rock stations are obtained applying a semi-automatic procedure, 403 

detailed in Appendix II, on the basis of the path-corrected value derived from the high-frequency linear decay 404 

of the station records (S-waves) in FAS (Anderson and Hough, 1984). This analysis benefits from the large 405 

collection of recordings of events with M>2.0 and the study of high frequency attenuation for central and 406 

southern Italy in the framework of the MUR-INGV Pianeta Dinamico-Working Earth project (see Data and 407 

Resources). Unluckily, the values of 𝜅0 are only for 54 stations, out of the 116 reference rock sites, for which 408 

a sufficient number of records were available to robustly estimate this parameter (see Table 4 and Appendix 409 

II for further details).  410 

The number of records is almost always greater than 10 (94% of stations), while it is greater than 50 and 100 411 

for 67% and 44% of selected sites, respectively. In two cases (TERO and FIAM), the stations recorded more 412 

than 1,000 events. Almost all stations have records within 25km, and more than half (72%) within 10km, 413 

allowing for a more reliable estimation of 𝜅0. 414 

The range of variation of 𝜅0 is between 0.007 (GLT and LSS) and 0.053s, the median value is 0.026s and the 415 

standard deviation is 0.012s. In particular, there are several stations with a marked attenuation at high 416 

frequency, such as GATE, PIGN and MRLC stations. The Root Mean Square Errors (RMSEs) associated with 417 

the estimate of 𝜅0 was also estimated for each station, showing a range of variation between 0.0026 and 418 

0.0202s and median of 0.0085s. 419 

Table 4 also reports the estimates of VS,30 (measured or inferred) for the 54 reference rock sites that vary in a 420 

fairly wide range between 400 and 1265 m/s with a median value of 790204 m/s; if we refer only to sites with 421 

measured VS,30 (33%), the median value remains roughly unchanged but with less variability (783170 m/s).  422 
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The records included in ITA18_all for the 54 reference rock stations in Table 4 are 509 (named 423 

ITA18_ref_small in the following). These data are used to explore the relation between the residuals Re,s and 424 

the site parameters (VS,30, 𝜅0), as shown in Figure 9. The logarithmic deviations of reference rock sites ground 425 

motion with respect to generic rock predictions show a dependence on 𝜅0 only at high frequencies. In particular, 426 

Re,s decreases as 𝜅0 increases, enlarging the gap between generic and reference rocks. On the contrary, the 427 

dependence on of the residuals on VS,30 is weak, probably because this ground motion frequency part is not 428 

well explain only with this parameter. 429 

Following Laurendeau et al. (2013), we adopt the following functional form for the parametrization of δ: 430 

 431 

𝛿𝑚𝑜𝑑𝑒𝑙(𝑓 𝑜𝑟 𝑇, 𝑉𝑆,30, 𝜅0) = 𝑎𝜅 + 𝑏𝜅𝑙𝑜𝑔10
𝑉𝑆,30

800
+ 𝑐𝜅𝜅0       [5] 432 

 433 

Where 𝑎𝑘, 𝑏𝑘and 𝑐𝑘 are the model coefficients, available in Table S2 of electronic supplements. From a first 434 

preliminary calibration based on ITA18_ref_small data, the results are quite unstable, especially in terms of 435 

coefficient 𝑏𝑘, and this is related to the ambiguous trends observed in Figures 9c and 9d. In order to make the 436 

regression results more reliable, we adopt the same VS,30 scaling in the 𝛿𝑚𝑜𝑑𝑒𝑙 model (Eq. [5]) as in the 437 

reference GMM (see Eq. [A4] in Appendix I for ITA18-FAS). This choice is based on the assumption that there 438 

is no trade-off between the coefficients 𝑏𝑘 and 𝑐𝑘, despite some authors have already shown that there is a 439 

correlation between VS,30 and 𝜅0 (Boore and Joyner, 1997; Van Houtte et al. 2011). However, we check that 440 

𝑏𝑘 and 𝑐𝑘, obtained from the 1st step regression, are not strongly correlated (correlation coefficients are in the 441 

range 0.3 - 0.6 as the frequency varies), such that the imposition of the value of 𝑏𝑘=k does not condition too 442 

much the estimates of 𝑐𝑘. In addition, to obtain spectra without bumps or drops, we apply a smoothing with a 443 

moving average on the coefficient 𝑐𝑘, we recalibrate 𝑎𝑘 and, finally, we apply a smoothing also on 𝑎𝑘 term. 444 

This procedure is quite common for GMMs, especially in FAS, as can be seen in the paper by Bayless and 445 

Abrahamson (2018). 446 

The median of the residuals Re,s computed over ITA18_ref and ITA18_ref_small datasets (named 𝛿ITA18-ref and 447 

𝛿ITA18-ref-small, respectively) and the 𝛿model predictions in Eq. [5] are shown in Figure 10a and 10c for ITA18-FAS 448 

and –SA. There are no significant differences between 𝛿ITA18-ref and 𝛿ITA18-ref-small neither in terms of mean value 449 

nor in terms of associated standard deviation, confirming that ITA18_ref_small is still representative of ground 450 

motion of reference sites in Italy. The standard deviation of 𝛿ITA18-ref-small is only slightly higher than 𝛿ITA18-ref at 451 

high frequencies and this could only be due to sample size reasons (509 vs 799 samples). 452 
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The 𝛿model predictions in Eq. [5] for VS,30=900m/s, corresponding to the mean of measured VS,30 of the reference 453 

sites in Italy, and three different values of 𝜅0 (0.01, 0.025 and 0.04s) are also reported in Figure 10a and 10c 454 

for ITA18-FAS and -SA, respectively. As expected, the calibration allows identification of a significant 455 

dependence on 𝜅0 in the available data range: at high frequencies (from 2Hz onwards), the cκ coefficient is 456 

negative and this determines a remarkable reduction of seismic motion for the sites with the highest 𝜅0. It is 457 

noted, in particular, that 𝜅0 =0.025s reproduces the empirical mean curve and can be considered as a 458 

representative value for the reference rock sites in Italy, as confirmed by the averaged value of 𝜅0 calculated 459 

for such reference sites. The threshold frequency below which 𝛿model is independent on 𝜅0 is 2Hz, roughly 460 

consistent with the period of 0.2s considered by Laurendeau et al. (2013). Although the scaling with VS,30 is 461 

imposed on the basis of the outcomes of ITA18 model, 𝛿model predictions are also shown in the electronic 462 

appendices (Figure S4), for 𝜅0=0.025s and 3 VS,30 values equal to 700, 900, and 1100 m/s. In contrast to 𝜅0, a 463 

change in VS,30 has a small impact on 𝛿model prediction at low frequencies and is negligible at high frequencies. 464 

