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Abstract 

The relation between macroseismic intensity and ground shaking makes it possible to transform instrumental Ground 

Motion Parameters (GMPs) in macroseismic intensity and vice versa, and is therefore useful for making comparisons 

between estimates of seismic hazard determined in terms of GMPs and macroseismic intensity, and for other engineering 

and seismological applications. 

Empirical relationships between macroseismic intensity and different recorded GMPs for the Italian territory are 

presented in this paper. The coefficients are calibrated using a dataset of horizontal geometrical mean GMPs, i.e. peak 

ground acceleration (PGA),  peak ground velocity (PGV),  spectral acceleration (SA) at 0.2, 0.3, 1.0 and 2.0 s from the 

ITalian ACcelerometric Archive (ITACA; Luzi et al. 2019), and macroseismic intensity at Mercalli-Cancani-Sieberg 

(MCS) scale from the database DBMI15 (Locati et al. 2019). A dataset was obtained that corresponds to 240 pairs of 

macroseismic intensity-GMPs from 67 Italian earthquakes in the time window 1972-2016 with moment magnitude 

ranging from 4.2 to 6.8 and macroseismic intensity in the range [2, 10-11]. 

The final dataset is developed correlating strong motion stations and macroseismic intensity observations generally within 

2 km from each other, but the associations is manually validated through the expert opinion. The adopted functional form 

is non-linear predicting macroseismic intensity as a function of LogGMPs and vice versa by performing separate 

regressions. The set of empirical conversion relationships GMP-IMCS-GMP and the associated standard deviations  are 

compared with previous models.  

The results of an illustrative PSHA, obtained using a new seismogenic zonation (Santulin et al. 2017), proposed as one 

of the inputs of the new Italian seismic hazard model (Meletti et al. 2017), are used to analyse and compare seismic hazard 

assessment in terms of PGA and the related seismic hazard map in terms of macroseismic intensity (MCS) obtained using 

the empirical relationships here proposed for the PGA. 
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1 Introduction 

Macroseismic intensity is considered a classification of the severity of ground shaking on basis of observed effects in a 

limited area (Grünthal ed. 1998), and it encompasses the effects of different factors that characterize the destructive 

potential: strong motion peak parameters, excitation frequency content, duration of the strong motion, soil-structure 

interaction, inelastic response of buildings, etc. (Trifunac 1991; Sokolov and Chervov 1998; Atkinson and Sonley 2000; 

Boatwright et al. 2001). However, since there are no physical models capable of fully describing this phenomenon, the 

comparison between qualitative and quantitative measures of the severity of the seismic ground shaking are commonly 

carried out empirically. However, several authors observed that such empirical relationships between macroseismic 

observation and instrumental measures of the ground shaking do not have an excellent statistical correlation (Richter 

1958; Ambraseys 1975; Decanini et al. 1995; Yih-Min et al. 2003; Fujimoto and Midorikawa 2005). The main issue 

relates to their high variability which is essentially due to the different spatial representativeness of the two ground shaking 

measures: the instrumental one is  restricted to the immediate vicinity of the recording station (a few tens or hundreds of 

meters) and generally  depends on local site effects or soil-instrument interaction; on the other hand, the macroseismic 

observations that contribute to assign to a locality an intensity level are carried out on an extended inhabited area (even 

several square kilometres), often placed on a composite substrate with different  geological, geomorphological, and 

topographic characteristics (Trifunac and Westermo 1977; Trifunac and Lee 1992; Theodulis and Papazachos 1992).   

Despite this limitation, empirical relationships between macroseismic intensity and instrumental ground motion 

parameters (GMPs) are one of the key elements for comparing seismic hazard assessment (SHA) in GMP to SHA in 

terms of macroseismic intensities (Gomez Capera 2006; Gomez Capera et al. 2007) and for shakemaps implementation 

(Kaestli and and Faeh 2006;  Michelini et al. 2008; Wald et al. 2006; Allen and Wald 2009; Faenza and Michelini 2011). 

Several relationships between macroseismic intensity and GMPs based on very different data sets and approaches have 

been published (Cua et al. 2010 and references therein). Table 1 shows a summary of such relationships proposed for the 

California, the Euro-Mediterranean area and the Worldwide model by  Caprio et al. (2015). 
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Table 1 Examples of empirical models proposed in previous  studies to calibrate macroseismic intensity (I) - PGA 

relationships  

 
Author 

 Equation 

 

Region Time  

window 

# 

events 

 

M 

range 

 

PGA 

unit 

I 

 (scale) 

 

# PGA-I 

pairs 

Wald et al. (1999)  

 

I=2.20LogPGA+1.00   I<5 

I=3.66LogPGA-1.66   I≥5 

 

California 1971-1994 8 5.6-7.3 cm/s2  

 

2-5 

5-8 

(MM) 

342 

Tselentis and Danciu (2008) 

 

I=3.563LogPGA-0.946 

 

Greece 1973-1999 89 4.0-6.9 cm/s2  

 

4-8 

(MM) 

