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A Local Magnitude Scale for Crustal Earthquakes in Italy

by Massimo Di Bona

Abstract In this study, a new local magnitude (ML) scale is derived for the Italian
region from the analysis of seismic signals recorded by a dense broadband network
between 2003 and 2009. The ML computation is performed by measuring peak am-
plitudes of synthetic Wood–Anderson seismograms. Based on the original definition
by Richter (1935), these amplitudes are inverted for earthquake magnitudes, site cor-
rections, and the distance-dependent term that corrects amplitudes for geometrical
spreading and scattering–anelastic attenuation. The latter is expressed as a function
of R (hypocentral distance) and logR by means of a two-parameter linear form and is
constrained at the distance of 100 km in accordance with Richter’s definition. Using
the newly derived distance-dependent term and site corrections, magnitudes are con-
sistently estimated for the stations recording each earthquake, within an overall root
mean square residual of 0.18. No anomalous trend with distance is appreciable in the
magnitude residuals for the Italian region as a whole or for smaller areas along the
Italian peninsula. The only exception is represented by northeastern Italy, where in-
creasingly negative residuals are observed for distances decreasing below 100 km.
The spatial pattern of site corrections reveals contrasting attenuation properties of the
crust between the Tyrrhenian side of the Italian peninsula (high attenuation west of the
Apennines) and the Adriatic side (low attenuation east of the Apennines), as previ-
ously found in other studies. Finally, the magnitudes computed with the newML scale
are compared with global estimates of body-wave magnitude (mb) and with local and
regional estimates of moment magnitude (Mw); they display a satisfactory agreement
in most of the magnitude range considered (roughly from 3 to 5.5).

Online Material: Tables of station parameters, maximum amplitudes, and magni-
tude.

Introduction

Richter (1935) developed the local magnitude scale (ML)
in order to quantitatively assess the size of an earthquake.ML

was empirically defined for crustal earthquakes that occurred
in southern California and was based on the amplitude re-
corded by a standard instrument (theWood–Anderson seismo-
graph). This magnitude scale has been adopted worldwide
since then and is the most popular earthquake-size parameter
used in seismic catalogs and when quick information on seis-
mic events is issued for the public (Kanamori, 1983). Never-
theless, a suitable calibration is often required in order to
consistently reflect the seismic attenuation behavior in tec-
tonic environments that differ from southern California or
in the short-distance range where the original results were
deemed inaccurate because of the scarcity of data. Therefore,
in the last decades, many studies have been devoted to verify
the ML scale in southern California or to calibrate it in other
regions of the world, in accordance with the specific seismic
attenuation properties (Jennings and Kanamori, 1983; Bakun

and Joyner, 1984; Hutton and Boore, 1987; Alsaker et al.,
1991; Eaton, 1992; Uhrhammer et al., 1996; Kim, 1998;
Langston et al., 1998; Gasperini, 2002; Ortega and Quinta-
nar, 2005; Stange, 2006; Miao and Langston, 2007; Pech-
mann et al., 2007; Shoja-Taheri et al., 2008). Their results
revealed amplitude decays with distance that in some degree
differed from each other and from the original one found by
Richter (1935) and by Gutenberg and Richter (1942). In
many instances, different properties of wave attenuation ap-
pear to be related to different tectonic regimes, with plate
margin areas characterized by higher attenuation compared
with intraplate regions.

In Italy, the expected heterogeneous attenuation behav-
ior motivated several studies to calibrate local magnitude
scales in restricted regions of the peninsula: southeastern Si-
cily (Di Grazia et al., 2001), northwestern Italy (Spallarossa
et al., 2002; Bindi et al., 2005), northeastern Italy (Bragato
and Tento, 2005), and the southern Apennines (Bobbio et al.,
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2009). Other studies dealt withML computation for a few vol-
canic structures, such as Mt. Vesuvius (Del Pezzo and Petro-
sino, 2001), Mt. Etna (D’Amico and Maiolino, 2005), and
Campi Flegrei (Petrosino et al., 2008). On a larger scale, Gas-
perini (2002) determined the attenuation function suitable for
computing local magnitude in the Italian region as a whole.

Broadband data from the three-component Italian na-
tional seismic network (Rete Sismica Nazionale [RSN]; Am-
ato et al., 2006) and the MedNet network (Mediterranean
Very Broadband Seismographic Network; Mazza et al.,
1998) are routinely used at the Istituto Nazionale di Geofisica
e Vulcanologia (INGV) to synthetize horizontal-component
Wood–Anderson (WA) recordings (Kanamori and Jennings,
1978; Uhrhammer and Collins, 1990; Uhrhammer et al.,
1996) and to calculate ML values. The routine analysis pro-
cedure in use at the INGV for estimating local magnitudes
has been stable since 2005 and is described in Amato and
Mele (2008). The logarithm of each amplitude reading is cor-
rected using the distance-dependent attenuation term pro-
posed by Hutton and Boore (1987) as a revision of the
standard term tabulated in Richter (1935) and Gutenberg and
Richter (1942). The seismological practice at INGV (Amato
and Mele, 2008) has demonstrated that this attenuation cor-
rection is not suited for the Italian region, and the short-range
stations systematically provide larger-magnitude values than
the farther stations do.Whereas averaging over a large number
of stations within 600 km from the epicenter might mitigate
the magnitude bias for larger earthquakes, the predominance
of overestimated ML values from the closest stations is ex-
pected to produce noticeably biased magnitudes for relatively
smaller earthquakes (Scognamiglio et al., 2012).

The goal of this study is the calibration of local magni-
tude for crustal seismicity in the Italian peninsula and its
vicinity. To this end, a suitable correction for the amplitude
decay with distance is determined along with a set of station
corrections. The magnitudes computed with the new ML
scale are then compared with global estimates of mb and lo-
cal and regional estimates of Mw by means of linear regres-
sion analysis. A generalized form of the least-squares (LSQR)
method (Fuller, 1987) is appropriate for a linear regression
problem (such as the comparison between different types of
magnitude) in which the predictor x and the response y ap-
pearing in a linear relation (y ! ax" b) are both affected by
random variability. When comparable variances for x and y
can be assumed, the orthogonal linear regression (OR) method
can be applied, minimizing the square of the perpendicular
offsets to the best-fit line. Castellaro et al. (2006) and Castel-
laro and Bormann (2007) investigated the use of the OR
method for magnitude regression and compared it with the
standard LSQR method of regressing y on x (SR) or x on y
(ISR). When the ratio between y and x variances is not known,
Castellaro and Bormann (2007) suggest carrying out all three
regression methods and comparing their results to assess the
adequacy of the OR method. If the line obtained from the OR
method has slope !1 and is nearly midway between the lines
derived by the other two methods, then x and y have approx-

imately the same variance and the OR method is preferred.
This is the procedure followed in this study for the magnitudes
regression and the comparison between the two ML correc-
tions at each site (for the two horizontal components). In
the OR method, the estimators of slope and intercept are given
in Castellaro et al. (2006), together with the formulas for
their standard errors and the data standard deviation (!̂).