The introduction of the 𝜅0-dependency in Eq. [5] also allows to significantly reduce the variability associated to 465 

the median prediction: for the ITA18-FAS model the reduction is about 11% at 10Hz and increases up to 17% 466 

at 30Hz; for ITA18-SA, the reduction at short periods [T=0.01-0.1s] is almost constant and equal to 10%. 467 

In Figure 11, we use the 𝛿𝑚𝑜𝑑𝑒𝑙 in Eq. [5] to correct the ITA18-FAS predictions for the generic rock at different 468 

scenarios. The introduction of the high frequency attenuation parameter dependency allows to reduce the 469 

spectral amplitudes as 𝜅0 increases and to shift the FAS peak to higher frequencies. The 𝛿𝑚𝑜𝑑𝑒𝑙-corrected 470 

spectra for ITA18-SA are available in the electronic supplemental material (Figure S5) for the same scenarios 471 

proposed in Figure 11. The predictions for very low 𝜅0 values (0.01s) return positive 𝛿𝑚𝑜𝑑𝑒𝑙 values at higher 472 

frequencies, causing a weak amplification of the seismic motion for f>7Hz: this would indicate that for some 473 

boundary conditions (𝜅0<0.01s, regardless of VS,30, which has less significant impact on the final prediction) 474 

the correction becomes almost ineffective as the generic and reference site predictions match (or the latter 475 

slightly exceeds the former). This result should not be surprising since the median prediction of ITA18 at 476 

800m/s contains both sites that are affected by amplifications and de-amplifications at high-frequency: 477 

removing the former with RRIM and checking the latter assuming low values of 𝜅0, the effects are 478 

counterbalanced, returning a median reference motion almost equal to the generic one but with a smaller 479 

associated variability. 480 

Figure 12 compares the ITA18-SA corrective terms of this study with the host-to-target adjustments (Campbell, 481 

2003) proposed in literature and defined as the scaling factor from hard to soft rock sites (SAHR/SASR): i) the 482 
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scaling curve of Van Houtte et al. (2011) obtained by the well-known VS,30- 𝜅0 relationship proposed by the 483 

authors; ii) the scaling models proposed by Ktenidou and Abrahamson (2016) for CENA; iii) the Laurendeau 484 

et al. (2018) hard-to-soft rock corrective term, estimated on the generation of a virtual rock motion dataset, 485 

obtained by the deconvolution of the surface records of the KiK-net (Japanese) network. Although our model 486 

is not calibrated for very hard rock (model validity ranges are VS,30 400-1200m/s and 𝜅0 8-50ms), we extrapolate 487 

it to equivalent site conditions in terms of VS,30 and 𝜅0, in order to check the predictive power out of the validity 488 

ranges. In particular, a value of VS,30>1500 m/s is assumed, considering that the prediction of ITA18 beyond 489 

this threshold is independent of this variable, and 𝜅0=0.006s, as the threshold for reference sites in CENA 490 

(Hashash et al. 2014). Alongside these 'extreme' conditions, the predictions of 𝛿𝑚𝑜𝑑𝑒𝑙 (Eq. [5] and continuous 491 

gray line in Figure 10b) and Laurendeau et al. (2018) for site conditions more similar to the reference sites in 492 

Italy, i.e., VS,30=900 and 𝜅0=0.025s, are also shown in Figure 13. 493 

 𝛿𝑚𝑜𝑑𝑒𝑙for very hard rock conditions predicts a small amplification at high frequencies caused by the low 𝜅0 494 

values considered, in agreement with the Ktenidou and Abrahamson (2016) models, which also refer to CENA 495 

site conditions. The 𝜅0 of the sites considered by Van Houtte et al. (2011) have even lower values than our 496 

target and, for this reason, show a higher amplification. The lack of high frequency amplification in the 497 

Laurendeau model (2018) could be a consequence of modelling the scaling factor only on VS,30. At low 498 

frequencies, 𝛿𝑚𝑜𝑑𝑒𝑙 shows higher de-amplifications than the other models in the literature: this is probably due 499 

to the fact that we assume a scaling with VS,30 equal to that of the ITA18 model, and maybe because the low 500 

frequency part is more dependent on VS,30 and, therefore, more sensitive to the extrapolation. 501 

For the reference average rock condition in Italy, the scaling factor returns a ground motion that is always 502 

lower than that of the generic rock, but the reduction is different for 𝛿𝑚𝑜𝑑𝑒𝑙 and Laurendeau et al. (2018). The 503 

reason for this difference could be related to the different VS,30 values of the rocks in the regional datasets 504 

used, i.e., Italy and Japan; in addition, the gradient of reduction in high-frequency seismic motion is similar 505 

between the two models and would suggest that the average 𝜅0 of sites in Japan is similar to that obtained in 506 

this study for Italy (0.025s). 507 

 508 

Conclusions 509 

 510 

The overall objective of this paper is to properly characterize the seismic motion of reference sites in Italy, i.e., 511 

rock or stiff soil sites whose recorded ground motion is exempt from amplifications. The work is organized in 512 
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two phases: i) identification of seismic stations that can be considered as reference rock sites; ii) calibration of 513 

a scaling factor to obtain predictions of seismic motion on reference rock, starting from those for generic rock 514 

(in this case corresponding to VS,30=800m/s).  515 

In order to identify the reference rock recording stations in Italy, we prepared a very large station-oriented 516 

dataset, extracted from the last release of Italian Accelerometric Archive (ITACA v3.1). The dataset is 517 

composed by more than 1600 stations. Given the large number of sites, a pre-selection of candidates was 518 

performed via residual analysis with respect to the ITA18 GMM. Candidate sites presenting flat site-to-site 519 

residual (representing site response) with amplitude similar or lower than the one of the generic rock ground 520 

motion (VS,30=800m/s) were pre-selected. We also calibrated a GMM in Fourier amplitudes, using the same 521 

functional form and calibration dataset adopted for the reference Italian model (ITA18), defined for response 522 

spectra. 523 

The 433 pre-selected stations were then analyzed by means of the Reference-Rock Identification Method 524 