310 

Faenza and Michelini (2010) 

 

I=2.58LogPGA+1.68 

 

Italy 1972-2004 66 3.9-6.9 cm/s2  

 

2-8 

(MCS) 

266 

Bilal and Askan (2014)  

 

I=3.88LogPGA+0.132 

 

Turkey 1976-2011 14 5.7-7.4 cm/s2  

 

1-10 

(MM) 

92 

Caprio et al. (2015) 

 

I=1.647LogPGA+2.270  I<5 

I=3.822LogPGA-1.361   I≥5 

Worldwide 1965-2005 - 2.5-7.3 cm/s2  

 

2-5 

5-9 

(MM) 

(MCS) 

2380 

 

Gomez Capera et al. (2015) 

Applied in Locati et al. (2017) 

 

I=3.58LogPGA-0.64 

 

 

Italy 

 

1976-2003 

+ 

2009.04.26 

 

53 

 

3.9-6.9 

cm/s2  

 

 

3.5-8.5 

(MCS) 

 

118 

Gomez Capera et al. (2018) 

 

I=3.96LogPGA-1.25 

 

Italy 1976-2016 55 3.9-6.8 cm/s2  

 

3.5-11 

(MCS) 

127 

Zanini et al. (2019) 

 

I=2.28LogPGA+2.03 

Italy 1983-2016 35 3.2-6.1 cm/s2  

 

2-9.5 

(EMS98) 

 

Masi et al. (2020) 

 

I=0.51LnPGA+6.55  PGA<0.06g 

I=1.81LnPGA+10.22 PGA≥0.06g 

Italy 1980-2017 27 4.2-6.9 g 4-10.5 

(MCS) 

157 
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Various correlation models have been proposed in the past for Italy (Chiaruttini and Siro 1981; Margottini et al. 1987, 

1992; Panza et al. 1997; Faccioli and Cauzzi 2006). In the last decade, the development of macroseismic intensity and 

GMP relationships took advantage from the the cross-matching of the Italian Macroseismic Database (DBMI) and the 

ITalian ACceleration Archive (ITACA). Faenza and Michelini (2010, 2011) propose linear and orthogonal relationships 

between  Mercalli-Cancani-Sieberg (MCS, Sieberg 1930) intensity (DBMI04, Stucchi et al. 2007) and related PGA, PGV 

and SA at 0.3, 1.0 and 2.0s (ITACA1.0, Luzi et al. 2008).  

Linear relationships between a set of GMPs (PGA, PGV, and SA at 0.2, 1 and 2 s) and MCS intensity have been proposed 

for Italy (Gomez Capera et al. 2015) in the frame of the Project S2 - Constraining Observations into Seismic Hazard (DPC 

– INGV agreement 2014-2015, shorturl.at/gtu27), and subsequently updated with data coming from the major earthquakes 

of the 2016 Central Italy sequence (Gomez Capera et al. 2018). The calibration dataset has been compiled using 

ITACA2.0 (Luzi et al. 2008) and DBMI11 (Locati et al. 2011) and is constituted by 118  pairs of site Intensity and GMPs 

from 53 Italian earthquakes in the time window 1976-2009 with 3.9≤Mw≤6.9 and 3-4≤IMCS≤8-9 (Locati et al. 2017). 

Recently Zanini et al. (2019) proposes reversible macroseismic intensity-GMPs (PGA, PGV, PGD, Arias intensity and 

Housner intensity) relationships on the base of Italian data at European Macroseismic Scale 1998 (EMS-98; Grünthal ed. 

1998). Masi et al. (2020) proposes linear and bilinear relationships between macroseismic data, at scales EMS-98 and 

MCS, and GMPs such as PGA, PGV and Housner Intensity.   

Due to its long historical record and the early start of macroseismic research, Italy has a large amount of macroseismic 

intensity data that can be used as an independent set for calibration purposes. Therefore, when comparing seismic hazard 

maps in PGA and in terms of macroseismic intensity in Italy (Boschi et al. 1995; Molin et al. 1996; Slejko et al. 1998; 

Albarello and D’Amico 2008; Gomez Capera et al. 2010; Stucchi et al. 2011), it is necessary to have available 

relationships between macroseismic intensity and GMPs that allow conversions for high macroseismic intensity levels  

to PGA values without having the saturation problem as observed in the linear correlations given in the literature in Italy 

(Faccioli and Cauzzi 2006; Gomez Capera et al. 2015; Gomez Capera et al. 2018; Zanini et al. 2019). 

In the present study, we explore a non-linear correlation between GMPs and macroseismic intensity and vice versa using 

classical functional and separate regressions in the two directions. Non-linear empirical relationships between 

macroseismic intensity and GMPs (PGA, PGV, PGD, and SA  at 0.2, 0.3, 1.0, and 2.0s) have been  developed by 

comparing the geometric mean of the horizontal components of the ground motion recorded by 150 accelerometric 

stations (ITACA3.0) to the related Mercalli-Cancani-Sieberg (MCS) macroseismic observations (DBMI15).  