Method

Following Richter (1935), ML is defined as

EQ-TARGET;temp:intralink-;df1;313;605ML ! logA#D$ " logA0#D$ " C; #1$

in which A is the maximum amplitude of the horizontal-com-
ponent WA seismogram for an earthquake and" logA0#D$ is
an empirically determined correction for the amplitude decay
with distance. The distanceD (in kilometers) was the epicentral
distance (!) in Richter’s definition, whereas several authors of
later studies replaced D with the hypocentral distance (R). The
term C can be considered a general-purpose correction which,
in Richter (1935), specifically took site-instrument effects into
account. In Richter (1935), WA maximum amplitudes are mea-
sured in millimeters and the condition

EQ-TARGET;temp:intralink-;df2;313;452 logA0#100$ ! "3 #2$

sets the amplitude (in millimeters) recorded for the zero mag-
nitude earthquake at the epicentral distance ! ! 100 km on a
site with C ! 0.

Following Bakun and Joyner (1984), the function
logA0#R$ (R is the hypocentral distance in kilometers) is ex-
pressed in the parametric form

EQ-TARGET;temp:intralink-;df3;313;347 logA0#R$ ! "n log#R=100$ " K#R " 100$ " 3; #3$

which simplifies to equation (2) at R ! 100 km, but the epi-
central distance is replaced with the hypocentral distance,
thus producing a positive magnitude bias "ML that depends
on n, K, and focal depth Z. For crustal earthquakes
(Z < 30 km) and the values of n and K determined in this
study, "ML is less than 0.05. Bakun and Joyner (1984)
adopted this functional form in order to include the effects
of geometrical spreading and anelastic–scattering attenua-
tion, as these are described through the parameters n and K,
respectively, in the simple model of seismic waves propa-
gating from a point source.

According to equations (1) and (3), the logarithm of the
maximum amplitude (in millimeters) of the cth horizontal-
component WA seismogram for the qth earthquake and the
sth station (at the hypocentral distance Rqs) can be written as

EQ-TARGET;temp:intralink-;df4;313;134

logAqsc#Rqs$!
XNS

j!1

X2

l!1

"js"lcCjl"
XNQ

i!1

"iqMi"nlog#Rqs=100$

"K#Rqs"100$"3 #4$
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(Bakun and Joyner, 1984). By means of the Kronecker deltas
"iq, "js, and "lc, the logarithm of each maximum WA ampli-
tude (in micrometers) (logAqsc " 3) can be expressed as a
linear combination of NQ earthquake magnitudes fMqg and
2NS station corrections fCscg. In this formulation, each site
may have different corrections for the two horizontal compo-
nents of ground motion (c ! 1, 2 for north and east compo-
nents, respectively). The system of linear equations in
equation (4) can be solved for fMqg, fCscg, n, and K in a
least-squares sense provided that an additional constraint is
considered. In this study the 2NS station corrections are con-
strained to sum to zero:

EQ-TARGET;temp:intralink-;df5;55;586

X

s;c

Csc ! 0: #5$

In three preliminary inversions (hereafter referred to as
inversions PI1, PI2, and PI3), equations (4) and (5) were
solved using three different LSQR methods: the iterative pro-
cedure described in Hutton and Boore (1987) in inversion
PI1, the LSQR algorithm (Paige and Saunders, 1982) in in-
version PI2, and the normal equations of the linear least-
squares (LLS) method in inversion PI3. In the first method,
preliminary magnitude estimates were needed, and they were
computed by adopting zero site corrections and the attenu-
ation term derived by Hutton and Boore (1987). In the LLS
method, the computation of the full model covariance matrix
is also possible. The inversions PI1, PI2, and PI3 were per-
formed to check the consistency between the two corrections
for each station and between the results from the three differ-
ent solving methods. However, the newML scale is based on
the results of an inversion (hereafter referred to as inversion
I) in which the same correction for the two horizontal com-
ponents of ground motion is considered (Cs1 ! Cs2 ! Cs).
The corresponding equations are easily obtained from equa-
tions (4) and (5):

EQ-TARGET;temp:intralink-;df6;55;304

logAqs#Rqs$ ! "
XNS

j!1

"jsCj "
XNQ

i!1

"iqMi " n log#Rqs=100$

" K#Rqs " 100$ " 3; #6$

EQ-TARGET;temp:intralink-;df7;55;220 logAqs ! #logAqs1 " logAqs2$=2; #7$

and

EQ-TARGET;temp:intralink-;df8;55;186

XNS

s!1

Cs ! 0: #8$

These equations were solved (in inversion I) using the LLS-
method normal equations, with the model covariance matrix
computation.

An additional inversion (hereafter referred to as inversion
II) was set up in order to appraise the validity of Richter’s equa-
tion (2) for the Italian region. Following Wu et al. (2005), the

magnitudes fMqg in equation (6) are set equal to the (known)
moment magnitudes fMwqg. The constantm ! " logA0#100$
is now included in the set of model parameters and determined
so as to haveML ! Mw, on average. Therefore, the following
equation is obtained:

EQ-TARGET;temp:intralink-;df9;313;673 logAqs#Rqs$ "Mwq ! "
XNS

j!1

"jsCj " n log#Rqs=100$

" K#Rqs " 100$ "m; #9$

in which logAqs is defined by equation (7) and the site cor-
rections fCsg fulfill condition (8). Based on equation (9),
the source-corrected log amplitudes (logAqs "Mwq) were
inverted for the parameters n, K, m, and fCsg using the
LLS-method normal equations with the model covariance
matrix computation.

In this study, a nonparametric description (Savage and
Anderson, 1995) of the attenuation function logA0#R$
was not explored; however, an a posteriori analysis of the
trend of magnitude residuals with distance was performed
to evaluate any systematic deviations from the assumed para-
metric form.