(RRIM), originally developed by Lanzano et al. (2020) and slightly modified here. RRIM is based on the 525 

identification of site parameters, representative of the reference site conditions and the implementation of the 526 

scoring scheme to rank candidate stations. This procedure allows to identify a total of 116 reference rock 527 

stations in Italy, having mean VS,30 = 900m/s, if only measured values of VS,30 are considered. The list includes 528 

the majority of stations already identified in Central Italy (Lanzano et al. 2020), based on a different dataset 529 

and reference GMPEs, confirming the robustness of the proposed approach. A direct comparison with other 530 

studies dedicated to the identification of reference sites is not easy, since they are based on different station 531 

datasets and different definitions of reference conditions: for example, the work of Pilz et al. (2020), carried 532 

out on the European recording stations available in EIDA, does not consider the Italian accelerometer stations 533 

of the RAN network which constitute about 60% of the stations of our study; in this case only 16 sites are in 534 

common. 535 

We exploited the records of the reference rock sites available in ITACA (about 800) to develop an empirical 536 

generic-to-reference rock scaling factor for ITA18 GMMs in SA (Lanzano et al. 2019a) and FAS. Finally, we 537 

modelled the empirical corrective factors as function of VS,30 and the high frequency attenuation parameter (𝜅0) 538 

for a subset of 54 reference rock sites in Italy, for which an estimate of 𝜅0 is available. Such stations have 539 

remarkably different behaviours at high-frequencies, the estimates of 𝜅0 ranging from 0.007s to 0.053s. The 540 

trend of such corrective terms, when extrapolated for conditions that reproduce hard rocks (VS,30>>1500m/s 541 

and 𝜅0=0.006s), resembles the host to target scaling factors proposed by Ktenidou and Abrahamson (2016). 542 
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The wide variability of 𝜅0, observed among the reference sites shows a regional dependence and deserves to 543 

be further investigated. One of the future developments could focus on the study of the regional characteristics 544 

of the high frequency attenuation parameter with the aim of reproducing a map similar to the one proposed by 545 

Van Houtte et al. (2018) for New Zealand. In addition, the definition of the “ideal” reference site on the basis 546 

of the proxies proposed by the RRIM, could be not sufficient, since the high frequency attenuation parameter 547 

must also be controlled. 548 

In conclusion, in this paper, we have provided an ensemble of stations that most closely approximate the ideal 549 

conditions of the reference sites in Italy. Based on this list, a user can make further selections considering the 550 

global score and/or the individual proxies, including, if available, the value of 𝜅0. As an example, within the non-551 

parametric spectral analysis in central Italy, as part of the Dynamic Planet project (Morasca and D’Amico, 552 

2020), 6 reference sites were selected starting from the 36 reference rock stations provided by Lanzano et al. 553 

(2020), imposing as further criteria that 𝜅0<= 0.015s.  554 

Regarding the non-parametrized generic-to-reference rocks scaling function, it can be used to estimate the 555 

seismic hazard at reference sites in Italy and compare it with that generally produced for generic rock sites, as 556 

a tool for seismic design (e.g., MPS04 seismic hazard map, Stucchi et al., 2011). Being scenario independent, 557 

the corrective can also be used to directly scale uniform hazard spectra over generic rock and use them as a 558 

target spectrum for waveform selection for any analysis where it is appropriate to have reference site 559 

conditions. This could be useful to assess the bedrock ground motion for seismic site response or site-specific 560 

hazard analyses with a deterministic or hybrid-deterministic approach to avoid starting from an already 561 

amplified reference seismic motion. 562 

The parameterized model is still an experiment, but it certainly confirms the importance of using additional and 563 

alternative proxies to VS,30 to describe site effects. Moreover, once the regional differences of VS,30 and 𝜅0 in 564 

Italy are identified, it allows reconstructing shaking scenarios more accurately than those based only on VS,30, 565 

as happens with ShakeMaps in Italy (Michelini et al. 2019). 566 

Data and resources 567 

The waveforms and the associated metadata, used for the calibration of the predictive models, are obtained 568 

from the following databases: 569 

 The ITalian ACcelerometric Archive (ITACA) available at https://itaca.mi.ingv.it ; 570 

 The Engineering Strong Motion (ESM) database available at https://esm-db.eu; the parametric table 571 

of the records included in ESM until 2016 are available at https://esm-db.eu/#/products/flat_file; 572 

https://itaca.mi.ingv.it/
https://esm-db.eu/
https://esm-db.eu/#/products/flat_file
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 Additional databases that were used for ITA18 dataset are listed in the paper of Lanzano et al. (2019a). 573 

The waveforms used for the computation of the high frequency attenuation parameters are obtained from: 574 

 The European Integrated Waveform Data Archive (EIDA) at http://www.orfeus-eu.org/data/eida;  575 

 The RAN (Rete Accelerometrica Nazionale in Italian) network managed by DPC (Italian Civil 576 

Protection Department), at http://ran.protezionecivile.it/IT/index.php . 577 

The list of the Ground Motion Model is reported in the repository made available by John Douglas at 578 

http://www.gmpe.org.uk/.  579 

The information about the research project can be obtained at the following links: 580 

 The Seismic Ground Motion Assessment project SIGMA-2 at http://www.sigma-2.net/; 581 

 The DPC-ReLUIS (Rete dei Laboratori Universitari di Ingegneria Sismica in Italian) 2019-2021 project 582 

at http://www.reluis.it/; 583 

 The INGV Pianeta Dinamico (Dynamic Planet) - Working Earth project at 584 

https://progetti.ingv.it/it/pianeta-dinamico; 585 

 The European Commission funded project “Seismology and Earthquake Engineering Research 586 

Infrastructure Alliance for Europe” (SERA) at http://www.sera-eu.org/en/home/; 587 

 The INGV project HYPSTHER (hybrid ground motion Prediction equations for PSHA purposes: the 588 

study case of southern Italy) at http://hypsther.mi.ingv.it/; 589 

 NGA-East (Next Generation Attenuation Relationships for Central & Eastern North-America) project 590 

of Pacific Earthquake Engineering Research Center (PEER) is available at 591 

https://peer.berkeley.edu/research/nga-east.  592 

All the URLs were last accessed in August 2021. 593 

The electronic supplements of this paper include: i) a table with the list of the 116 reference rock sites for Italy, 594 

including the scoring results (Table_S1.txt); ii) a table with the generic-to-reference scaling factor 𝛿 for ITA18-595 

SA and –FAS, the VS,30-ref from Eq. [4] and the calibration coefficients of 𝛿model in Eq. [5] (Table_S2.txt); iii) a 596 

table with the regression coefficients and standard deviations of ITA18-FAS model in Eqs. [1-5] for Joyner-597 

Boore and rupture distances (Table_S3.txt); iv) a pdf document with additional figures (Figure S1 to S8), 598 

mentioned in the text (Figure_S1_S8.pdf), and the corresponding captions. 599 

 600 

http://www.orfeus-eu.org/data/eida
http://ran.protezionecivile.it/IT/index.php
http://www.gmpe.org.uk/
http://www.sigma-2.net/
http://www.reluis.it/
https://progetti.ingv.it/it/pianeta-dinamico
http://www.sera-eu.org/en/home/
http://hypsther.mi.ingv.it/
https://peer.berkeley.edu/research/nga-east
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Tables, with captions above each table 801 

 802 

Table 1. Clusters summarizing features. The clusters selected for RRIM analysis are marked in bold. 803 