The calibration dataset is constituted by 240 macroseismic intensity-GMP pairs from moderate to large Italian earthquakes 

in the time-window 1972-2016.  We have applied simple predictive non-linear relationships between the geometric mean 

of GMP (log10 unit)  and macroseismic intensity as the only independent variable. To account for the uneven distribution 

of GMPs corresponding to every macroseismic intensity level, the mean value of the GMP is assigned to each 

macroseismic intensity class (Tselentis and Danciu 2008; Atkinson and Kaka 2010; Faenza and Michelini 2010, 2011; 

Panjamani et al. 2016; Bilal and Askan 2014; Du et al. 2019; Zanini et al. 2019).  

 

The final product is a set of 6 empirical relationships predicting macroseismic intensity as a function of GMP  

(IMCS=f(LogGMP)) and 6 empirical relationships predicting GMP as a function of macroseismic intensity 

(LogGMP=g(IMCS)). The empirical relationship IMCS as function of PGA is compared with similar relationships from 

previous studies among others in Italy, Greece, and California. Finally, a preliminary application of the proposed 

relationship in PGA is used to compare seismic hazard in terms of PGA (Santulin et al. 2017) and macroseismic intensity. 
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2 Data 

 

A fundamental task of this study was to provide a well-qualified dataset for the calibration of macroseismic intensity-

GMP relationships valid for the Italian territory. Macroseismic intensity data mainly come from the Italian Macroseismic 

Database (DBMI15), which makes available intensity data related to earthquakes in the time-window 1000-2017 

contained in the parametric earthquake catalog of Italy (CPTI15, Rovida et al. 2019). With regards accelerometric records, 

the main source of data is the ITalian ACcelerometric Archive (ITACA3.0), which provide strong-motion records and 

related metadata of seismic events with M>3.0 occurred in Italy in the time-window 1972-2018. In addition we have also 

considered the ESM strong-motion flat-file (https://esm.mi.ingv.it//flatfile-2018/, Lanzano et al. 2018a, b; Bindi et al. 

2018), a parametric table which contains metadata and intensity measures of manually processed waveforms included in 

the Engineering Strong Motion database (Luzi et al. 2016). The parametric table used for the regressions is provided in 

the electronic supplement. 

 

In order to compile the dataset of macroseismic intensity-GMPs pairs, we made a preliminary cross-matching of ITACA 

and DBMI records in the time-window 1972-2016 on the base of an interdistance between DBMI15 localities and related 

accelerometric stations less than 3 km (Locati et al. 2017; Gomez Capera et al. 2018). After that, the similarity in terms 

of geological and topographic conditions of localities and ITACA stations has been checked to provide a correct 

macroseismic intensity-GMPs association. Figure 1 shows two examples of macroseismic intensity-GMPs pairs, only 

defined on the base of the interdistance criterion. In the former case, the association has been judged reliable: the 

accelerometric station (IT.CDR), located in Codroipo (North-Eastern Italy), recorded the Mw6.4 Friuli 1976.05.06 

earthquake and the site intensity (IMCS=6) related to the same name locality in DBMI15 (Figure 1a). In the latter case, the 

association is uncertain: the accelerometric station IT.ALT (Auletta) recorded the Mw6.9 Irpinia-Basilicata 1980.11.23 

earthquake (Southern Italy) but it is located about 3 km far from two localities associated to different intensity levels 

(Auletta,  IMCS=8; Petina,  IMCS=7). In this case, the association is carried out preferring the locality with similar 

topographic conditions. For this reason, the locality of Petina (IMCS=7) is linked with ALT Station.  

 

 

 

 

 

 
a)                                                                           b) 

https://esm.mi.ingv.it/flatfile-2018/
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Fig. 1 a) Example of accelerometric station (IT.CDR, blue triangle) well matching macroseismic observations in the 

built-up area of Codroipo for the Mw6.45 Friuli 1976.05.06 earthquake (North-Eastern Italy); b) Example of  linking 

accelerometric recording and macroseismic observation using an interdistance criteria and similar geological/topographic 

conditions between accelerometric station (IT.ALT) and two macroseismic localities (Auletta e Petina) for the Mw6.81 

Irpinia-Basilicata 1980.11.23 earthquake (Southern Italy) 

The merged dataset consists of 240 macroseismic intensity-GMPs pairs from 67 Italian earthquakes occurred in the time 

interval 1972-2016 with 4.18≤ Mw≤ 6.81 (CPTI15; Rovida et al. 2019) characterized by macroseismic intensity values 

2≤ IMCS ≤10-11. The maximum value of moment magnitude (Mw6.81) correspond to the 1980.11.23 Irpinia Basilicata 

earthquake, whereas the minimum magnitude (Mw4.18) is for the 2003.12.07 Forvilese event (Northern Italy). As 

instrumental measures of the seismic shaking we have considered the geometric mean between the two horizontal 

components of peak ground acceleration (PGA), peak ground velocity (PGV) and spectral accelerations (SA) at 0.2, 0.3, 

1.0, and 2.0s.  