Data Analysis

The waveform data used in this study (see Data and Re-
sources) were recorded between August 2003 and March
2009 by 197 stations equipped with broadband or enlarged-
band three-component sensors. The instruments’ response to
ground velocity is flat in a frequency band from 0.0028–
0.2 Hz (depending on the sensor) to 15–50 Hz (depending
on the digitizer sampling rate). The high-frequency limit is
>30 Hz for about 75% of the recorded data. Most of the sta-
tions (169) belong to the RSN and MedNet networks, both
maintained by INGV. Other stations (18) belong to local net-
works operating in some Italian regions (Regional Seismic
Network of Northwestern Italy [RSNI], University of Genoa;
Friuli Venezia Giulia Accelerometric Network [RAF], Univer-
sity of Trieste; North-East Italy Broadband Network, Istituto
Nazionale di Oceanografia e di Geofisica Sperimentale and
University of Trieste; and Matera station, GEOFON, GeoFor-
schungsZentrum [GFZ], German Research Center for Geosci-
ences). Moreover, close to the national boundaries, additional
stations are located in Switzerland (8) and Austria (2) (Swiss
Digital Seismic Network [SDSNet], Swiss Seismological Ser-
vice [SED] at Swiss Federal Institute of Technology [ETH
Zürich]; Austrian Seismic Network, Zentralanstalt für Mete-
orologie und Geodynamik [ZAMG],Central Institute for Me-
teorology and Geodynamics).

The WA instrument (the standard torsion seismometer)
records high-pass filtered ground displacement, and its nomi-
nal response can be modeled by means of a harmonic oscillator
with natural period T ! 0:8 s, damping h ! 0:8, and gain
V ! 2800. In this study, the nominal values of these param-
eters were used to synthetize the WA seismograms. However,
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Uhrhammer and Collins (1990) showed that the actual re-
sponsewas better described by h ! 0:7 and V ! 2080. There-
fore, compared with magnitudes computed from recordings
written by an actual WA seismograph, magnitudes estimated
by using the nominal WA response would be larger by an
amount ranging from 0.07 to 0.13, depending on the dominant
period, with the least value for periods around 0.8 s (Uhrham-
mer and Collins, 1990; Kim, 1998).

WA seismograms were calculated for an ensemble of
seismic recordings selected according to the following criteria:

1. They belonged to earthquakes located inside a region
with boundaries that closely surround the Italian penin-
sula, with source depth not greater than 30 km (crustal
seismicity).

2. Earthquake–station distances were less than 600 km.
3. At least 20 horizontal-component seismic records were

available for each earthquake (two horizontal-component
signals at each site).

4. Horizontal-component seismic records of 10 or more
earthquakes were available for each station (at least 20
seismograms for each site).

All the computed WA seismograms were visually in-
spected to identify and exclude signals contaminated by tran-
sient noise or recordings in which the maximum amplitude
phases of two earthquakes overlapped. The set of retained
seismograms still consisted of pairs of horizontal-component
records for each earthquake. Furthermore, for each WA seis-
mogram, a signal-to-noise ratio (SNR) was evaluated as the
amplitude of the largest swing of the earthquake record (WA
maximum amplitude) divided by the noise maximum ampli-
tude measured in the window preceding the P arrival. More
than 90% of the initially selected WA seismograms were
characterized by a maximum amplitude larger than three
times the noise maximum amplitude (SNR > 3). Pairs of
horizontal-component WA seismograms were retained for
further analysis if their maximum amplitudes were both
larger than three times their respective noise maximum am-
plitudes (SNR > 3). This further requirement, together with
the ones mentioned above, produced an ensemble of 13,203
couples of horizontal-component WA seismograms for a to-
tal of 336 earthquakes and 197 recording sites. Earthquakes
and stations are shown in Figure 1, as are the source–receiver
paths. ! Table S1 (in the electronic supplement to this ar-
ticle) lists the selected stations together with their geographic
coordinates and the number of earthquakes analyzed for each
station. ! Origin time, hypocenter location, and magnitude
for every selected earthquake are reported in Table S2, to-
gether with the number of stations considered for each earth-
quake. Each earthquake is identified by a string formed by a
four-digit year and two-digits each for month, day, hour, and
minute of the origin time (e.g., 200411242259).

The measurement of the maximum amplitude on every
WA seismogram closely followed the procedure introduced
by Richter (1935). Half the peak–peak amplitude of the larg-
est swing from the P onset onward was measured for each

horizontal-component WA seismogram. A total of 26,406
north- and east-component maximum amplitudes were consid-
ered for inversions PI1, PI2, and PI3. For each earthquake–
station pair, a single amplitude estimate was obtained using
the geometric mean of the two horizontal-component values.
Then, a dataset of logarithms of 13,203 amplitudes was pro-
duced, each of them being essentially the average of the logA
values from the two horizontal-component WA seismograms
for each earthquake–station pair. This dataset was considered
for inversion I. The adopted selection criteria produced logA
datasets for earthquakes mostly with magnitude 3 and greater.
A good distance distribution was achieved because earth-
quakes of magnitude close to 3 were well recorded at distan-
ces even greater than 400 km (Fig. 2), and the correlation
between magnitude and hypocentral distance was relatively
weak (0.37). The range of earthquake–station synthetic WA
amplitudes roughly goes from 0.014 to 2100 mm, for epicen-
tral distance 2 < ! < 600 km. For comparison, the standard
WA seismograph can only record maximum trace amplitudes
up to !140 mm (Uhrhammer and Collins, 1990). The SNR
distribution of this dataset is characterized by the 5th–95th
percentile range (4.26, 765). Only about 3% of the maximum
amplitudes on the WA seismograms occur in the P-wave
train; in these cases, maximum amplitudes in the S-wave
train are only slightly smaller, so that reading maximum am-
plitudes only after the S onset does not much affect the esti-
mated magnitudes. ! The whole amplitude dataset is
provided in Table S3.

A subset of 54 earthquakes with estimates of Mw
was considered for inversion II based on equation (9),
with the main object of estimating logA0#100$. The inverted
dataset consists of 3440 source-corrected log amplitudes
(logAqs "Mwq) for 178 stations, each of them providing data
for five or more earthquakes and about 80% of them with data
for 10 or more earthquakes. The requirement for the number
of earthquakes per station is less strict compared with the other
inversions: it excludes poorly constrained site corrections
while preserving a reasonable number of stations for determin-
ing magnitudes. ! Table S4 lists the 54 earthquakes used in
inversion II, with theirMw estimates (see theMw–ML Relation
section, for a description of the Mw dataset).