Cluster # sites 
# sites 

with meas. 
VS,30 

average dispersion 
around the mean 

[log10] 

median 
meas. VS,30 

std 
meas. 
VS,30 

mean curve type 

1 133 31 0.253 466 192 
low-frequency small 

amplification 

2 (set B) 216 55 0.185 648 268 flat not amplified 

3 86 27 0.291 257 78 
low-frequency moderate 

amplification 

4 52 21 0.327 425 162 
high-frequency high 

amplification 

5 121 30 0.232 594 303 
high-frequency moderate 

amplification 

6 136 47 0.254 419 203 
intermediate-frequency 

small amplification (broad-
band) 

7 20 9 0.296 221 61 
low-frequency high 

amplification 

8 (set A) 262 48 0.192 859 358 flat de-amplified 
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Table 2. Hierarchical index and weight values assigned to the proxies for reference rock sites identification. PW0(VS,30) 805 

function is reported in Eq. [6]. The conditions for full criterion fulfillment are reported in bold. The confidence interval of 806 

δS2S is defined by the 5th-95th percentile of the distribution of the eδS2S curves of the stations in each cluster or set. The 807 

proxy completely fulfills the criterion when the eδS2S station curve is within the confidence interval for the 95% of the periods 808 

considered. The association between lithological complexes and EC8 site classes is made on the basis of the study by Di 809 

Capua et al. (2011). H/V curves can be alternatively obtained from 1) in-situ noise measurements (HVNSR); 2) Fourier 810 

amplitude spectra of the coda-waves (HVSR-C) or 3) the S-waves (HVSR-S); 4) 5% damped elastic response spectra 811 

(HVRS). 812 

Proxy 
Hierarchical 

Index (HI) 
Criterion Proxy Weight (PW) 

δS2S 1 

set A within the confidence interval 1 

set A beyond the confidence interval 0.75 

set B within the confidence interval 0.75 

set B beyond the confidence interval 0.5 

HOU 0.5 
Free-field condition 1 

Electrical transformation cabin 0.75 

VS30 2 
Measured from geophysical in-situ tests 1 * PW0(VS,30) 

Inferred from topographic proxy  0.5 * PW0(VS,30) 

GEO 2 

EC8-A (scale-map ≥ 1:10,000) 1 

EC8-A (scale-map < 1:10,000) 0.75 

EC8-B (scale-map ≥ 1:10,000) 0.5 

EC8-B (scale-map < 1:10,000) 0.25 

TOP 0.5 
slope ≤ 15° 1 

15° < slope ≤ 30° 0.5 

H/V 2 

Flat  

(amplitude < 2√𝟐) 

HVNSR 1 

HVSR-C 1 

HVSR-S 0.5 

HVRS 0.5 

Broad-band 

(amplitude > 2√2) 

HVNSR 0.5 

HVSR-C 0.5 

HVSR-S  0.25 

HVRS 0.25 

 813 
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Table 3. Percentage reduction between the predictions of generic and reference rock sites, ΔY. The values of ΔY are 815 

averaged over 11 bins of distance [1–100 km] and 34 bins of magnitude [3.2–6.5]. Generic and reference predictions of 816 

Lanzano et al. (2020) are obtained from the CI19-EC8 for soil category A and CI19-Ref models, calibrated by the Authors 817 

for central Italy. Reference predictions of Felicetta et al. (2018) are compared to generic predictions for EC8 soil category 818 

A of Bindi et al. (2011). 819 

ΔY (%) PGA SA-T=0.1s SA-T=0.2s SA-T=1s SA-T=2s 

This study 33.9 38.1 38.0 20.2 16.1 

Lanzano et al. (2020) 40.5 46.7 36.7 4.2 6.9 

Felicetta et al. (2018) 35.1 33.5 38.5 26.5 28.0 

 820 
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Table 4. Reference rock sites used for the parameterization of Eq. [5]. RMSE is the Root Mean Square Error of the 𝜅0 822 

estimate. 823 

NET 
CODE 

STA 
CODE Score #recs Mmin Mmax 

Repi,min 
[km] 

Repi,max 
[km] 𝜅0 [s] 

𝜅0 RMSE 
[s] 