Figures 2 and 3 show the spatial distribution of 67 Italian earthquakes that provided the dataset used in this study and the 

location of the 150 acceleration station extracted from ITACA3.0, respectively.  The 41% of the macroseismic intensity-

GMP pairs is provided by the events of L'Aquila 2009.04.06 (Mw6.29), Irpinia 1980.11.23 (Mw6.81), Abruzzo 

Apennines 1984.05.07 (Mw5.86), Umbria-Marche Apennines 1997.09.26 (Mw5.97), and Amatrice 2016.08.24 (Mw6.00) 

for which we adopt the macroseismic study by Galli et al. (2016), a different solution than the one adopted in DBMI15.  
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Fig. 2 Locations of the 67 earthquakes (CPTI15, Rovida et al. 2019) included in the dataset used in this study 



 8 

 

Fig. 3 Location of the 150 acceleration stations (ITACA3.0, Luzi et al. 2019) associated to the macroseismic data points 

(DBMI15, Locati et al. 2019) 
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                a)                                                                                            b) 

Fig. 4 Distribution of the 240 macroseismic intensity (IMCS) - peak ground accelerations (PGAlog10) pairs, divided in three 

class of Mw 

 

Figure 4 shows the distribution of the macroseismic intensity levels in function of the associated PGA (log10 unit) for 

three classes of magnitude. The 76% of the data falls within the range 5≤IMCS≤7, and the highest values of macroseismic 

intensity correspond to the events with Mw≥6 (IMCS>5). The maximum macroseismic intensity (IMCS=10-11) has been 

assigned to Amatrice (Galli et al. 2016) for the Mw6.0 Central Italy earthquake (August 24th, 2016) and is correlated to a 

high level of ground shaking recorded by the station IT.AMT (PGA ~ 560 cm/s2). Moreover, one of the highest values of 

PGA (461.7cm/s2) in the dataset has been recorded by the E.ANR station during the Mw4.68 Ancona earthquake (June 

14th, 1972); E.ANR is located in the historical downtown of Ancona where the macroseismic effects have been classified 

with IMCS=8.  

In the electronic supplement of this paper, the list of stations and the number of events for each station, the list of 67 

earthquakes for which at least one pair of GMP-I was found, the data set of macroseismic intensities and coupled GMP 

stations, and the values of the data set of macroseismic intensities and coupled GMPs, are provided. 

 

3 Methodology  

The empirical relationships were obtained by ordinary least-squares regression between the macroseismic intensity and 

the average value of the GMPs (geometric mean of the horizontal components in log10 unit) for each macroseismic 

intensity level. The approach is to relate the logarithm of GMPs and macroseismic intensity as the only independent 

variable, because the relationships do not depend on magnitude and/or distance. The functional form to be modeled was 

chosen so that the intensity is proportional to the exponential of the GMP (log10 unit).  

Ground motion to intensity conversion equations are generally not invertible from traditional regression analyses. The 

assembled GMPs-macroseismic intensity pairs are also used to derive a corresponding macroseismic intensity to ground 

motion conversion equation by performing a separate regression using a logarithmic functional form.  

 

 

 

 



 10 

3.1 Data set for regressions 

To account for the uneven distribution of GMPs corresponding to every macroseismic intensity level, the mean value of 

the GMP is assigned to each macroseismic intensity class. The same approach was applied among others by Atkinson 

and Sonley (2000), Atkinson and Kaka (2007), Tselentis and Danciu (2008), Faenza and Michelini (2010, 2011), Bilal 

and Askan (2014), Zanini et al. (2019), and  Du et al. (2019). The compiled data set is binned for computing the mean 

values (and the associated standard deviations) of the ground motion parameters, for each macroseismic intensity level, 

as reported in Table 2. 

 

Table 2 Mean and standard deviations of the bin (σbin) of PGA, PGV and SA at 0.2, 0.3, 1.0 and 2.0s with the number 

of GMP observations for each macroseismic intensity class. Non-logarithmic GMP values are given in square brackets 
 

IMCS 

 

 

Mean  

Log10PGA 

±σbin 

[cm/s2] 

Mean 

Log10PGV 

±σbin 

[cm/s] 

Mean 

Log10SA0.2s 

±σbin 

[cm/s2] 

Mean 

Log10SA0.3s 

±σbin 

[cm/s2] 

Mean 

Log10SA1.0s 

±σbin 

[cm/s2] 

Mean 

Log10SA2.0s 

±σbin 

[cm/s2] 

# of 

records 

 per 

Intensity 

class 

10.5 

2.748±0.0 

 [559.84] 

1.629±0.00 

[42.51] 

3.093±0.00 

[1238.54] 

3.011±0.00 

[1025.58] 

2.468±0.00 

[293.88] 

1.836±0.00 

[68.53] 1 

8.5 

2.484±0.06 

[304.98] 

1.462±0.10 

[28.97] 

2.587±0.17 

[386.33] 