Results and Discussion

The amplitude data were inverted for n, K, magnitudes
fMqg, and station-component corrections fCscg in inversions
PI1, PI2, and PI3, each solving equations (4) and (5) with a
different method (as mentioned in the Method section). Their
respective estimates of n and K, rounded to seven decimal
places, are equal. For each magnitude and station-component
correction, they produced the same numerical value rounded
to three decimal places. Only the solution obtained from the
LLS-method normal equations was furnished with reliable
estimates of parameters uncertainties, under the assumptions
of data homoscedasticity and uncorrelation. For most of the
stations, the two horizontal-component corrections (Cs1 and
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Cs2) are close to each other: 50% of them differ by less than
0.04, and only 18% of them differ by 0.1 and over. The differ-
ence Cs1 " Cs2 is "0:007 on average, with standard deviation
equal to 0.09. The median is also close to zero. Regressing Cs1
and Cs2 on each other by means of the three methods OR, SR,
and ISR (see Introduction) provides the following results:

EQ-TARGET;temp:intralink-;df10;55;221Cs2 ! #0:992% 0:026$Cs1 " #0:0070% 0:0062$ #OR$;
#10$

EQ-TARGET;temp:intralink-;df11;55;161Cs2 ! #0:931% 0:025$Cs1 " #0:0068% 0:0061$ #SR$;
#11$

and

EQ-TARGET;temp:intralink-;df12;55;111Cs1 ! #0:945% 0:025$Cs2 " #0:0069% 0:0062$ #ISR$;
#12$

with !̂ ! 0:062 (standard deviation of Cs1 and Cs2; OR), !̂ !
0:086 (Cs2 standard deviation; SR), and !̂ ! 0:087 (Cs1 stan-
dard deviation; ISR). In Figure 3, the east-component site-cor-
rection (Cs2) is plotted against the other, together with the
lines described by equations (10)–(12). The OR line has slope
!1 and lies nearly midway between the other two lines, that
being an indication of similar variances for the two horizontal-
component corrections at each site (Castellaro and Bormann,
2007). Figure 3 shows that isotropic site effects can be inferred
and that significant miscalibration between the two horizontal
sensors at most sites can be ruled out. However, a few excep-
tions occur: among these, two stations (PRMA and SSY)
show the largest difference between north- and east-compo-
nent site corrections (0.57 and 0.28, respectively).

Afterward, the 13,203 earthquake-station logAqs were
inverted for the parameters n, K, the 336 magnitudes
fMqg, and the 197 station corrections fCSg providing the
model parameters covariance matrix (inversion I) by solving
equations (6) and (8) through the LLS-method normal equa-
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Figure 1. The study area showing the selected earthquakes (circles forML !4:5, stars forML >4:5) and stations (triangles); the source–receiver
paths are also plotted (gray lines). In the inset map: A, Alps; PP, Po Plain; NA, northern Apennines; CA, central Apennines; SA, southern Apennines;
C, Calabrian Arc; S, Sicily; TS, Tyrrhenian Sea; AS, Adriatic Sea. The color version of this figure is available only in the electronic edition.
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tions. The results for n, K, and fMqg do not differ signifi-
cantly from those obtained in inversions PI1, PI2, and PI3.
Each station correction is equal to the average of the two
horizontal-component corrections for the same station, ob-
tained in inversions PI1, PI2, and PI3. This confirms what
is expected from combining equation (4) with equation (7)
and comparing the result with equation (6). The values of n
and K are
EQ-TARGET;temp:intralink-;df13;55;344

n ! 1:667% 0:015 and

K ! 0:001736% 0:000038: #13$

! Site corrections and earthquake magnitudes are reported
with their standard errors in Tables S1 and S2, respectively.
As expected, the magnitudes and station-correction standard
errors are in inverse proportion to the square root of the num-
ber of earthquakes or stations, respectively. The root mean
square (rms) value of the magnitude residuals is 0.18, virtu-
ally an estimate of the amplitude data standard deviation.

The standard errors of the parameters are higher by a
factor of !

!!!
2

p
in comparison with those obtained in the in-

version of logAqsc, in which the amplitude data are twice as
large as in the inversion of logAqs. The artificially lower
parameter standard errors obtained when logAqsc are inverted
are a consequence of the overlooked correlation between
logAqs1 and logAqs2, which share the same source–receiver
path. Inverting the average values logAqs removes this data
correlation, and the estimates of the parameters uncertainties
in the framework of the LLS are sufficiently accurate if the
data have the same variance. A bootstrap analysis (Efron,
1979) was carried out in order to verify this statement. Fol-

lowing Efron (1979), the resampling residuals bootstrap was
applied by generating 15,000 datasets and obtaining as many
sets of model parameters estimates, which were used to de-
termine their bootstrap distribution. Average and standard
deviation for each distribution were eventually calculated
and compared with the inversion results. A strict fit for all the
parameters was obtained, with standard deviations closely
reproducing the standard errors estimated in the inversion
procedure. The bootstrap estimate of bias was very small:
<1% of the standard error for n and K and <3% for mag-
nitudes and site corrections. Figure 4 shows histograms of
standardized bootstrap estimates for n (Fig. 4a) and K
(Fig. 4b). Given the ith bootstrap estimate wi, the average !w,
and the standard deviation !̂w of the ensemble of bootstrap
estimates, the corresponding standardized estimate is defined
as #wi " !w$=!̂w. For site corrections andmagnitudes, Figure 5
shows samples of standardized bootstrap-estimate histo-
grams that are representative of stations and earthquakes with
very different numbers of data (see ! Tables S1 and S2).
Figure 5a and 5b, respectively, show results for the stations
MSCL (recording 11 earthquakes) and MURB (recording
147 earthquakes). Figure 5c and 5d, respectively, show re-
sults for the earthquakes 200311160634 (recorded by 10 sta-
tions) and 200903301338 (recorded by 116 stations).
Figures 4 and 5 both show that the bootstrap distributions are
well described by the normal distribution.

For every couple of model parameters, the cross terms in
the covariance matrix are within %0:2 times the product of

 2

 3

 4
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 6

 0  100  200  300  400  500  600

M
L

Hypocentral distance (km)

Figure 2. Local magnitudes versus hypocentral distances for
the amplitude dataset. Magnitudes were computed using the attenu-
ation function logA0#R$ and the site corrections determined in this
study (inversion I).

