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Abstract 15	

 16	

We re-compute the coefficients of the intensity prediction equation (IPE) in Italy using the data 17	

of the DBMI15 V2.0 intensity database and the instrumental and combined (instrumental plus 18	

macroseismic) magnitudes reported by the CPTI15 V2.0 catalog. We follow the same 19	

procedure described in a previous article, consisting of a first step in which the attenuation of 20	

intensity I with respect to the distance D  from macroseismic hypocenter is referred to the 21	

expected intensity at the epicenter IE and a second step in which IE is related to the instrumental 22	

magnitude Mi, the combined magnitude Mc, the epicentral intensity I0 and the maximum 23	

intensity Imax, using error-in-variable (EIV) regression methods. 24	

The main methodological difference with respect to the original article concerns the estimation 25	

of the uncertainty of IE to be used for EIV regressions, which is empirically derived from the 26	

standard deviation of regression between IE and Mi and also used for the regressions of IE with 27	

Mc, I0 and Imax. 28	

In summary, the new IPE determined from DBMI15 V2.0 is  29	

𝐼 = 𝐼! − 0.0081(𝐷 − ℎ) − 1.072[ln(𝐷) − ln(ℎ)] 30	

where 𝐷 = √𝑅" + ℎ", h=4.49 km and IE can be calculated from the intensity data distribution 31	

of the earthquake. If the intensity data distribution is not available, IE can be calculated from 32	

the following relationships 33	

𝐼! = −2.578 + 1.867𝑀# 34	

𝐼! = 𝐼$ 35	

36	
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Introduction 37	

 38	

The ground motion prediction equation (GMPE), also called ground motion model (GMM), 39	

describing the attenuation of the amplitude of ground shaking and the associated standard 40	

deviation as a function of several explanatory variables, i.e., magnitude, distance, site 41	

conditions, style of faulting and other parameters,  is one of the basic ingredients of seismic 42	

hazard assessment (e.g. Cornell, 1968). Usually, seismic hazard is expressed in terms of 43	

physical quantities like the peak ground acceleration (PGA) or the spectral ordinates at 44	

different frequencies of such physical quantity. However, spectral acceleration, and 45	

particularly PGA, is weakly related to earthquake damage (Wald et al., 1999; Atkinson and 46	

Kaka, 2007), hence, seismic hazard is sometimes expressed in terms of macroseismic intensity 47	

(McGuire, 1993), especially in countries like Italy (Albarello et al., 2002, Gómez Capera et al., 48	

2010) where a large intensity database is available. In this case the GMPE (or GMM) becomes 49	

an intensity prediction equation (IPE). 50	

In principle, macroseismic intensity is only an ordinal (integer) classification of effects 51	

produced by earthquakes on humans, buildings and the environment, not physically related to 52	

the amplitude of the ground motion. However, based on the works of Cancani (1904) and 53	

Sieberg (1912, 1932), the Mercalli Cancani Sieberg (MCS) intensity scale and its successors 54	

up to the latest European Macroseismic Scale (Grünthal, 1998) were designed so that each 55	

degree of the scale corresponds to a level of ground motion which is about twice than that of 56	

the previous degree. Note that the accelerations reported by Cancani (1904) were not directly 57	

measured by instruments, which were not available at the time, but rather inferred by other 58	

kind of observations like the potential shifting of objects of different weight. This implies a 59	

logarithmic relationship between intensity and ground motion amplitude which has been 60	

confirmed empirically by several studies (e.g. Wald et al., 1999, Tselentis and Danciu, 2008, 61	
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Faenza and Michelini, 2010, Zanini et al., 2019, Gomez-Capera et al., 2020, Oliveti et al., 62	

2022). 63	

Pasolini et al. (2008b) proposed a two-step procedure for deriving the IPE in Italy based on the 64	

Data Base of Macroseismic Intensity, Version 2004 (DBMI04, Stucchi et al., 2007). The latter 65	

was including more than 58000 Macroseismic Data Points (MDPs) but based on various quality 66	

criteria, Pasolini et al. (2008b) selected about 22500 of them to be fitted by a log linear 67	

regression law with the distance from the macroseismic hypocenter (assuming a constant depth 68	

for all earthquakes). In the course of time, the Italian macroseismic database definitely 69	

improved, up to include more than 120000 MDPs in the DBMI V2.0 (Locati et al., 2019). In 70	

this work we apply the same procedure by Pasolini et al. (2008b) to such more recent data.  71	

We did not use the latest versions (V3.0 and V4.0) of the DBMI15 dataset (Locati et al., 2021, 72	

2022), which became available during the preparation of the present work, because the effort 73	

needed to redo all the computations was not justified by the small number of changes with 74	

respect to V2.0. In fact, such changes only concern a few small earthquakes: 7 from 2019 to 75	