2.691±0.13 

[490.54] 

2.569±0.01 

[370.77] 

2.169±0.26 

[147.44] 2 

8 

2.288±0.23 

[194.13] 

1.097±0.19 

[12.51] 

2.671±0.20 

[468.86] 

2.473±0.12 

[297.37] 

2.056±0.34 

[113.86] 

1.495±0.43 

[31.23] 5 

7.5 

2.290±0.32 

[194.99] 

1.120±0.33 

[13.18] 

2.834±0.33 

[681.98] 

2.736±0.29 

[544.37] 

2.148±0.34 

[140.63] 

1.407±0.30 

[25.50] 3 

7 

1.893±0.43 

[78.13] 

0.825±0.49 

[6.69] 

2.315±0.42 

[206.76] 

2.218±0.44 

[165.36] 

1.889±0.46 

[77.42] 

1.407±0.53 

[25.52] 18 

6.5 

2.050±0.36 

[112.11] 

0.788±0.41 

[6.14] 

2.420±0.39 

[262.86] 

2.291±0.40 

[195.26] 

1.678±0.51 

[47.67] 

1.188±0.51 

[15.43] 14 

6 

1.744±0.33 

[55.43] 

0.511±0.37 

[3.24] 

2.128±0.35 

[134.17] 

2.037±0.35 

[108.82] 

1.491±0.46 

[30.99] 

0.962±0.51 

[9.15] 44 

5.5 

1.647±0.32 

[44.37] 

0.328±0.33 

[2.13] 

2.033±0.31 

[107.87] 

1.883±0.31 

[76.32] 

1.205±0.46 

[16.03] 

0.646±0.52 

[4.43] 48 

5 

1.467±0.39 

[29.31] 

0.155±0.39 

[1.43] 

1.787±0.36 

[61.23] 

1.668±0.35 

[46.57] 

0.986±0.44 

[9.68] 

0.460±0.58 

[2.89] 60 

4.5 

1.132±0.32 

[13.54] 

-0.175±0.23 

[0.67] 

1.564±0.36 

[36.61] 

1.376±0.31 

[23.78] 

0.680±0.34 

[4.79] 

0.098±0.31 

[1.25] 20 

4 

0.980±0.34 

[9.55] 

-0.307±0.16 

[0.49] 

1.326±0.23 

[21.20] 

1.182±0.23 

[15.19] 

0.574±0.35 

[3.75] 

0.048±0.44 

[1.12] 15 

3.5 

0.792±0.49 

[6.19] 

-0.559±0.56 

[0.28] 

1.285±0.53 

[19.26] 

1.102±0.52 

[12.65] 

0.238±0.64 

[1.73] 

-0.215±0.61 

[0.61] 3 

3 

0.324±0.32 

[2.11] 

-0.973±0.35 

[0.11] 

0.761±0.31 

[5.77] 

0.711±0.42 

[5.14] 

-0.105±0.48 

[0.78] 

-0.605±0.61 

[0.25] 5 

2 

0.007±0.05 

[1.02] 

-1.238±0.22 

[0.06] 

0.497±0.05 

[3.14] 

0.289±0.11 

[1.94] 

-0.275±0.57 

[0.53] 

-0.620±0.07 

[0.24] 2 

 
 

4 Empirical relationships 

The regression form is an exponential model of the GMP (log10 unit): 

IMCS = a e(bLogGMP)    (1) 

The inverse empirical conversion relations between the macroseismic  intensity (I) and the mean value of the GMP (log10 

unit) corresponds to: : 

LogGMP = a’ + b’Log(IMCS)   (2) 

 

The coefficients (a, b; a’, b’) and the standard errors (σ; σ’) are given in Table 3 and Table 4 
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Table 3 Regression coefficients (a, b), standard error (σ), standard deviation (σc) and median values () of the residuals 

and GMP range of the equation (1) for each GMP (σc and are computed from of whole dataset) 
GMP a b σ 

 

σc  GMP 

(geometrical mean 

range used) 

PGA 2.276 0.546 0.31 1.13 -0.07 [0.938-587.200] cm/s2 

PGV 4.514 0.502 0.36 1.04 0.04 [0.038-50.640] cm/s 

SA0.2s 1.756 0.570 0.50 1.20 -0.04 [2.624-1680.454] cm/s2 

SA0.3s 1.944 0.551 0.44 1.09 -0.01 [1.631-1157.083]cm/s2 

SA1.0s 2.947 0.472 0.58 1.16 0.06 [0.125-450.058]cm/s2 

SA2.0s 3.744 0.483 0.80 1.42 0.02 [0.025-242.292]cm/s2 

 

 

Table 4 Regression coefficients (a’, b’), standard error (σ’), standard deviation (σc’) and median values (’) of the 

residuals and GMP range of the equation (2) for each GMP (σc’ and ’ are computed from of whole dataset) 
GMP a’ b’ σ’ σc’ ’ GMP 

(geometrical mean 

range used) 