VS,30 

[m/s] 
VS,30  
method 

IT PPL1 7.52 7 3.1 4.5 5.8 67.5 0.0232 0.0112 775 Meas 

IV TERO 7.11 1124 2.2 6.3 5.4 137.4 0.0214 0.0103 912 Meas 

IT MNF 6.96 180 2.3 6.2 4.7 68.8 0.0137 0.0058 1060 Meas 

IV ATVO 6.69 559 2.2 6.3 4 123.4 0.0245 0.0098 1033 Meas 

IT SCN 6.56 6 3.5 5 24.7 78 0.0200 0.0089 839 Meas 

IV ATLO 6.51 596 2.2 6.3 9 128.9 0.0241 0.0089 767 Meas 

IT LSS 6.48 76 2.8 6.1 11.3 57 0.0074 0.0026 1091 Meas 

IV MCEL 6.27 67 2.5 4.5 8.4 128.7 0.0432 0.0166 815 Topo 

IT SUL 6.17 20 2.5 6.3 12.9 106.6 0.0116 0.0070 1265 Topo 

IV FIAM 6.09 1447 2.2 6.2 8.2 132.2 0.0319 0.0094 1007 Topo 

MN CUC 6.09 103 2.4 4.9 6.8 131.2 0.0386 0.0113 1016 Topo 

IV T1256 6 514 2.2 6.3 6 71.7 0.0214 0.0074 757 Topo 

IV T1215 5.82 632 2.4 6.3 8.5 105.2 0.0197 0.0064 951 Topo 

IV PIEI 5.78 908 2.2 6.3 9.6 136.1 0.0251 0.0088 838 Topo 

IT FMG 5.78 24 3.8 6.1 14.2 68 0.0258 0.0063 790 Meas 

IV RM27 5.78 35 2.2 4.1 15.1 51.4 0.0374 0.0075 836 Topo 

IT SLO 5.77 86 2.3 5.6 8.2 53.8 0.0113 0.0052 823 Topo 

IV T1217 5.76 680 2.4 6.3 9.4 90.7 0.0167 0.0060 786 Topo 

IT GNU 5.56 57 2.8 6.2 8.3 68.7 0.0145 0.0041 928 Topo 

IV BSSO 5.55 123 2.2 5.4 1.9 115.4 0.0383 0.0087 659 Topo 

IT PSC 5.42 12 3.2 5.6 10.7 90.1 0.0177 0.0068 1000 Meas 

3A MZ19 5.33 256 2.4 6 1.1 48.8 0.0194 0.0068 1005 Topo 

IV MRLC 5.32 19 2.4 5 0.3 136.9 0.0536 0.0202 861 Meas 

IV FIU1 5.31 456 2.2 6.2 3.3 92.3 0.0081 0.0038 612 Topo 

IV SERS 5.28 54 2.6 4.7 16.9 137.1 0.0391 0.0171 837 Topo 

IV RM01 5.26 200 2.2 5.6 4.9 53 0.0392 0.0118 790 Topo 

IV T1212 5.25 450 2.4 4.9 0.7 94.2 0.0175 0.0084 539 Topo 

IV POFI 5.25 245 2.2 5.6 1.6 137.9 0.0186 0.0091 443 Topo 

IV RM03 5.25 220 2.2 5.6 1.6 86.3 0.0218 0.0093 517 Topo 

IV T1211 5.25 741 2.2 6.3 2.5 136.4 0.0297 0.0063 468 Topo 

IV SACR 5.25 63 2.3 5.4 7.8 100.4 0.0449 0.0096 501 Topo 

IV PIGN 5.25 49 2.6 5.4 27.5 135.2 0.0533 0.0102 560 Topo 

IT PTL 5.21 12 2.7 3.9 5 24.9 0.0146 0.0071 717 Topo 

IT AMT 5.2 96 2.6 6.3 2.4 52.6 0.0096 0.0058 670 Meas 

IV CAFI 5.19 121 2.2 5.3 28.7 139.3 0.0352 0.0149 738 Topo 

IV SACS 5.17 71 2.2 6.3 11.9 123.1 0.0178 0.0067 692 Meas 

IV T0106 5.1 62 2.2 4.3 1 93.2 0.0414 0.0116 1061 Topo 

IV FOSV 5.09 964 2.2 6.3 7 119.6 0.0222 0.0065 1008 Topo 

IT ORC 5.01 21 3.2 5.6 9 64.5 0.0166 0.0098 767 Meas 

IV T1214 5.01 316 2.2 4.8 1 82 0.0252 0.0094 766 Topo 

IT SNO 5 54 2.3 6.2 2.4 62.7 0.0141 0.0068 429 Topo 

IV T1241 5 489 2.2 6.3 13.9 114.8 0.0179 0.0087 559 Topo 

IT CSC 4.98 120 2.7 5.6 6 38.9 0.0239 0.0074 698 Meas 

MN TIP 4.9 96 2.5 4.7 17.1 137.6 0.0238 0.0086 1208 Topo 

IT SDM 4.88 23 2.9 5.5 6.4 65.1 0.0147 0.0050 752 Meas 

IT ANT 4.86 32 3.7 6.1 14 50.5 0.0267 0.0132 912 Meas 

IT ASS 4.85 19 2.7 5.6 9.1 112 0.0216 0.0059 1051 Topo 

IT CSO1 4.85 8 3.2 6.1 23.2 55.9 0.0265 0.0154 1049 Topo 



 34 

IT GLT 4.84 21 3.3 6.2 25.1 69.6 0.0065 0.0085 669 Topo 

IV GATE 4.84 47 2.5 5.4 5 79.7 0.0468 0.0052 1025 Topo 

IV T1244 4.81 520 2.2 6.3 2.2 50.9 0.0345 0.0089 918 Topo 

IT BZZ 4.79 21 3.1 6.3 1.8 66.5 0.0296 0.0060 679 Meas 

3A MZ31 4.75 91 2.6 4.7 7.4 47.1 0.0170 0.0073 597 Topo 

IV SGTA 4.75 48 2.4 4.3 8.6 94.6 0.0343 0.0098 400 Meas 

 824 
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 827 

Figure 1. Spatial distribution of epicenters of the events (a) and recording stations (b) included in the 828 

ITACAext dataset. 829 

Figure 2. ITACAext distribution of recording station as a function of a) VS,30 and b) number of records. 830 

Figure 3. Results of cluster analysis for 10δS2S in FAS. 831 

Figure 4. Geographical distribution of the selected reference stations. 832 

Figure 5. Distribution of the selected reference rock-sites in terms of: a) EC8 class inferred from 833 

surface geology (GEO proxy); b) VS,30 as function of type (measured or inferred from topographic 834 

proxy); c) slope range (TOP proxy); d) shape of H/V curves colored as function of the analysis type. 835 

BB: Broad-band; F: Flat; P: Peaked. 836 

Figure 6. Mean shear-wave velocity profile (black line) and its standard deviation (dotted lines), up 837 

to 200 m, obtained from measured VS profiles available for the selected reference rock-sites (red 838 

lines). P-2011 is the model by Poggi et al. (2011) for reference rock sites in Switzerland; BJ-1997 839 

are the profile for generic and very hard rocks proposed by Boore and Joyner (1997) for North 840 

America; C-2006 is obtained from the VS(z) model proposed by Cotton et al. (2006), assuming 841 

VS,30=900m/s. 842 

Figure 7. Magnitude-distance distribution of ITA18_ref vs. ITA18_all. 843 

Figure 8. Frequency-dependent generic-to-reference corrective term, δ, (a) and associated standard 844 

deviations, σ (b) for ITA18-FAS and –SA models in RJB. The total standard deviation of ITA18-FAS 845 

and –SA are also reported. ITA18-SA is represented as function of f=1/T, where T is the oscillation 846 

period. 847 

Figure 9. Total residuals Re,s, i.e., the logarithm differences between the observations of 848 

ITA18_ref_small and the ITA18-FAS (RJB) predictions for VS,30=800m/s: a, b) Re,s vs. 𝜅0; c, d) Re,s vs. 849 

VS,30; a, c) f=0.9905Hz; b, d) f=15.0508Hz. 850 
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Figure 10. Outcomes of the calibration of 𝛿model in Eq. [5] for different values of 𝜅0: a) predictions of 851 

𝛿model for ITA18-FAS (RJB) as a function of frequency; b) total standard deviations of 𝛿model for ITA18-852 

FAS (RJB) as a function of frequency; c) predictions of 𝛿model for ITA18-SA (RJB) as a function of 853 

period; d) total standard deviations of 𝛿model for ITA18-SA (RJB) as a function of period. 𝛿ITA18-ref in 854 

𝛿ITA18-ref-small are the median generic-to-reference corrections (and the associated total standard 855 

deviations) obtained for ITA18_ref and ITA18_ref_small datasets, respectively. 856 

Figure 11. Fourier amplitude spectra predicted by ITA18-FAS for generic rock (VS,30=800m/s) and 857 

incorporating the 𝛿model of Eq. [5] (named ITA18-ref): a, b, c) MW=5.0; d, e, f) MW=6.0; g, h, i) MW=7.0; 858 

a, d, g) RJB=0km; b, e, h) RJB=10km; c, f, i) RJB=50km. The style of faulting is normal. 859 