2020 and 6 in Sicily from 2014 to 2017, for a total of 226 MDPs added (see table S3 and S4 in 76	

the Supplemental Material).  77	

A preliminary version the present study (Lolli et al., 2019) was produced within the ambit of 78	

the revaluation of the Italian seismic hazard map MPS19 (Meletti et al., 2021).  79	

 80	

Application of the Pasolini et al. (2008b) procedure 81	

 82	

The procedure described by Pasolini et al. (2008b) consists of two steps: in the first one, the 83	

attenuation of intensity I with respect to hypocentral distance D is referred to the “expected 84	

intensity at the epicenter” IE and, in a the second one, IE is related to the instrumental magnitude 85	

Mi, the combined magnitude Mc (obtained, according to Rovida et al. (2020), as the merging or 86	
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the averaging of macroseismic and instrumental magnitudes), the epicentral intensity I0 and the 87	

maximum intensity Imax. The advantage of using such two-steps procedure is that for the first 88	

step also the data of the pre instrumental era can be included in the analysis, whereas they must 89	

be excluded if the calibration of the attenuation model is done simultaneously with instrumental 90	

magnitude (available only since the beginning of 20th century). 91	

The equation fitted by Pasolini et al. (2008b) in the first step is a log-linear function of the 92	

hypocentral distance D 93	

 𝐼 = 𝐼! − 𝑎(𝐷 − ℎ) − 𝑏[ln(𝐷) − ln(ℎ)] 

𝐷 = :𝑅" + ℎ" 

(1) 

where a and b are empirical coefficients, R is the epicentral distance and h is an average focal 94	

depth that is assumed to be the same for all the earthquakes and is empirically estimated 95	

together with the other two coefficients. Owing to the logarithmic relationship mentioned 96	

above between intensity and ground motion amplitude, the linear term of eq. (1) describes the 97	

inelastic attenuation while the logarithmic term the geometrical spreading of seismic waves.  98	

IE can be calculated for each earthquake for which N intensity data Ii  at hypocentral distances 99	

Di are available as 100	

 𝐼! = 𝐼̅ − 𝑎𝐷< − 𝑏ln(𝐷)======= (2) 

where 101	

 
𝐼 ̅ =

1
𝑁? 𝐼%
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&

'()
 

 

 

(3) 

Pasolini et al. (2008b) fitted such equation by maximizing the likelihood function obtained as 102	

the product of the Normal probability densities of all intensity observations. In doing that, they 103	



	 6	

consider uncertain intensities, indicated in macroseismic practice by two adjacent degrees (e.g. 104	

VII-VIII), as observations of both degrees, each taken with half weight. We will show that the 105	

results of such procedure do not differ much from the ordinary least square (OLS) regression 106	

method applied after converting uncertain intensities to real numbers (7.5 for VII-VIII).  107	

Both regression methods attribute all the regression variance to the experimental error of the 108	

intensity I only. This is correct because the uncertainty of the independent variable D can be 109	

considered negligible with respect to the uncertainty of the dependent variable I. Conversely, 110	

for the second step, the uncertainties of the independent variables Mi, Mc, I0 and Imax are of the 111	

same order magnitude of the uncertainty of the dependent variable IE and then cannot be 112	

neglected. Therefore, Pasolini et al. (2008b), fitted the linear equations of IE with Mi, Mc, I0 and 113	

Imax using an error-in-variable (EIV) regression method (Fuller, 1987, Castellaro et al., 2006). 114	

In our recalibration using the new DBMI15 V2.0 dataset, we will follow the same approach 115	

but using the Chi-Square regression method (Stromeyer et al., 2004) that Lolli and Gasperini 116	

(2012) showed to be equivalent to the EIV method of Fuller (1987) when the variances of the 117	

two variables are constant, but which has the advantage of allowing the use of individual 118	

variances for each observation when available. 119	

Furthermore, also inspired by Mak et al. (2015), which observed a poor performance of the 120	

IPE by Pasolini et al. (2008b) as a function of I0, we will consider a different approach to 121	

estimate the uncertainty of IE to be used in EIV regressions. Pasolini et al (2008b) computed it 122	

as the square root of “the average of the empirical variances computed for each earthquake in 123	

the data set”, so obtaining 𝜎(𝐼!)=0.15 intensity degrees. We here estimate the uncertainty of IE 124	

from the empirical variance 𝜎!" of the linear regression of IE with respect to Mi 125	

 

𝜎!" =
∑ B𝑀%! − 𝑎 − 𝑏𝐼!!C

"
*(),&

𝑁 − 2  

(4) 
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where a and b are respectively the intercept and the slope of the linear regression and N the 126	

number of data used.  127	

As Mi and IE are based on completely different information (instrumental and macroseismic 128	

data respectively), their uncertainties are totally independent to each other. Then a theoretical 129	

a-priori regression variance 𝜎," can be computed as the combination of the variances of Mi and 130	