PGA -1.446 4.134 0.11 0.35 -0.01 [0.938-587.200] cm/s2 

PGV -2.912 4.462 0.15 0.36 -0.05 [0.038-50.640]cm/s 

SA0.2s -0.888 3.902 0.14 0.37 -0.02 [2.624-1680.454] cm/s2 

SA0.3s -1.132 4.077 0.13 0.34 -0.03 [1.631-1157.083]cm/s2 

SA1.0s -2.108 4.628 0.21 0.44 -0.07 [0.125-450.058]cm/s2 

SA2.0s -2.445 4.371 0.26 0.52 -0.07 [0.025-242.292]cm/s2 

 

The figures 5a and 5b show the data used to determine the relationship between the macroseismic intensity and the mean 

values of the LogPGA and vice versa; the bars correspond to 1 standard deviation with respect to the mean LogPGA 

value, for each level of macroseismic intensity. 

 

Some comparative regressions were performed applying the functional forms of equations (1) and (2) to the data set of 

240 pairs (blue circles) and their medians (green points). The same procedure was applied to obtain the direct and inverse 

empirical relations between the macroseismic intensity and the mean values of LogPGV and Log SA for T = 0.2s, 0.3s, 

1.0s, 2.0s (Electronic supplement).  

 

For the set of equations (1), the standard error (σ) is between 0.31 to 0.80  unit of macroseismic intensity. On the other 

hand, for the set of equations (2), the standard error is between 0.11 to 0.26 which are smaller than the standard error of 

equations (1).  The standard deviation of the residuals of the all data pairs used (σc; σc’) are higher than the standard 

errors of the set equations (1) and (2) in Table 3 and Table 4. In particular, the σc values is around one unit of macroseismic 

intensity (IMCS). 

 

Figures 6 and 7 show the residuals distribution of the PGA (log10 observed/predicted) in function of moment magnitude 

(Mw) and epicentral distance, respectively for direct (1) and inverse (2) relationships. Residual plots for LogPGV and 

LogSA at T = 0.2s, 0.3s, 1.0s, 2.0s are also available in the electronic supplement. In general, no significant dependence 

in function of Mw or epicentral distance is observed. 

In Tables 3 and 4 we have summarized the median value (, ’) and the standard deviation of the residuals (σc, σc’) 

related to each GMPs considered in this study, respectively for direct (1) and inverse (2) relationships. We observe as the 

residuals are generally unbiased with GMPs predicted by equation (2) slightly overestimated respected to the observed 

ones.  

The standard deviation (σc)  is around one unit of MCS intensity for the set equations 1. However, the σc from SA2.0s 

shows that the scatter is large (1.42), that is in agreement with their higher standard error value given in the regression 
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(σ=0.80). The best correlation, to predict IMCS, is the Peak Ground Velocity,  based on the fact that PGV provides the 

lowest uncertainty in prediction (σc=1.04)  using whole dataset. Similar results are observed in Boatwright et al. (2001) 

and Kaka and Atkinson (2004), the peak ground velocity  is directly related to the kinetic energy, which further influences 

the damage to structures.  

The GMPs can be predicted from IMCS within standard deviation values 0.35≤σc’≤0.52. The 0.35 value correspond to 

PGA and 0.52 correspond to SA2.0s.  

  

The standard deviation, associated with IMCS(PGA) and LogPGA(IMCS), shows that the scatter is large and it is in 

agreement with the higher values of the standard deviation given for the bars for the mean value of LogPGA for each 

macroseismic intensity class  (Figure 8).  

 

 

 

a)                                                                                        b) 

Fig. 5 Distribution of the calibration dataset (blue circles) and relationships between Intensity and PGA (log10 unit): a) 

Direct; b) Inverse. The calibration has been done by fitting all the 240 macroseismic intensity-GMPs pairs (blue line), as 

well as the mean (red line) and the median values (grey line) for each beam of Intensity 
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Fig. 6 Residuals plots (observed-predicted) for IMCS from LogPGA  using equation (1) (red squares) and for LogPGA 

from IMCS using equation (2) (blue squares)  in function of the moment magnitude 

 

 

 

 

 

Fig. 7 Residuals plots (observed-predicted) for IMCS from LogPGA  using equation (1) (red squares) and for LogPGA 

from IMCS using equation (2) (blue squares) in function of the epicentral distance 
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a)                                                                                           b) 

 

Fig. 8 a) Proposed relationship from equation (1) and b) Proposed relationship from equation (2) 

 

 

 

5 Comparison with previous studies  

 

The comparison among different empirical GMP-macroseismic intensity models might be considered difficult due to 

different macroseismic scales for which a conversion attempt should be avoided (Musson et al. 2010), methodologies, 

and  data. Nevertheless, some trends may be seen with put light into distinguishing differences between vulnerability 

classes in different regions in the way that buildings respond to earthquake shaking. 

Therefore, the comparison of these types of empirical models related to the intrinsic concepts in the evaluation of 

macroseismic intensity and their correlations in ground shaking should distinguish thresholds of damage to buildings (I> 

5) and those intervals related to effects in humans and objects (I<6).   