Figure 12. Hard-over-soft rocks ground motion proposed for host to target correction and those 860 

proposed in this study. 861 

Figure A1. Fourier Amplitude spectra predicted by ITA18-FAS (this study), BA18 (Bayless and 862 

Abrahamson, 2018) and BOR14 (Bora et al. 2014) for several scenarios. a) Mw 4.0 and RJB=1km; b) 863 

Mw 4.0 and RJB =10km; c) Mw 5.5 and RJB =1km; d) Mw 5.5 and RJB =10km; e) Mw 7.0 and RJB =1km; 864 

f) Mw 7.0 and RJB =10km. 865 

Figure A2. a) Components of the standard deviation for ITA18-FAS model in RJB and Rrup; b) total 866 

standard deviation of ITA18-FAS in RJB (this study), ITA18-SA (Lanzano et al. 2019a), BOR14 (Bora 867 

et al. 2014), and BA18 (Bayless and Abrahamson, 2019). 868 

Figure A3. a) VS,30 scaling coefficients of ITA18-FAS in RJB, ITA18-SA, BOR14, and BA18; d) p-869 

values of the VS,30 scaling coefficients of ITA18-FAS and ITA18-SA in RJB. 870 
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Figures, with captions below each figure  872 

 873 

 874 

Figure 1. Spatial distribution of epicenters of the events (a) and recording stations (b) included in the ITACAext dataset. 875 
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 877 

Figure 2. ITACAext distribution of recording station as a function of a) VS,30 and b) number of records. 878 
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 880 

Figure 3. Results of cluster analysis for 10δS2S in FAS. 881 

  882 
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 883 

Figure 4. Geographical distribution of the selected reference stations. 884 
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 41 

  886 

Figure 5. Distribution of the selected reference rock-sites in terms of: a) EC8 class inferred from surface geology (GEO 887 

proxy); b) VS,30 as function of type (measured or inferred from topographic proxy); c) slope range (TOP proxy); d) shape of 888 

H/V curves colored as function of the analysis type. BB: Broad-band; F: Flat; P: Peaked. 889 
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 891 

Figure 6. Mean shear-wave velocity profile (black line) and its standard deviation (dotted lines), up to 200 m, obtained from 892 

measured VS profiles available for the selected reference rock-sites (red lines). P-2011 is the model by Poggi et al. (2011) 893 

for reference rock sites in Switzerland; BJ-1997 are the profile for generic and very hard rocks proposed by Boore and 894 

Joyner (1997) for North America; C-2006 is obtained from the VS(z) model proposed by Cotton et al. (2006), assuming 895 

VS,30=900m/s. 896 
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 898 

Figure 7. Magnitude-distance distribution of ITA18_ref vs. ITA18_all. 899 
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(a) 

 
(b) 

Figure 8. Frequency-dependent generic-to-reference corrective term, δ, (a) and associated standard deviations, σ (b) for 901 

ITA18-FAS and –SA models in RJB. The total standard deviation of ITA18-FAS and –SA are also reported. ITA18-SA is 902 

represented as function of f=1/T, where T is the oscillation period. 903 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 9. Total residuals Re,s, i.e., the logarithm differences between the observations of ITA18_ref_small and the ITA18-905 

FAS (RJB) predictions for VS,30=800m/s: a,b) Re,s vs. 𝜅0; c,d) Re,s vs. VS,30; a,c) f=0.9905Hz; b,d) f=15.0508Hz. 906 
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(a) 

 

(b) 

 
(c) 

 
(d) 

Figure 10. Outcomes of the calibration of 𝛿model in Eq. [5] for different values of 𝜅0: a) predictions of 𝛿model for ITA18-FAS 908 

(RJB) as a function of frequency; b) total standard deviations of 𝛿model for ITA18-FAS (RJB) as a function of frequency; c) 909 

predictions of 𝛿model for ITA18-SA (RJB) as a function of period; d) total standard deviations of 𝛿model for ITA18-SA (RJB) as 910 

a function of period. 𝛿ITA18-ref in 𝛿ITA18-ref-small are the median generic-to-reference corrections (and the associated total 911 

standard deviations) obtained for ITA18_ref and ITA18_ref_small datasets, respectively. 912 
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 914 

 915 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

 
(i) 

 916 

Figure 11. Fourier amplitude spectra predicted by ITA18-FAS for generic rock (VS,30=800m/s) and incorporating the 𝛿model 917 

of Eq. [5] (named ITA18-ref): a,b,c) MW=5.0; d,e,f) MW=6.0; g,h,i) MW=7.0; a,d,g) RJB=0km; b,e,h) RJB=10km; c,f,i) 918 

RJB=50km. The style of faulting is normal. 919 
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 921 

Figure 12. Hard-over-soft rocks ground motion proposed for host to target correction and those proposed in this study. 922 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure A1. Fourier Amplitude spectra predicted by ITA18-FAS (this study), BA18 (Bayless and Abrahamson, 2018) and 924 

BOR14 (Bora et al. 2014) for several scenarios. a) Mw 4.0 and RJB=1km; b) Mw 4.0 and RJB =10km; c) Mw 5.5 and RJB 925 

=1km; d) Mw 5.5 and RJB =10km; e) Mw 7.0 and RJB =1km; f) Mw 7.0 and RJB =10km.  926 
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 927 
   (a)       (b) 928 
Figure A.2. a) Components of the standard deviation for ITA18-FAS model in RJB and Rrup; b) total standard deviation of 929 

ITA18-FAS in RJB (this study), ITA18-SA (Lanzano et al. 2019a), BOR14 (Bora et al. 2014), and BA18 (Bayless and 930 

Abrahamson, 2019). 931 
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 933 
   (a)      (b) 934 

Figure A.3. a) VS,30 scaling coefficients of ITA18-FAS in RJB, ITA18-SA, BOR14, and BA18; d) p-values of the VS,30 scaling 935 

coefficients of ITA18-FAS and ITA18-SA in RJB. 936 
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Appendix I: Fourier Amplitude Spectra GMM for shallow active crustal events in Italy (ITA18-FAS) 938 

 939 

In order to make the GMM for FAS (ITA18-FAS) consistent with ITA18-SA (Lanzano et al. 2019a), we adopted 940 

the same dataset (see §2) and functional form selected for the calibration of the model of the acceleration 941 

spectral ordinates: 942 

log10𝑌 =  𝑎 + 𝐹𝑀(𝑀𝑊 ,SOF) + 𝐹𝐷(𝑀𝑊 , 𝑅) + 𝐹𝑆(𝑉𝑆,30) + 𝜎       [A1] 943 

𝐹𝑀(𝑀𝑊,SOF) = 𝑓𝑗SOF𝑗 + {
𝑏1(𝑀𝑊 −𝑀ℎ)            where 𝑀𝑊 ≤ 𝑀ℎ

𝑏2(𝑀𝑊 −𝑀ℎ)            where 𝑀𝑊 > 𝑀ℎ
      [A2] 944 

𝐹𝐷(𝑀𝑊 , 𝑅) = [𝑐1(𝑀𝑊 −𝑀ref) + 𝑐2]log10√𝑅
2 + ℎ2 + 𝑐3√𝑅

2 + ℎ2      [A3] 945 

𝐹𝑆(𝑉𝑆,30) = 𝑘log10 (
𝑉0

800
)         