IE by the error propagation law (see e. g. Stromeyer et al., 2004) 131	

 
𝜎," =

∑ D𝑏"𝜎" B𝑀%!C + 𝜎
" B𝐼!!CE*(),&

𝑁  
(5) 

where 𝜎" B𝑀%!C  and 𝜎" B𝐼!!C  are the variances (the squares of uncertainties) of the j-th 132	

observations of Mi and IE respectively.  If the variance of IE is assumed to be the same for all 133	

earthquakes, the previous equation becomes 134	

 
𝜎," = 𝑏"

∑ 𝜎" B𝑀%!C*(),&

𝑁 + 𝜎"(𝐼!) 
(6) 

from which we can get 135	

 
𝜎"(𝐼!) = 𝜎," −

𝑏"∑ 𝜎" B𝑀%!C*(),&

𝑁  
(7) 

The variances of magnitudes 𝜎" B𝑀%!C	 can be computed as the squares of magnitude 136	

uncertainties reported for each earthquake in the Catalogo Parametrico dei Terremoti Italiani  137	

(CPTI15) V2.0 catalog (Rovida et al., 2019, 2020).  138	

Starting from an initial approximation of 𝜎"(𝐼!), we can compute a preliminary regression 139	

from which to compute 𝜎"(𝐼!) from eq. (7). Using such value, we recompute the regression 140	

up to obtain 𝜎," ≅ 𝜎!". This usually requires a few iterations because changing the variances of 141	

the regression variables implies a change of the coefficient b to be used in eq. (7).   142	

The so determined variance 𝜎"(𝐼!) can even be used for the EIV regressions of IE with Mc, I0 143	

and Imax. In these cases, however the uncertainties of the regressed variables are somehow 144	
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correlated because I0, Imax and, at least in part, even Mc are determined based on the intensity 145	

dataset used to determine IE. Hence the empirical variances	𝜎!" of such regressions are expected 146	

to be lower than the theoretical ones 𝜎,".  147	

For I0 and Imax, we can argue that their variances should not differ much from that of IE and then 148	

we can confidently assume equal variances in EIV regressions of IE with respect to I0 and Imax. 149	

 150	

The dataset 151	

 152	

The DBMI15 V2.0 dataset (Locati et al., 2019) collects in all 123,756 MDPs but a significant 153	

portion of them is not suitable to be used for fitting the IPE. In particular, 271 MDPs correspond 154	

to large areas without the indication of a precise location, 241 to individual buildings and 625 155	

to small settlements that are unsuitable to provide a reliable intensity estimate.  Of the 156	

remaining 122,619 MDPs, 5,960 are not real intensity estimates but only generic descriptions 157	

of effects (felt, damage, high damage, etc.) and 20,825 correspond to negative evidence (not 158	

felt).  159	

According to Pasolini et al. (2008b), we discard all MDPs of degree II (3,531) because they 160	

correspond to a so weak feeling of ground shaking that might remain unobserved in most cases, 161	

and it is also difficult to be distinguished from degree III. We also discard the MDPs of 162	

earthquakes: a) with epicenter in the sea or close to the shore whose macroseismic epicentral 163	

location cannot be determined with reasonable accuracy (5,101), b) occurred before year 1200 164	

A.D. (65), because they are based on scarcely reliable information, c) having less than 10 MDPs 165	

(5,431) because the macroseismic epicentral location might be inaccurate, d) occurred close to 166	

the summit of Mt. Etna (within 25 km from latitude 37.73 and longitude 15.00) and in other 167	

Italian volcanic regions (e.g. Ischia island and Flegrean Fields) (4,456), because the attenuation 168	

properties of such areas are known to be peculiar (highly attenuating) (Azzaro et al., 2006). In 169	
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order to prevent a bias due to the incompleteness of low intensities at large distances (Pasolini 170	

et al., 2008a), we also discard all MDPs (44,212) located at epicentral distances where an 171	

average intensity lower than IV is expected, based on a preliminary attenuation function. At 172	

end of the selection, 33,038 MDPs remain available for the fitting of the IPE (about 50% more 173	

than those used by Pasolini et al., 2008b).  174	

In order to allow a comparison of our analysis with other IPEs which fits simultaneously 175	

distance and magnitude, we also compute the regressions for a reduced dataset of earthquakes 176	

for which the instrumental magnitude Mi is known. Such dataset includes in all 20,029 MDPs. 177	

Recently, Vannucci et al. (2021) showed that intensity estimates made in macroseismic surveys 178	

of Italian earthquakes occurred after year 2009 are not consistent with those made previously, 179	

possibly because they mostly adopted the EMS scale which was shown by Graziani et al. 180	

(2015) to underestimate the MCS scale of about 0.59±0.05 degrees on average in old town 181	

centers struck by the 2012 Emilia earthquakes where the building types were similar to those 182	

existing at the time when Sieberg (2012, 2032) formulated the MCS scale. Hence in the 183	

following, we will also consider for comparison a further reduced dataset limited to year 2009 184	