The empirical relationship proposed in the present study in terms LogPGA (Fig.8a) is compared with Faenza and 

Michelini (2010),  Gomez Capera et al. (2015; 2018),  Zanini et al. (2019) and Masi et al. (2020) for the Italian territory, 

Wald et al. (1999) for California, Tselentis and Danciu (2008) for Greece and with the global model by Caprio et al. 

(2015)  (see also Table 1). 

 In Figure 9  it is observed that the Italian relationship in the present study is in the middle between the previous 

Italian models, Greece and global model. The latter was obtained with 80% of California data, as a consequence 

of the fact that the buildings in California  are more resistant than buildings in Italy.  

 For a given PGA level, our macroseismic intensities are higher than the relationship derived for California (Wald 

et al. 1999).  

 The present Italian model predicts macroseismic intensities higher than the Greek (Tselentis and Danciu 2008). 

However, close to 100cm/s2, that corresponds to the “intersection zone” around of macroseismic intensity (I=6-

7), both models are very close.  
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 The relationships proposed in Gomez Capera et al. (2015; 2018) are similar to the current model for 5<IMCS <9  

because they have a common dataset. However, for Gomez Capera et al. (2018),  part of the difference depend 

on the fact that the I=11 value, in Amatrice, Pescara del Tronto (Locati et al. 2019),  of the Norcia earthquake 

(30th October 2016, Mw6.61; Rovida et al. 2019) was not included in the present study, due to the evidence of 

accumulated effects after other damaging events of the 2016 Central Italy sequence (Galli et al. 2017).  

 The relationship proposed by Faenza and Michelini (2010) is closer to the current model in correspondence   

109.7cm/s2  (IMCS=7). To lower intensities, there is a second intersection point at  3.3cm/s2 that correspond to  

IMCS=3. It is observed that for mean values of 17.8cm/s2 that correspond to  4<IMCS<6 the relationship   Faenza 

and Michelini (2010) overestimates the macroseismic intensity values of about half a unit.  Similar features are 

found in Zanini et al. (2019) for the intersection point with our model at 70.8cm/s2 and 1.8cm/s2. For PGA greater 

than 70.8cm/s2 Zanini et al. underestimates intensities compared with the present relationship. Masi et al. (2020) 

underestimates intensities with the present relationship for PGA greater than 22.1cm/s2  (IMCS>4-5).  The 

maximum intensity to Faenza and Michelini (2010) is IMCS=8 that correspond to around 316.2cm/s2 , for same 

value our relationship predicts IMCS=9. 

 

The slope of each empirical relationship, I(LogGMP) and vice versa, is not constant. For the equation (1)  for  LogPGA, 

the slope (n) is given by the derivative of macroseismic intensity with respect to the LogPGA: 

n = 1.243 e(0.546LogPGA)    (3) 

From equation (1) and (3), n can be expressed as function of macroseismic intensity as follow:  

n=0.546 IMCS       (4) 

 

The Figure 10 shows the comparison between the  non linear slope n in function of LogPGA (equation 3), the linear slope 

n in  function of macroseismic intensity  (equation  4) and  those of the  literature equations in terms of LogPGA  (Fig. 9; 

Table 1) that  have a constant value because are  linear (Tselentis and Danciu 2008; Faenza and Michelini 2010; Gomez 

Capera 2015; Gomez Capera 2018; Zanini et al. 2019)  and bilinear models (Wald et al. 1999; Caprio et al. 2015; Masi 

et al. 2020).   

 

The damage threshold in this model I(LogPGA) (I≥6, LogPGA>1.8, PGA> = 60cm/s2), corresponds to the trend of the 

slope n> 3.3 which is in good agreement at intersection points  with Wald et al. (1999) (5≤I≤8), Caprio et al.(2015) 

(5≤I≤9), Masi et al. (2020) (5≤I≤10-11) and Tselentis and Danciu (2008)  which has reported that earthquakes in Greece 

cause damage (IMM>6) when PGA exceeds 90m/s2.  The slope (n) of our model is greater than the slope of Faenza and 

Michelini (2010), and Zanini et al. (2019) for IMCS>5.  

The trend observed for low macroseismic intensities and LogPGA values our model has lower slope and for high 

macroseismic intensities (I>8) and LogPGA (PGA>100m/s2) our model has higher slope hat those quoted in Figure 9. 

Our non-linear model is simultaneously linked to low and high mean values of the observed macroseismic intensity-GMP 

pairs.  