𝑉0 = 𝑉𝑆,30           for 𝑉𝑆,30 ≤ 1500𝑚 𝑠⁄

𝑉0 = 1500𝑚 𝑠⁄      for 𝑉𝑆,30 > 1500𝑚 𝑠⁄
     [A4] 946 

𝜎 = √𝜏2 + 𝜙𝑆2𝑆
2 + 𝜎0

2  [A5] 947 

Y is the observed intensity measure, i.e., the 81 ordinates of FAS in the frequency range 0.1–30Hz, calculated 948 

using the Konno & Ohmachi (1998) smoothing function (b=40). The prediction is valid for the geometric mean 949 

of the two horizontal components. Since the data processing is manual, high- and low- pass filter corner 950 

frequencies may differ. As a result, the number of records varies with frequencies: 100% of the data is 951 

considered in the interval 1-10Hz, while the calibration dataset is reduced by about 30% at f=0.1Hz and about 952 

10% at 30Hz. 953 

We derived two different sets of coefficients for Joyner-Boore (R=RJB) and rupture (R=Rrup) distances 954 

(epicentral and hypocentral distances are considered as an alternative, respectively, if the fault geometry is 955 

unknown). The explanatory variables are: the moment magnitude (MW), the source-to-site distance (R), the 956 

average shear wave velocity in the uppermost 30m (VS,30), and the styles of faulting (SOFj), which are dummy 957 

variables. The coefficients a, b1, b2, c1, c2, c3, k, fj (f1 for strike-slip, f2 for thrust fault, and f3 for normal fault), 958 

the hinge (Mh) and the reference (Mref) magnitudes, the pseudo-depth h and the standard deviations, are 959 

available in the electronic supplements (Table S3).  960 

In addition, the residuals are decomposed into mean error of event (between-event, δBe), station (site-to-site, 961 

δS2Ss) and residual corrected by systematic source and site contributions (event- and site- corrected residual, 962 

δW0e,s), by means of a mixed-effect regression (Stafford, 2014; Bates, 2015), in order to estimate the partially 963 

non-ergodic sigma according to Al Atik et al (2010). The calibration also provides the standard deviations of 964 
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each residual term, where τ and ɸS2S represent between-event and site-to-site variability, respectively, and 0 965 

is the standard deviation of the event- and site- corrected residuals.  966 

In the electronic appendix (Figure S6), we show δBe, δS2Ss, and δW0e,s as a function of magnitude, VS,30, and 967 

RJB, respectively, for two control frequencies (1 and 10Hz). The median trend of the residuals does not exhibit 968 

relevant bias with respect to the different explanatory variables, with the exception of few outliers, i.e., two 969 

foreign events of magnitude 6.6 and 6.9, already identified in ITA18-SA and affected by large between-event 970 

errors at high frequencies. The latter are Japanese events, that generally assume different values of stress 971 

drop with respect to same magnitude Italian events (Oth, 2013). 972 

Further plots are available in the electronic supplements (Figure S7 and S8), to compare the ITA18-FAS 973 

predictions and the observation for selected scenarios (Mw 4.5 and 6.5, VS,30=300 and 600m/s, normal and 974 

thrust faults) at the same two control frequencies. In general, the proposed model shows a remarkable ability 975 

to predict median seismic motion, taking into account that significant “local” specificities are present in Italy 976 

(e.g., see Lanzano et al. 2016b for some peculiar characteristics of the ground motion in Northern Italy). The 977 

issues are the same as for ITA18-SA: i) although anelastic attenuation is constrained by a considerable amount 978 

of data, a slight overprediction for large magnitudes normal fault events still exists at distances larger than 80 979 

km, especially for Central Italy events (Luzi et al., 2017); ii) there is a slight underestimation of seismic motion 980 

in near-source conditions (RJB<20km). The first problem is related to the use of a national dataset, which does 981 

not allow to capture regional specificities, while the second depends on the absence of data, which could be 982 

overcome by integrating the dataset with additional waveforms observed or simulated in the proximity of the 983 

seismic source Sgobba et al. (2021). 984 

The models available in the literature for predicting the FAS ordinates are significantly fewer than those 985 

developed in acceleration response spectra (see John Douglas database in Data and Resources) which are 986 

obviously of major interest for engineering applications. Finally, we selected two GMMs for comparisons:  987 

- The model by Bora et al 2014 (BOR14) for Europe and Middle-East is chosen as a reference, since 988 

its functional form is similar to ITA18-FAS. The newer model (Bora et al., 2015) was disregarded since 989 

it contains further explanatory variables, such as the apparent stress-drop and the high-frequency 990 

attenuation parameter 𝜅0. 991 

- The model of Bayless and Abrahamson 2018 (BA18) developed for California, but globally applicable 992 

because the calibration dataset (NGA-West2) contains many foreign events. 993 

Figure A.1 shows the comparison among the predicted spectra of ITA18-FAS, BOR14 and BA18 for three 994 

magnitudes (4.0, 5.5 and 7.0), three styles of faulting (normal, thrust and strike-slip), two values of VS,30 (200 995 
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and 800 m/s), and RJB=1km. The shape of the ITA18-FAS spectrum has no bumps or gaps compared to 996 

BOR14, albeit no smoothing is applied, as, instead, in BA18. The ITA18-FAS and BOR14 predictions are quite 997 

similar for several scenarios, whereas they agree with the BA18 values only at intermediate and higher 998 

magnitudes. In fact, at M = 4.0, the predictions of BA18 approximately correspond to the predictions of ITA18-999 

FAS minus one standard deviation. At high-frequency, the ITA18-FAS predicts larger amplitudes than the other 1000 

ones, especially for soft soils (VS,30=200m/s), suggesting that suggesting that, with VS,30 being equal, Italian 1001 

stations are characterized by a lower high-frequency attenuation than the sites in California. Larger differences 1002 

are observed between predictions of strike-slip and thrust fault events, compared to normal faults, which are 1003 

more similar. 1004 

Figure A.2a compares the τ, ɸS2S and 0 standard deviations of the ITA18-FAS model for RJB and Rrup, by 1005 

observing negligible differences. The between-event standard deviation (τ) exhibits values in the interval 0.12-1006 