–1
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–1  0  1

C
s2
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Cs2 vs Cs1
Cs1 vs Cs2
orthogonal regression

Figure 3. Comparison between the two horizontal-component
corrections at each site (the east-component correction on the ordi-
nate). The orthogonal linear regression (OR) line (solid line) is plot-
ted together with two lines derived from the standard least-squares
method of regressing y on x (SR; dotted line) and x on y (ISR; dashed
line) (see text). The color version of this figure is available only in the
electronic edition.
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the corresponding standard errors. The only exception is
the covariance between n and K, which is "0:90!n!K
(!n ! 0:015 and !K ! 0:000038 are the standard errors of
n and K, respectively). This relatively high correlation re-
flects the existence of a relationship between the estimates
of n and K, as pointed out by other studies (Eaton, 1992;
Langston et al., 1998; Ortega and Quintanar, 2005; Shoja-
Taheri et al., 2008; Bobbio et al., 2009). In the 2D (n, K)
space, the misfit surface turns out to be broad around its min-
imum along a line that defines different (n, K) values, pro-
viding similar fit to the amplitude data.

Finally, the inversion of the 3440 source-corrected log
amplitudes (logAqs "Mwq) for 178 stations and a subset of
54 earthquakes (inversion II) was performed by solving equa-
tions (8) and (9) through the same method as the one used in
inversion I. The values of n, K, and m ! " logA0#100$ are
EQ-TARGET;temp:intralink-;df14;55;331

n ! 1:749% 0:042;

K ! 0:001600% 0:000091; and

m ! 2:9445% 0:0074 #14$

The rms value of the magnitude residuals (0.25) is higher than
the one obtained from inversion I, because the deviation ofML
fromMw for each earthquake is merged into the overall resid-
uals. As a consequence of this and because of the reduced
number of data, the standard errors of the model parameters
are higher in comparison with the results from inversion I. Fig-
ure 6 compares the results from the two inversions. The at-
tenuation law (Fig. 6a) from inversion II differs from the
one obtained in inversion I by less than 0.12 in the 10–
600 km distance range. The difference in logA0#100$
amounts to 0.055, and the distance-dependent terms in the
two laws differ from each other by less than 0.07 at distances
shorter than 100 km and by 0.01 at most for longer distance.
Site corrections (Fig. 6b) from the two inversions are consis-
tent with each other within their respective errors. Local mag-
nitudes (ML#II$) are computed for each of the 54 earthquakes
by averaging the station magnitudes, each of them computed

using the attenuation law and the site corrections obtained
from inversion II. The deviation ofML#II$ from the local mag-
nitude ML#I$ estimated in inversion I is shown in Figure 7a.
TheML#II$ differs fromML#I$ by 0.1 at most and, on average,
is less than the other by 0.05 because of the difference in
logA0#100$. Figure 7b shows the deviation of ML#II$ from
the Mw: whereas it may be as large as 0.5 magnitude unit
for some earthquakes,ML#II$ equalsMw on average, as fixed
in inversion II. The same practically occurs for ML#I$: it only
exceeds Mw 0.05 on average.

The following discussion will refer to the results ob-
tained from inversion I unless otherwise stated.

Attenuation Law

Anchoring the function logA0#R$ to the one defined by
Richter (1935) is a key issue in the ML calibration. The con-
dition at the reference distance of 100 km, expressed by
equation (2), might lead to biased estimates of magnitude
if crustal attenuation differed noticeably in the 0–100 km dis-
tance interval from the one in southern California, where the
reference magnitude scale was defined. In that case, the same
seismic source would produce different WA amplitudes at
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100 km distance in the two regions. Therefore, previous stud-
ies (Jennings and Kanamori, 1983; Hutton and Boore, 1987)
suggested the use of near-source reference distances in order
to have consistent magnitude scales in different regions.
Nevertheless, the effectiveness of this choice is restricted by
the possibly low precision with which the attenuation func-
tion logA0#R$ is determined at the shortest distances, owing
to a scarce sampling by the analyzed seismicity and to the
higher sensitivity to focal depth, which might not be esti-
mated with sufficient accuracy. Results from inversion II
have shown that equation (2) is sufficiently accurate for the
Italian region.

As a further assessment of the adequacy of the reference
distance (100 km) used in this study, in Figure 8 the near-
source WA amplitude decay with distance for the Italian re-
gion is compared with various attenuation laws derived for
California (Jennings and Kanamori, 1983; Bakun and Joy-
ner, 1984; Hutton and Boore, 1987; Uhrhammer et al.,
1996; hereinafter referred to as JK83, BJ84, HB87, U96, re-

spectively), including the standard attenuation term (Richter,
1935; Gutenberg and Richter, 1942). Two of these laws
(BJ84 and HB87) were originally expressed as functions
of the hypocentral distance; therefore, for a direct compari-
son with the standard attenuation term tabulated for a set of
epicentral distances, in Figure 8 they were plotted versus the
epicentral distance by adopting the focal depth suggested by
the respective studies (i.e., 8 km). The Italian attenuation
function, defined by equation (3) with n andK given in equa-
tion (13), is shown in Figure 8 for focal depths 10, 15, and
20 km. For the Italian seismicity analyzed in this study, the
10–20 km range includes two-thirds of the earthquake
depths, and the median is equal to 15 km. Figure 8 shows
that logA0 derived for the Italian region predicts WA ampli-
tudes at short distances that are reasonably in accordance
with the ones expected in California under the standard term
and the attenuation laws JK83 and U96. Therefore, the term
logA0 derived in this study seems suitable to define an ML
scale consistent with the one originally defined by Richter.
Moreover, Figure 8 shows that logA0 derived for the Italian
region averages out the oscillating trend of the standard
curve, as JK83 does. This also confirms the finding by Bo-
namassa and Rovelli (1986), who analyzed the near-fieldML
estimates from strong-motion data recorded in Italy. Pech-
mann et al. (2007) discussed the deviation from the standard
attenuation term for distances less than 100 km found in
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some studies of seismicity in the western United States (such
as BJ84 and HB87), whereas other studies (U96 for northern
California; Savage and Anderson, 1995, for western Great
Basin; Pechmann et al., 2007, for Utah and the Yellowstone
National Park region) found a substantial agreement with the
standard term. They suggested that the differing results con-
cerning logA0 at close distances were mainly due to
differences in the types of data and methods used.