The model proposed in the present study is valid until IMCS=10-11, then the model could predict an IMCS=11 associated 

with an average value of PGA = 766cm/s2 (+95cm/s2,-87cm/s2).  
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Fig. 9 Comparison of the Macroseismic Intensity-PGA relationship obtained in the present study (equation 1) with 

relations from previous studies 

 

 
 

 
Fig. 10 Comparison of slope of the Macroseismic Intensity-PGA relationship obtained in the present study (equation 1; 

coefficients table 3) with relationships from previous studies (from Fig. 9) 

 

   

 
6 Application to the Probabilistic Seismic Hazard 

 

A new seismogenic zonation (Santulin et al. 2017) has been developed with the aim of applying it as a branch of the logic 

tree that will be used for the new Italian seismic hazard model in preparation (Meletti et al. 2017), using the OpenQuake 
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software (Pagani et al. 2014). A logic tree of eight branches is considered: two branches are considered to account for the 

epistemic uncertainty in the completeness of the catalogue, two for the seismicity models and two branches are related to 

alternative Mmax values (Fig. 11). The results of a PSHA, obtained using this zonation and the Akkar et al. (2014) Ground 

Motion Prediction Equations (GMPEs) are used to compare seismic hazard assessment in terms of PGA (Fig. 12a) and 

the related seismic hazard map in terms of macroseismic intensity (MCS) obtained using the empirical relationships 

(equations 1 and 2) for the PGA. 

 

 

Fig. 11 The logic tree used for the preliminary seismic hazard assessment with the A1 zonation. It consists of two 

catalogue completeness approaches, two seismicity models and two estimates for Mmax. The Akkar et al. (2014) GMPE 

is used to obtain the PSHA results. The numbers indicate the weights associated with each branch (after Santulin et al. 

2017) 
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                  a)                                                          b) 

 

 
 
                 c)                                                            d)  

 
Fig. 12 a) PGA map for a probability of exceedance of 10% in 50yrs (in g units), calculated considering a new zonation 

model (Santulin et al. 2017), using the GMPE of Akkar et al. 2014; b) Macroseismic intensity map (MCS) calculated 

from the map a) using Eq.1 with coefficients for the PGA; c) PGA map for a probability of exceedance of 10% in 50yrs 

(in g units) calculated from map b) using Eq. 2 with coefficients for the PGA; d) percentage differences between map c) 

and map a) 

 

 

 

In the figure 12b is plotted the seismic hazard map in terms of macroseismic intensity (MCS), converted using equation 

1, from a PGA map (figure 12a, for a probability of exceedance of 10% in 50 years), obtained according to the logic tree 

proposed in figure 11. The maximum value is equal to 9-10MCS. The shape of the areas is different because macroseismic 

intensity decay less rapidly with distance compared to PGA. Then, in figure 12c is plotted the seismic hazard map in 

terms of PGA obtained converting the macroseismic intensity (MCS) map of figure 17b.  The converted map, so obtained, 

shows the same range of PGA values as the map directly computed using the Akkar et al. (2014) model in terms of PGA 
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(Fig. 12a). The figure 12d shows the percentage differences between the maps shown in figures 12c and 12a. The 

differences between the two maps are small and remain in the interval -5.0 to 1.0%, in the areas covered by the zonation, 

remaining within the range of uncertainties associated to the conversion PGA-IMCS-PGA relationship. 

7 Conclusions 

In this study we propose new empirical relationships between macroseismic intensity and a set of ground motion 

parameters (mean of base 10 logarithm of PGA, PGV, and SA at T = 0.2s, 0.3s, 1.0s, 2.0s), valid for Italy.  

The calibration dataset was constructed taking into account not only the minimum distance between macroseismic 

localities (DBMI15) and accelerometric stations (ITACA3.0) but also the geological-topographical conditions. The 90% 

of the interdistance between macroseismic observations and strong-motion stations is within 2 km. The dataset is 

constituted by 240 macroseismic intensity-GMP pairs from 67 Italian earthquakes occurred in the time window 1972-

2016, with Mw ranging from 4.2 to 6.8 and macroseismic intensity in MCS in the range [2, 10-11].  

The set of empirical relationships between macroseismic intensity and GMPs (and vice versa) was calibrated by using a 

non-linear functional form that allows to obtain more realistic values of the recorded ground shaking in correspondence 

of the highest values of the macroseismic intensity scale (MCS), compared to other models already proposed in literature. 

The coefficients of the GMP-IMCS-GMP conversion empirical equations, the standard error (σ),  the standard deviation 

(σc) computed from residuals of the entire dataset and the validity range of the GMPs are listed in Table 3 and Table 4. 

A residual analysis was performed, in which observed and predicted values of macroseismic intensities and GMPs are 

compared. This analysis concludes that the regressions do not depend significantly on either the moment magnitude or 

the epicentral distance. Peak Ground Velocity (PGV) is the best predictive instrumental measure of macroseismic 

intensity (IMCS), based on the fact  that it provides the lowest uncertainty in prediction ( σc=1.0 IMCS unit) 

The empirical relationships here proposed can be easily employed to convert seismic hazard maps in terms of GMPs to 

macroseismic intensity (and vice versa) and for shakemaps implementation. In order to verify the formers, the results of 

a simplified PSHA were used to analyze and compare seismic hazard assessment in terms of PGA and the related seismic 

hazard map in terms of macroseismic intensity (MCS) obtained using the empirical relationships here proposed for the 

PGA. 
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