(32,607 data).  185	

For performing the second step of the procedure, we relate the intensity expected at the 186	

epicenter IE, with the instrumental magnitude Mi, the combined magnitudes Mc, the epicentral 187	

intensity I0 and the maximum intensity Imax as reported by the CPTI15 V2.0 catalog (labeled as 188	

Mwins, MwDef, I0 and Imax respectively).  189	

As Vannucci et al. (2021) also found that instrumental magnitudes of Italian earthquakes 190	

occurred before 1960, mainly surface magnitudes Ms reported by Margottini et al. (1993), are 191	

likely to be overestimated owing to the poor dynamic calibration of mechanical recording 192	

seismometers (Herak 1996, 1998) operating in Italy and surrounding regions up to the 193	
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introduction of electromagnetic seismometers at the beginning of 1960’s, we will also consider 194	

the case of excluding such instrumental magnitudes from our second step computations.  195	

 196	

Isotropic attenuation results 197	

 198	

The results of the first step using the DBMI15 V2.0 dataset (Fig. 1 and Table 1) are very similar 199	

(differences lower than 0.1 degree) to those obtained by Pasolini et al (2008b) using the 200	

DBMI04 dataset (Stucchi et al., 2007).  In the same Figure and Table, we also show the 201	

comparison with other attenuation equations. In agreement with Pasolini et al. (2008b) the log-202	

linear (LOGLIN) model is statistically preferable, based on BIC (Schwarz, 1978) and AICc 203	

(Akaike, 1974, Hurvich and Tsai, 1989) information criteria, with respect to all other models 204	

excepting the log-bilinear one (LOGBIL) (see Pasolini et al., 2008b for details on various 205	

models and on BIC and AICc information criteria). However, the improvement of the LOGBIL 206	

model with respect to the LOGLIN one is relatively small so that to not deserve its adoption as 207	

reference attenuation model, even considering the complications that this peculiar model would 208	

introduce. 209	

In Table 1 we also report the results of the regression of the log-linear model obtained by 210	

excluding the intensity data of earthquakes occurred after year 2009 (LOGLIN (no >2009)), 211	

which Vannucci et al. (2021) showed being significantly underestimated with respect to 212	

previous periods. The regression standard deviation s is slightly lower and the R2 is slightly 213	

higher, indicating a generally better fit with respect to that obtained using the entire dataset, 214	

but the coefficients are not very different and thus such reduced dataset does not deserve further 215	

consideration.   216	

In Table 1 we also report the coefficients for the entire dataset obtained using the simple least 217	

square method and considering uncertain intensities as real numbers (LOGLIN (LSQ)). The 218	
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differences with respect to the coefficients obtained by the procedure described by Pasolini et 219	

al (2008b) are relatively small. In this case the various goodness of fit estimators (s, R2, AICc 220	

and BIC) are not directly comparable with those obtained by the Pasolini et al. (2008b) 221	

approach because the fitting methods are different. 222	

The differences are larger with respect to the dataset considering only earthquakes for which 223	

instrumental magnitude is provided (LOGLIN (Mi¹0)). In particular, the coefficient of the 224	

linear term (describing the anelastic attenuation) is definitely smaller and the coefficient of the 225	

logarithmic term (describing the geometrical spreading) definitely larger than for the whole 226	

dataset. The reasons of such differences are not easy to explain and might refer to changes in 227	

the way the intensities are estimated for earthquakes occurred before and after the beginning 228	

of 1900.  We might note that the former ones are mainly inferred from the scrutiny of written 229	

documentary sources while the latter ones from on-site surveys or questionnaires.  230	

In Fig. 2 and Table 2 we show the result of the second step regression between expected 231	

intensity at the epicenter IE and instrumental magnitude Mi. The uncertainty of IE that makes 232	

the theoretical regression standard deviation 𝜎,  to coincide with the empirical one 𝜎!  is 233	

𝜎(𝐼!)=0.56 intensity degrees, more than three times larger than that assumed by Pasolini et al. 234	

(2008b) and of the same order of magnitude of the uncertainties attributed by them to the 235	

uncertainties of epicentral intensity I0 and maximum intensity Imax (0.5 degrees).  236	

We use such value of 𝜎(𝐼!)
 
even for the regression with combined magnitude Mc shown in 237	

Fig. 3. As expected, in the latter case the empirical standard deviation 𝜎! 	is smaller than the 238	

theoretical one 𝜎, because the two regressed variables are both based, at least in part, on the 239	

same intensity data.  240	

The coefficients of the two regressions are rather different from those computed by Pasolini et 241	

al. (2008b). In fact, the larger value of the variance we adopted here for IE has the effect of 242	

reducing the slope coefficient (e.g., Castellaro and Bormann, 2007). According to Pasolini, et 243	
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al. (2008b), for computing IE from magnitudes, we suggest using the coefficients of the 244	

regression with Mc because it is based on a larger number of earthquakes, which actually 245	

correspond to those used in Italian seismic hazard analyses. 246	

In Fig. 4 and 5 and in Table 2 we show the results of the regressions of IE with I0 and Imax 247	

respectively. We can note that, differently from Pasolini et al. (2008b), the slopes b are now 248	

very close to 1. The Student’s t-test indicates in both cases that the H0 hypothesis (b=1) cannot 249	

confidently rejected with significance levels (s.l.) p=0.69 and p=0.41 respectively. This means 250	

that to compute IE from I0 and Imax it is sufficient to apply constant shifts rather than the linear 251	

regression formulas. For I0, even the H0 hypothesis that the shift D=0 cannot be confidently 252	

rejected (with p=0.15) and then it can be simply assumed that IE coincides with I0, whereas for 253	