The possibility of attaching some physical significance
to the parameters n and K is restricted by the wide distance
range (0–600 km) in which the adopted functional form de-
scribes the term logA0, whereas the geometrical spreading
might sensibly vary with distance (Shoja-Taheri et al., 2008;
Edwards et al., 2010). Moreover, the interdependence be-
tween the estimates of n and K, as indicated by their statistical
correlation, limits the correctness of any physical interpreta-
tion of K in terms of the quality factor Q. Nevertheless, their
use in equation (3) provides an empirical correction that is
sufficiently accurate for computing ML.

Source- and site-corrected logarithms of WA amplitudes
logAqs "Mq " Cs are plotted versus hypocentral distance in
Figure 9, together with the attenuation function logA0#R$
derived for the Italian region. In Figure 9, two more attenu-

ation terms with the same functional form are also shown;
their respective values of n and K are n ! 1:110,
K ! 0:00189 (HB87) and n ! 1:70, K ! 0:00150 (Gasper-
ini, 2002; hereinafter referred to as GA02). The functions
logA0#R$ derived for the Italian region (this study and
GA02) differ from each other by an amount that increases
with distance from a few hundredths to about 0.1; they de-
scribe a higher amplitude decay with distance than HB87
shows. Because of the same constraint at the distance of
100 km, the WA amplitudes recorded in Italy need lower cor-
rection at distances R below 100 km and higher correction at
R > 100 km in comparison to HB87. Therefore, adopting
HB87 for computing ML in the Italian region would lead to
magnitude overestimation at short-range stations and magni-
tude underestimation for stations farther than 100 km. The
magnitude bias varies with distance and increases in absolute
value up to #0:55 from 100 to 10 km and up to #0:35 from
100 to 600 km. Figure 10 shows the comparison betweenML
values computed with two different attenuation laws: the one
derived in this study and that of HB87, the latter used in the
routine magnitude computation at INGV. The effect of the
new attenuation function is highlighted in Figure 10a where
the site corrections are not used. Using HB87 leads to over-
estimation of the lowest magnitudes and underestimation of
the highest magnitudes, with a bias within about %0:2. In
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Figure 10b, the site corrections are used; their effect appears
to progressively decrease going toward the highest magni-
tudes, for earthquakes which are recorded by more and more
stations and for which the average site correction likely be-
comes close to zero.

Magnitude Residuals

A histogram of the magnitude residuals logAqs "Mq "
Cs " logA0#Rqs$ and their scatter plot versus the hypocentral
distance Rqs are shown in Figure 11a and c, respectively; the
term logA0 is computed by means of equation (3), for which

n and K are given in equation (13). The residuals trend is
quite regular for distance in the range 100–400 km. Outside
this interval, an oscillating trend at the shortest distances and
a drift toward positive values for distances over 400 km are
perceptible despite the scatter. Figure 11b and 11d gives a
better picture of the magnitude residual variation with dis-
tance; respectively, they represent the standard deviation and
average of magnitude residuals in 20-km-long distance inter-
vals with 50% overlapping. Although easily identifiable, an
oscillating trend in the magnitude residual around the dis-
tance of 100 km is limited within about %0:05 (Fig. 11d),
well below the standard deviation that grows for decreasing
distance (Fig. 11b). Furthermore, the mean ML residual
becomes positive, and its absolute value increases as the
distance approaches 600 km; however, this deviation is com-
parable to the variability measured by the standard devia-
tion (Fig. 11b,d). This analysis suggests that expressing
logA0#R$ through a two-parameter functional form as in
equation (3) is suitable for computingML on a regional scale,
without any bias significantly higher than the magnitude
residual variability in a wide range of distance. Earthquake
magnitudes can be evaluated with standard errors of 0.2 or
less, depending on the number of stations and their spatial
and azimuthal distribution.

On a more local scale, variability of the attenuation in
the crust across the Italian territory has been investigated by
selecting earthquake–station paths inside circular domains
moving from north to south. The selected path length is
150 km or less, and each moving domain includes a concen-
tric circular sector with radius of 150 km; the whole domain
radius (300 km) is the sum of the internal sector radius and
the path’s maximum length. Selection of earthquake–station
paths in each domain is performed so that each path stays
entirely within the circular subregion or intersects it, other-
wise only one end of the path may fall within the annular
sector. Nine domains were distributed over the Italian region
with some overlapping (Fig. 12a). They are indicated by a
number: 1–3 in northern Italy from east to west, including the
Alps and the Po Plain; 4–7 along the Apennines from north
to south; and 8 and 9 cover the Calabrian Arc and Sicily,
respectively. For each of these domains, magnitude residuals
were plotted versus hypocentral distance. Regular distribu-
tions of residuals are generally exhibited, except for domain
1, stretching from the eastern Alps to the northern Apen-
nines, with paths crossing the eastern part of the Po Plain.
Figure 12 shows the residuals trend for this domain (Fig. 12b)
and for domain 6, spanning the central and southern Apen-
nines (Fig. 12c), the latter being representative of a regular
trend of residuals with distance. For domain 1 (Fig. 12b),
magnitude residuals become more and more negative for de-
creasing distances below roughly 100 km. This behavior sug-
gests that shorter paths are characterized by relatively higher
amplitude attenuation compared with longer paths. The aver-
age site correction in this area (about "0:3) reflects low at-
tenuation of WA amplitudes (or high efficiency in wave
transmission) for longer paths.
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Figure 10. Local magnitudes computed with two different logA0
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are both computed without site corrections. (b) Only ML is evaluated
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Site Corrections

The 197 site corrections fCsg (obtained from the inver-
sion I) are mostly in the range between "0:6 and 0.6; three
stations have more negative corrections: PALA ("0:84),
MAGA ("0:65), and SABO ("0:64), all of them located in
northeastern Italy. An analysis of the spatial distribution of
these site corrections (Fig. 13) points to some spatial corre-
lation, revealing that near-receiver structure might not be the
only factor that determines each site correction, with the lat-
ter reflecting gross attenuation properties of the whole crust
instead, as sensed by relatively longer paths. Sites with
extremely negative or positive corrections (>0:3 in absolute
value) concentrate in two separate areas. The most negative
corrections (low attenuation or more efficient wave transmis-
sion) are found especially in northeastern Italy, and the larg-
est positive corrections (high attenuation or less efficient
wave transmission) are mostly found in the internal sector

of the northern Apennines. Moreover, corrections with the
same sign dominate in both regions. Sicily also shows many
negative site corrections, which indicates a low-attenuation
behavior similar to that in northeastern Italy. The pattern
of uneven attenuation behavior is more evident in Figure 14,
where site corrections are gridded onto an even 0:5° ! 0:5°
grid. The most obvious feature is the attenuation contrast
between northeastern Italy and the internal sector of the north-
ern Apennines, low against high attenuation, respectively. Sec-
ond, a higher attenuation appears in most of the Tyrrhenian
side of the Italian peninsula, whereas the Po Plain, the Adriatic
side, and Sicily are more characterized by lower attenuation.
These features are in agreement with multiple past observa-
tions about contrasting attenuation properties across the Apen-
nines, which seem to affect a substantial depth extent of the
crust–upper mantle system (Mele et al., 1996, 1997; Piccinini
et al., 2010).
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mb–ML Relation