0.27 log10 units, with lowest values between 0.5 and 4Hz. Event- and site- corrected standard deviations (0) 1007 

are almost constant around 0.19 in a wide frequency range (0.1-10Hz) and, afterwards, increase as the 1008 

frequency increases (up to 0.27). The largest contribution of total sigma is due to site-to-site variability (ɸS2S) 1009 

especially at high frequencies, moving from about 0.24 log10 units at 3Hz to over 0.4 at 30Hz.  1010 

Figure A.2b compares the total standard deviation  of ITA18-FAS in RJB with that of ITA18-SA, BOR14 and 1011 

BA18 models. The minimum total variability is at 2Hz (about 0.31), while maximum value is about 0.56 at 30Hz. 1012 

The main cause of the larger variability of FAS model w.r.t. SA is related to the differences between FAS and 1013 

the corresponding SA (Bora et al. 2016): the response spectral accelerations at high frequencies are controlled 1014 

by a much wider range of frequencies than Fourier amplitudes; as a consequence, narrow-band site effects at 1015 

short periods have a larger impact on Fourier amplitudes whereas for response spectral accelerations they 1016 

are smoothed out. Several studies have also shown that using the same functional form for model calibration, 1017 

results in increased high frequency variability for FAS compared to SA model (Bindi et al., 2019a; 2019b).  1018 

Regarding the other FAS models, BA18 is heteroscedastic with a sigma dependent on magnitude and a total 1019 

variability that decreases as magnitude increases. ITA18-FAS and BOR14 are instead homoscedastic models 1020 

and the total variability is influenced by lower magnitude data, which are more numerous and scattered. As a 1021 

matter of fact, the variability of ITA18-FAS reproduces that of BA18 for Mw=4.0, whereas the BOR14 model 1022 

has significantly higher variability. 1023 

Figure A.3a compares the values of coefficient relative to the VS,30 scaling (k in equation [A4] for ITA18-FAS) 1024 

against frequency for ITA18-FAS, ITA18-SA, BOR14 and BA18 models. At high frequency (above 8Hz for 1025 

BOR14 and 15Hz for ITA18-FAS and BA18), positive scaling is achieved for all the FAS models, albeit with 1026 
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rather low values, which causes unphysical increases of amplification with VS,30 (see Kamai et al. 2014 for 1027 

expected ground-motion scaling with VS,30). For the purpose of demonstrating that the positive values of the 1028 

VS,30 scaling coefficients are merely the result of a numerical artifact, the p-values of the coefficient k in Eq [A4] 1029 

are shown in Figure A.3b. The p-value is a statistical parameter, that indicates if the null hypothesis can be 1030 

rejected. In particular, a predictor (in this case the coefficient k) having p-value < 0.05 can be considered as a 1031 

meaningful addition to the model. As expected, the p-values of ITA18-FAS become higher than 0.05 for f>10-1032 

15Hz. These findings confirm the inadequacy of VS,30 to describe the high-frequency site effects into the GMM 1033 

in FAS.  1034 

 1035 

Appendix II: Estimation of the high frequency attenuation parameter for reference rock sites 1036 

 1037 

The parameter 𝜅 describes the high-frequency decay of the acceleration Fourier Amplitude Spectrum, FAS 1038 

(e.g., Anderson & Hough, 1984; Castro et al. 1990) and depends primarily on the source-observer path and 1039 

local geology (Anderson & Hough 1984; Ktenidou et al. 2013). At high frequency, the FAS is parametrized as 1040 

follows:  1041 

 1042 

𝐴(𝑓) = 𝐴0𝑒
−𝜋𝑘𝑓          for 𝑓 > 𝑓𝐸  [B1] 1043 

 1044 

Where A0 contains source and propagation contributions, 𝑓𝐸 is the frequency beyond which the spectrum 1045 

decays linearly (larger than the corner frequency of the event). The common approach to isolating the site-1046 

specific component 𝜅0, due to propagation in the shallower layers (Ktenidou et al. 2013), is to remove the 1047 

regional contribution 𝜅r by applying a linear model to the kappa values estimated to a given station: 1048 

 1049 

𝜅 = 𝜅0 + 𝜅𝑟𝑅            [B2] 1050 

 1051 

where R is the epicentral distance.  1052 

Although non-parametric approaches may be adopted, also including a source term, the linear model in Eq. 1053 

[B2] has often proven to be a good approximation (Ktenidou et al., 2015). The high-frequency decay in Italy 1054 

was investigated within a research on the ground motion variability in Italy, carried out within the framework of 1055 

the Italian INGV Pianeta Dinamico (Dynamic Planet)-Working Earth project (see Data and Resources), based 1056 

on a very large dataset of accelerometric and velocimetric records relative to events with magnitude M > 2.0, 1057 
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occurred central and southern Italy since 2008. The 𝜅 estimation is performed from the semi-logarithm 1058 

frequency decay of the acceleration S-waves FAS, implementing a semi-automatic procedure in order to take 1059 

advantage of as many records as possible available at the station within 150 km from the epicenter. The data 1060 

processing consists of the following steps: 1061 

i. Baseline correction and derivation of the velocimetric waveforms; 1062 

ii. Computation of FAS on time windows starting 0.1 s before the S wave onset and ending when different 1063 

percentages of the total energy are reached, in function of the source to site distance R (Pacor et al., 1064 

2016). A minimum length of 5 s and a maximum length of 20 s are imposed. The extracted S wave 1065 

signals are tapered with Hanning windows; 1066 

iii. Smoothing of the FAS ordinates using the Konno Ohmachi algorithm (b=40) and vectorial composition 1067 

of the two horizontal components; 1068 

iv. Performing of automatic 𝜅 calculation for 11 overlapping frequency bands of variable width from 12 to 1069 

20Hz; the minimum and maximum frequencies of the frequency bands are 8 and 38 Hz, respectively;  1070 

v. Within each band, the 𝜅 is estimated if: i) at least 65% of the spectral ordinates exceed a Signal-to-1071 

Noise Ratio (SNR) threshold equal to 3 and ii) the lowest frequency of the band is larger than the 1072 

corner frequency of the theoretical Brune spectrum of the event (computed considering stress drop 1073 

∆𝜎=30bar and shear wave velocity at the source depth VS=3.0km/s); 1074 

vi. To each record, the final 𝜅 is given by the median and standard deviation of the pre-calculated values; 1075 

the median value is discarded if: i) the pre-calculated 𝜅 are available for less than half of the considered 1076 

frequency ranges (6 out of 11); and ii) the associated standard deviation is larger than 0.015 s; 1077 

The 𝜅0 is then estimated for each station at the reference distance of 10 km, applying the eq. [B2]; if at least 1078 

10 records are available at epicentral distance less than 25km, the 𝜅0 is simply estimated as the median of the 1079 

𝜅 values within this distance range. 1080 

 1081 

 1082 
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