Imax, the required shift D=-0.22±0.03 is significantly different from 0 and then must be applied 254	

to compute IE from Imax. 255	

In Table 2 bottom and in Figures S1 to S4 of the supplemental material we report the results of 256	

regressions between IE and Mi, Mc, I0 and Imax for the dataset considering only earthquakes for 257	

which instrumental magnitude is provided (LOGLIN (Mi¹0)). The coefficients in this case are 258	

not very different from those of the full dataset. In table S1 of the supplemental material we 259	

also report the coefficients of various intensity attenuation laws for the same dataset, whereas 260	

in table S2 we report the results of regressions between IE and Mi, Mc, I0 and Imax for a dataset 261	

excluding MDPs of earthquakes occurred after year 2009 and with Mi¹0 only in years ³1960. 262	

Even in such cases the differences with respect to the full set are relatively small. 263	

In summary the new equations (based on the full set of intensity data) we suggest using are 264	

 𝐼 = 𝐼! − (0.0081 ± 0.0004)(𝐷 − ℎ) − (1.072 ± 0.024)[ln(𝐷) − ln(ℎ)] (8) 

where h = (4.49±0.22) km. 265	

 If MDPs are available for the earthquake, IE can be computed by eqs. (2) and (3), otherwise 266	

by 267	
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 𝐼! = −(2.578 ± 0.145) + (1.867 ± 0.028)𝑀# 

𝐼! = 𝐼$ 

(9) 

For the dataset limited to earthquakes (since year 1904) for which an instrumental magnitude 268	

is available, the equations are (see Table 1 and 2): 269	

 𝐼 = 𝐼! − (0.0066 ± 0.0005)(𝐷 − ℎ) − (1.235 ± 0.034)[ln(𝐷) − ln(ℎ)] (10) 

Where h = (6.35±0.34) km. 270	

In the absence of MDPs, IE can be computed as 271	

 𝐼! = −(1.459 ± 0.251) + (1.610 ± 0.051)𝑀# 

𝐼! = −(0.08 ± 0.01) + 𝐼$ 

(11) 

In	Fig.	6	(and	Table	S5	and	S6	in	the	supplemental	material)	we	report	the	mean	intensity	272	

residuals	(observed-computed)	as	a	function	of	hypocentral	distance	(a)	and	computed	273	

(predicted)	intensity	(b).	They	are	very	small	(of	the	order	of	0.1	degrees	or	less),	in	many	274	

cases	within	(1s	)	error	bounds,	and	do	not	show	particular	trends.	275	

	276	

Tomographic inversion results 277	

 278	

This analysis has to be considered preliminary and is shown here only to give a picture of 279	

possible attenuation heterogeneities in the Italian territory. 280	

We approached the problem similarly to Carletti and Gasperini (2003) but using the log-linear 281	

attenuation model in place of the bilinear one used by them. We keep fixed the b coefficient 282	

(representing the geometrical spreading) and the average depth h to the values determined in 283	

the isotropic case and let to vary the a coefficient (representing inelastic attenuation) on 252 284	

spatial cells with sides of about 32 km covering the entire Italian area. We take as reference 285	

the coefficients computed by the standard LSQ approach using uncertain intensities as semi-286	

integer (b=1.075 and h=4.61) because even for the tomographic inversion we had to adopt the 287	
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same fitting strategy. The goodness of fit parameters indicated in Table 1 for the tomographic 288	

inversion are thus comparable with that of the OLS inversion and, as expected, show a lower 289	

𝜎 and a higher R2 for the tomographic model. The result of information criteria BIC and AICc, 290	

which penalize more the tomographic model having a larger number of free parameters (256) 291	

than the isotropic one (4), are contradictory as for BIC the most preferable model is the 292	

isotropic one whereas for AICc it is the tomographic one. 293	

In Fig. 7 we show the plot of the differences of the a coefficient computed in each cell for the 294	

tomographic model with respect to the isotropic (LSQ) value (0.0079). Positive residuals (blue) 295	

indicate lower attenuation and negative ones (red) higher attenuation than the average isotropic 296	

model. In Fig. 8 we show the epicenter-to-locality paths showing a good coverage in all 297	

continental Italy excepting for extreme northwestern and southeastern areas.  298	