ML based on the new scale was compared with teleseis-
mic body-wave magnitude (mb), measured on vertical-
component short-period P-wave records (Bormann, 2002).
Estimates of mb for Italian earthquakes are available from
the U.S. Geological Survey (USGS) National Earthquake In-
formation Center (NEIC), and the International Seismologi-
cal Center (ISC) catalogs (see Data and Resources). For the
earthquakes considered in this study, the two catalogs pro-
vided 47 (USGS/NEIC) and 115 (ISC) estimates of mb.

The comparison betweenmb andML was performed by
means of linear regression analysis, with the assumption
that they have comparable variances. As previously outlined,
three methods (OR, SR, and ISR) were applied, and their
results were compared with each other, following Castellaro

and Bormann (2007). The following relations were
obtained.

For USGS/NEIC:

EQ-TARGET;temp:intralink-;df15;313;217mb ! #0:99% 0:11$ML " #0:02% 0:49$ #OR$; #15$

EQ-TARGET;temp:intralink-;df16;313;172mb ! #0:783% 0:090$ML " #0:88% 0:39$ #SR$; #16$

and

EQ-TARGET;temp:intralink-;df17;313;133ML ! #0:800% 0:092$mb " #0:89% 0:39$ #ISR$; #17$

with !̂ ! 0:22 (standard deviation of mb and ML, OR),
!̂ ! 0:30 (mb standard deviation, SR), and !̂ ! 0:30
(ML standard deviation, ISR).
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Figure 12. (a) The Italian region with the earthquake–station paths selected in the circular domains 1 and 6, located in northeastern Italy and
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For ISC:

EQ-TARGET;temp:intralink-;df18;55;320mb ! #0:917% 0:057$ML " #0:27% 0:22$ #OR$; #18$

EQ-TARGET;temp:intralink-;df19;55;287mb ! #0:776% 0:048$ML " #0:82% 0:19$ #SR$; #19$

and

EQ-TARGET;temp:intralink-;df20;55;242ML ! #0:898% 0:056$mb " #0:45% 0:22$ #ISR$; #20$

with !̂ ! 0:19 (standard deviation of mb and ML, OR), !̂ !
0:25 (mb standard deviation, SR), and !̂ ! 0:27 (ML stan-
dard deviation, ISR).

In Figure 15, the mb values are plotted against the ML
values for the two catalogs, together with the lines described
by equations (15)–(17) (Fig. 15a, USGS/NEIC catalog) and
(18)–(20) (Fig. 15b, ISC catalog). In each panel of Figure 15,
the OR line has slope !1 and lies nearly midway between the
other two lines, that being an indication of similar variances
for mb and ML (Castellaro and Bormann, 2007). Figure 15a
shows that ML ! mb on average for teleseismic body-wave
magnitudes from the USGS/NEIC catalog. ML estimates are

mostly consistent with the ISC mb values (Fig. 15b), with
some tendency of ML to overestimate the largest mb values.

Mw–ML Relation

ML, calibrated in this study for the Italian region, was
compared with Mw, defined by Kanamori (1977) as

EQ-TARGET;temp:intralink-;df21;313;233Mw ! 2=3#logM0 " 16:1$; #21$

in which M0 is the seismic moment. Based on both theoreti-
cal and empirical relations between M0 and ML (Hanks
and Boore, 1984; Deichmann, 2006), it is expected that
Mw ! ML, on average, for intermediate-sized earthquakes.
Thatcher and Hanks (1973) found an empirical M0–ML re-
lation in southern California, valid for 3 < ML < 7, which is
consistent with the average trend Mw ! ML.

Systematic deviations betweenMw andML might reflect
physical properties of the seismic source (such as relatively
high- or low-stress drop) or might be the consequence of spa-
tially heterogeneous attenuation of the WA amplitudes com-
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bined with unequal spatial distribution of earthquake size.
For instance, when the largest earthquakes mostly occur in
a low-attenuation region, biased ML might overestimate Mw
at the highest magnitudes. Moreover, given the positive cur-
vature of the logM0–ML relation (Hanks and Boore, 1984),
linearMw–ML relations with slope<1might arise from scar-
city of larger earthquakes in the dataset.

The development of the routine moment-tensor compu-
tation at the INGV allowed compilation of two catalogs of
earthquakes in the Italian region, with moment-magnitude
estimates from regional (since 1977) and local (since 2004)

seismic recordings: the Regional Centroid Moment Tensor
(RCMT; Pondrelli et al., 2006) and the Time Domain Mo-
ment Tensor (TDMT; Scognamiglio et al., 2009) catalogs,
respectively (see Data and Resources). For the earthquakes
considered in this study, the two catalogs provided 29
(RCMT) and 45 (TDMT) estimates of Mw. For earthquakes
common to both catalogs, the RCMT Mw estimates are, on
average, 0.2 higher than the ones in the TDMT catalog (for a
comparison between the two catalogs, see Scognamiglio
et al., 2009).