Like Carletti and Gasperini (2003), we find low attenuation (blue) in the Po plain where a 299	

homogeneous carbonatic bedrock well propagate seismic waves and high attenuation (red) in 300	

the south-western slope of the Apennines where the bedrock is highly fractured and high heat 301	

flow (Della Vedova et al., 1991), related to primary and secondary volcanic activities, produces 302	

relatively high temperatures in the Earth’s crust. 303	

 304	

Conclusions 305	

 306	

We have recomputed the coefficients of a log-linear intensity prediction equation in Italy, 307	

following the procedure by Pasolini et al. (2008b). We used the intensity data of the DBMI15 308	

V2.0 (Locati et al., 2019) intensity database and the instrumental and combined (instrumental 309	

plus macroseismic) magnitudes and the epicentral and maximum intensities reported by the 310	

CPTI15 V2.0 catalog. The coefficients of the linear and logarithmic terms (eq. 8) are not very 311	

different from those obtained by Pasolini et al. (2008b) using the DBMI04 dataset (Stucchi et 312	
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al., 2007). We obtained instead different coefficients of regressions of the expected intensity 313	

at the epicenter with respect to the magnitudes and the epicentral and maximum intensities (eq. 314	

9) because we modified the approach to estimate the uncertainties used error-in-variable 315	

regression methods. The latter are necessary because the uncertainties of the independent 316	

variables are not negligible with respect to those of the dependent one.  317	

We also made a preliminary tomographic inversion of the lateral variations of the coefficient 318	

of the linear term representing the inelastic attenuation that confirm previous analyses: low 319	

attenuation in the Po valley where a homogeneous carbonatic bedrock (e.g. Fantoni and 320	

Franciosi, 2010) well propagate seismic waves and high attenuation in the Thyrrenian slope of 321	

the Apennines where high heat flow (Della Vedova et al., 1991) related to volcanic activity 322	

induce a degradation of the rock quality factor.  323	
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Figure 1 529	

 530	

 531	

 532	

Figure 1 – Comparison between different attenuation laws. Top: differences betwen the 533	

expected intensity at the epicenter IE and intensity at the site I for various attenuation functions 534	

(LOGLIN: Log linear, BILIN: bilinear, LOG: logarithmic, CRAM: cubic root, LOGBIL: 535	

logarithmic bilinear) as a function of epicentral distance R. Bottom differences of previous 536	

curves with respect to the loglinear model fitted on the DBMI04 dataset by Pasolini et al. 537	

(2008b) (LOGLIN04).  538	
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 539	

Figure 2 – Regression between IE and Mi using the chisquare (CSQ) and ordinary least 540	

squares (OLS) methods. 𝝈𝑰𝑬  and 𝝈𝑴𝒊  are the uncertainties of IE and Mi respectively, 𝜼 541	

their ratio, N the number of data, 𝝈𝑻 and 𝝈𝑬 respectively the theoretical and empirical 542	

regression standard deviations. 543	

 544	

 545	

Figure 3 – As in Fig. 2 for regression between IE and Mc. 546	
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 547	

 548	

Figure 4 – As in Fig. 2 for regression between IE and I0. 549	

 550	

 551	

Figure 5 – As in Fig. 2 for regression between IE and Imax. 552	
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 553	

Figure 6 – Mean intensity residuals (observed-computed) as a function of hypocentra 554	

distance (a) and of computed intensity (b) for the preferred attenuation model (LOGLIN 555	

in Table 1). 556	

 557	
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 558	

Figure 7 – Differences of the a coefficient of the LOGLIN (LSQ) attenuation law with 559	

respect to the value (-0.0079) computed for the isotropic model.  560	

 561	
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 562	

Figure 8 – Epicenter-to-locality paths (in black) used for tomographic inversion of Fig. 7. 563	

Red dots indicate the macroseismic epicenters of selected earthquakes. 564	

 565	
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Table 1 – Regression coefficients for different attenuation models and datasets 
 

Atten. Mod.  N a a’ b knee (km) h(km)  s R2 BIC AICC 

LOGLIN 04+   4 -0.0086±0.0005 - -1.037±0.027 - 3.91±0.27 0.689360 0.656482 - - 

LOGLIN   4 -0.0081±0.0004 - -1.072±0.024 - 4.49±0.22 0.652742 0.642909 -37352.6 -37344.5 

BILIN  4 -0.0599±0.0004 -0.0179±0.0002 - 45 0.00±0.19 0.664555 0.629866 -37812.6 -37804.5 

LOG      3 - - -1.535±0.012 - 7.84±0.18 0.656656 0.638613 -37497.3 -37491.5 

CRAM      3 - - -1.250±0.007 - 1.59±0.17 0.653061 0.642559 -37361.7 -37355.9 

LOGBIL  5 -0.0217±0.0020 -0.0122±0.0005 -0.748±0.046 45 2.90±0.30 0.652375 0.643310 -37341.5 -37331.1 

LOGLIN (no >2009)   4 -0.0084±0.0004 - -1.062±0.023 - 4.43±0.22 0.650965 0.645965 - - 

LOGLIN (Mi¹0)  4 -0.0066±0.0005 - -1.235±0.034 - 6.35±0.34 0.626567 0.671654 - - 

LOGLIN (LSQ)   4 -0.0079±0.0004 - -1.075±0.023 - 4.61±0.22 0.739919 0.775855 -36965.6 -36926.9 

LOGLIN (TOMO)  256 * - -1.075±0.023 - 4.61±0.22 0.720637 0.797755 -37159.1 -36509.4 

In bold type the overall suggested/preferred coefficients. +From Pasolini et al. (2008a). N number of free parameters, a coefficient of the linear 

term (unique or before the knee for bilinear models), a’ coefficient of the linear term after the knee (for bilinear models), b coefficient of logarithmic 

term for LOG, LOGLIN and LOGBIL models and of the cubic root for CRAM model, h source depth, s regression standard deviation, R2 

regression coefficient of determination,  BIC and AICC Bayesan and corrected Akaike information criteria (the higher the score the better the 
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model). “no >2009” indicates the dataset excluding intensity data of earthquakes after 2009, “Mi¹0” dataset with only earthquakes having 

instrumental magnitude., LSQ least square regression, TOMO spatially variable inversion for parameter a. 
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Table 2 – Linear regressions of expected intensity at the epicenter IE with instrumental Mi and 

combined Mc magnitudes and epicentral I0 and maximum Imax intensities 

 
Regression Dataset N a (intercept) b (slope) p(b=1) 𝝈 D p(D=0) 

IE-Mi Full 323 -0.446±0.289 1.445±0.058 <0.01 0.61 - - 

IE-Mc Full 744 -2.578±0.145 1.867±0.028 <0.01 0.52 - - 

IE-I0 Full 765 -0.015±0.125 1.007±0.018 0.69 0.65 0.03±0.02 0.15 

IE-Imax Full 765 -0.337±0.141 1.002±0.020 0.41 0.69 -0.22±0.03 <0.01 

IE-Mi Mi¹0 323 -0.707±0.292 1.454±0.058 <0.01 0.62 - - 

IE-Mc Mi¹0 338 -1.459±0.251 1.610±0.051 <0.01 0.53 - - 

IE-I0 Mi¹0 356 0.078±0.193 0.974±0.029 0.22 0.60 -0.08±0.02 <0.01 

IE-Imax Mi¹0 356 -0.176±0.220 0.981±0.032 0.38 0.66 -0.28±0.03 <0.01 

N number of data, p(b=1) probability of Student’s t test of the H0 hypothesis that b=1, 𝜎 regression 

standard deviation, D offset, p(D=0) probability of Student’s t test of the H0 hypothesis that D=0. 

“Mi¹0” dataset with only earthquakes having instrumental magnitude.  
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Figure S1 – Regression between IE and Mi for earthquakes with Mi¹0 

 

Figure S2 – Regression between IE and Mc for earthquakes with Mi¹0 

 

 



 

Figure S3 – Regression between IE and I0 for earthquakes with Mi¹0 

 

 

Figure S4 – Regression between IE and Imax for earthquakes with Mi¹0



Table S1 - for earthquakes with Mi¹0 
 

Atten. Mod.  a a’ B knee (km) h(km)  s R2 BIC AICC 

LOGLIN   -0.0066±0.0005 - -1.235±0.034 - 6.35±0.34 0.626567 0.671654 -21995.1 -21988.0 

BILIN  -0.0600±0.0004 -0.0185±0.0002 - 45 0.00±0.29 0.633950 0.663871 -22174.4 -22167.3 

LOG  - - -1.661±0.016 - 9.54±0.24 0.629138 0.668954 -22051.8 -22046.7 

CRAM  - - -1.292±0.009 - 2.62±0.24 0.627366 0.670817 -22012.3 -22007.2 

LOGBIL  -0.0217±0.0030 -0.0101±0.0009 -0.880±0.080 45 4.77±0.50 0.626246 0.671991 -21991.6 -21982.4 

 

 

  



Table S2 – For intensity data  £2009  
 

Regression Dataset N a b p(b=1) 𝝈 D p(D=0) 

IE-Mi Full 311 -0.571±0.292 1.478±0.059 <0.01 0.60 - - 

IE-Mc Full 732 -2.617±0.143 1.879±0.028 <0.01 0.51 - - 

IE-I0 Full 753 -0.041±0.126 1.012±0.018 0.51 0.65 -0.04±0.02 0.09 

IE-Imax Full 753 -0.379±0.144 1.023±0.020 0.25 0.71 -0.22±0.03 <0.01 

IE-Mi  Mi³1960 194 -0.635±0.377 1.511±0.079 <0.01 0.57 - - 

IE-Mc Mi³1960 732 -2.628±0.143 1.881±0.028 <0.01 0.51 - - 

IE-I0  Mi³1960 753 0.041±0.126 1.012±0.018 0.51 0.65 -0.04±0.02 0.09 

IE-Imax  Mi³1960 753 -0.379±0.144 1.023±0.020 0.25 0.71 -0.22±0.03 <0.01 

 
 



Table S3 – List of earthquakes with macroseismic data added in DBMI15 V3.0 and V4.0 
 

DBMI V Date-Time Epicentral area Reference MDP Imax 

3.0 2014 01 14 03 43 Isole Eolie Azzaro et al. (2020a) 20 5 

 2017 01 30 09 51 Etna - Versante meridionale Azzaro et al. (2020a) 9 4 

 2017 08 25 21 57 Etna - Versante sud-occidentale Azzaro et al. (2020a) 6 5 

 2018 08 16 Molise Castellano et al. (2018) 15 5-6 

 2018 09 30 17 24 Piano Pernicana Azzaro et al. (2020a) 5 5 

 2018 10 06 34 Versante sudoccidentale Azzaro et al. (2020a) 44 6-7 

 2018 12 26 02 19 Fleri Azzaro et al. (2020a) 48 8 

 2019 06 23 22 43 Provincia di Roma Arcoraci et al. (2019) 40 5 

 2019 12 09 04 37 Mugello Bernardini et al. (2019) 11 6 

4.0 2020 12 22 20 27  Ragusano D’Amico et al. (2020) 25 5 

 
 

Table S4 – List of earthquakes with macroseismic data in DBMI15 V2.0 modified in 
V3.0 and V4.0 

 
Date-Time Epicentral earea DBMI15 V2.0 MDP Imax DBMI15 V3.0 MDP Imax 

2014 09 25 16 33  Etna - S. Maria la Stella D'Amico et al. (2014) 20 5 Azzaro et al. (2020a) 22 5-6 

2015 12 08 09 28  Etna - Versante nord-orientale Azzaro et al. (2015) 19 5 Azzaro et al. (2020a) 19 5 

2016 02 08 15 35  Monti Iblei Azzaro et al. (2016) 58 5 Azzaro et al. (2020a) 58 5-6 

 
 
 

Table S5 – Mean intensity residuals (observed-computed) as a function of hypocentral 
distance 

 
Distance (km) Mean residual Mean std N 

2.5 0.069325 0.033971 601 
7.5 -0.02277 0.010471 4850 

12.5 0.044584 0.010722 4287 
17.5 0.01643 0.011773 3550 
22.5 0.027981 0.012454 3158 
27.5 0.004595 0.014752 2370 
32.5 -0.00716 0.015807 2107 
37.5 -0.03024 0.019048 1571 
42.5 -0.01907 0.019752 1417 
47.5 -0.03162 0.024707 1054 
52.5 -0.01222 0.025472 958 
57.5 -0.03433 0.025008 885 
62.5 0.012879 0.026885 792 
67.5 0.046942 0.029892 661 
72.5 0.034024 0.029928 644 
77.5 -0.00267 0.032055 563 
82.5 0.044267 0.033258 529 
87.5 0.019649 0.037491 443 
92.5 0.075061 0.0427 307 
97.5 0.059817 0.047478 276 

102.5 0.071567 0.047971 279 
107.5 0.039863 0.050561 238 



112.5 0.008321 0.057934 203 
117.5 0.033369 0.063838 141 
122.5 0.063752 0.075495 131 
127.5 0.031956 0.073037 135 
132.5 0.011079 0.078153 120 
137.5 -0.03755 0.09216 93 
142.5 -0.05863 0.093527 87 
147.5 0.21122 0.091986 78 
152.5 0.061583 0.086803 79 
157.5 0.108364 0.110816 71 
162.5 -0.00858 0.087136 68 
167.5 -0.09844 0.106828 59 
172.5 -0.14909 0.106084 66 
177.5 -0.01543 0.171693 44 
182.5 -0.08453 0.21759 21 
187.5 0.17524 0.19568 23 
192.5 -0.29975 0.267809 16 
197.5 -0.13273 0.199271 17 
202.5 -0.08808 0.264023 16 
207.5 -0.75351 0.366069 6 
212.5 -0.37915 0.274956 10 
217.5 0.414514 0.357152 7 
222.5 0.442321 0.315233 5 
227.5 0.45828 1.977638 2 

 
 

 
Table S6 – Mean intensity residuals (observed-computed) as a function of computed 

intensity 
 

Computed intensity Mean residual Mean std N 
3 0.202665 0.048784 229 
4 -0.02753 0.010479 4941 
5 0.015298 0.007278 9422 
6 0.048885 0.008264 7711 
7 0.020661 0.009685 5872 
8 -0.06935 0.01371 3324 
9 -0.0062 0.024613 1222 

10 -0.05341 0.050269 294 
11 -0.51213 0.226872 20 
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