In Figure 16, the Mw values are compared with the ML
values (from inversion I) for the RCMT (Fig. 16a) and TDMT
(Fig. 16b) catalogs. The scatter plot of the TDMT Mw versus
ML is fairly well represented by a 1:1 relation at the lowest
magnitudes, whereasML is systematically greater thanMw for
the largest earthquakes (Fig. 16b). Compared with the TDMT
Mw, the RCMT Mw (Fig. 16a) is, on average, less overesti-
mated byML forML $4:8, but is greater thanML for most of
the earthquakes with ML #4:5. In order to appraise a linear
Mw–ML relation, the two Mw datasets were joined together
and, for earthquakes common to both catalogs, the average
Mw was considered (RCMT" TDMT dataset). ! All three
datasets are reported in Table S4. ForMw from the RCMT"
TDMT dataset, Figure 17 shows the histogram of the devia-
tionML–Mw (Fig. 17a) and theMw values plotted against the
ML values (Fig. 17b), together with the following linear re-
lations obtained by means of the OR, SR, and ISR methods:

EQ-TARGET;temp:intralink-;df22;313;409Mw ! #0:915% 0:055$ML " #0:31% 0:23$ #OR$; #22$

EQ-TARGET;temp:intralink-;df23;313;359Mw ! #0:845% 0:051$ML " #0:60% 0:21$ #SR$; #23$

and

EQ-TARGET;temp:intralink-;df24;313;308ML ! #0:995% 0:060$Mw " #0:06% 0:25$ #ISR$;
#24$

with !̂ ! 0:14 (standard deviation of Mw and ML, OR), !̂ !
0:19 (Mw standard deviation, SR), and !̂ ! 0:20 (ML stan-
dard deviation, ISR). Figure 17b shows that the OR line has
slope !1 and lies nearly midway between the other two lines,
which indicates similar variances forMw andML (Castellaro
and Bormann, 2007). Linear relation (22) is fairly close to
the 1:1 relation for ML <5, whereas ML tends to overesti-
mate Mw for the largest earthquakes. The scarcity of earth-
quakes in the dataset with ML "5 might be the reason for
which the slope (0.915) of the Mw–ML linear relation is
<1. Furthermore, most of the earthquakes with the largest
deviation ML–Mw (for ML >4:5) are located at the border
of the study region and suffer from poor azimuthal coverage
(few or no stations within at least two consecutive quadrants),
which might have biased the ML estimates. Nevertheless, the
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Figure 15. (a) The comparison between mb and ML, where the
mb estimates are taken from the U.S. Geological Survey/National
Earthquake Information Center (USGS/NEIC) and (b) International
Seismological Center (ISC) catalogs. In each panel the OR line
(solid line) is plotted together with two lines derived from the SR
(dotted line) and ISR (dashed line) methods (see text). (b) The 1:1
line is also plotted (thin solid line). The color version of this figure is
available only in the electronic edition.
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overall deviation is relatively small, the average of ML–Mw
being only equal to about 0.05 (Fig. 17a). This fact justifies
the assumption ML ! Mw in the inversion (II), which led up
to the validation of condition (2) for the Italian region.

Conclusions

The development of the seismic monitoring infrastruc-
ture in Italy during the first decade of this century, with the
deployment of hundreds of broadband or enlarged-band tri-
axial seismometers, gave us the opportunity to calibrate an
ML scale for the Italian region. More than 26,000 horizontal-
component Wood–Anderson seismograms for more than 300
earthquakes that occurred between 2003 and 2009 were com-
puted and analyzed to pick maximum amplitudes. The two-

parameter functional form proposed by Bakun and Joyner
(1984) for the amplitude decay with distance was adopted;
and, based on the Richter (1935) definition ofML, the ampli-
tude dataset was inverted for earthquake magnitudes, site cor-
rections, and the two parameters of the distance-dependent
term. A preliminary inversion considered separate corrections
for the two horizontal components of ground motion at each
recording site. The results show that the two corrections at
each site are statistically equivalent to each other for most of
the sites. For this reason, the newly derivedML scale is based
on the results obtained from the inversion for a single correc-
tion at each site.

The amplitude decay with distance obtained for the Ital-
ian region averages out the oscillating trend of the standard
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Figure 16. The comparison between Mw and ML, with Mw es-
timates from (a) the Regional Centroid Moment Tensor (RCMT) and
(b) Time Domain Moment Tensor (TDMT) catalogs. The 1:1 line is
also plotted in each panel. The color version of this figure is available
only in the electronic edition.
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Figure 17. (a) Histogram ofML–Mw (see text), compared with
the normal distribution with the expected value and standard devia-
tion displayed in the panel. (b) Mw versus ML; the RCMT and
TDMTMw are indicated by diamonds and squares, respectively; each
average Mw (for earthquakes common to both the catalogs) is indi-
cated by a star. The OR line (solid line) is plotted together with two
lines derived from the SR (dotted line) and ISR (dashed line) methods
(see text). The color version of this figure is available only in the
electronic edition.
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attenuation term (Richter, 1935; Gutenberg and Richter,
1942) at distances less than 100 km, and reasonably agrees
with the attenuation laws observed in California at short dis-
tances (!100 km) by Jennings and Kanamori (1983) and
Uhrhammer et al. (1996). Therefore, the condition of Richter
(logA0 ! "3) at the distance of 100 km proves to be ad-
equate to consistently estimate ML for earthquakes in most
of the Italian region. The validity of condition of Richter was
also assessed by means of a particular inversion of the WA
amplitudes, based on the assumption thatML ! Mw on aver-
age. The results presented here also show that a single dis-
tance-dependent term for the whole study area, coupled with
a set of site corrections, is suitable to computeML values that
are consistent among the recording stations with rms residual
of 0.18. The only exception is represented by short-distance
estimates in northeastern Italy, where increasingly negative
residuals for decreasing distances are observed.

The spatial pattern of site corrections divides the study
region in two areas with different attenuation behavior. West
of the Apennines, in the Tyrrhenian side of the Italian pen-
insula, a high-attenuation crust is present with less-efficient
wave transmission, whereas in the Adriatic side (east of the
Apennines) the crust is mostly characterized by lower attenu-
ation with more efficient wave transmission. This clue of
contrasting attenuation properties confirms previous findings
by other studies (Mele et al., 1996, 1997; Piccinini et al., 2010).

The magnitudes computed with the new ML scale were
compared with global estimates of mb and estimates of Mw
derived from local and regional moment-tensor computation.
The results show a satisfactory consistency between mb and
ML. The Mw–ML relation tends to depart from the 1:1 rela-
tion at magnitudes >5, probably for an inadequate sampling
of the largest earthquakes considered in the dataset. Nonethe-
less, the average deviation of ML from Mw is small (<0:1).

Data and Resources

Waveform data recorded by the Rete Sismica Nazionale
(RSN) and Mediterranean Very Broadband Seismographic
Network (MedNet) networks are collected by the Istituto Na-
zionale di Geofisica e Vulcanologia (INGV) (Mazza et al.,
2012) and made available online at http://eida.rm.ingv.it/
(last accessed May 2015). This web portal may also distribute
data recorded by several European seismic networks, includ-
ing some local networks operating in Italy. Each of the net-
works (besides MedNet and the RSN) from which data
were analyzed in this study has its own website: Regional
Seismic Network of Northwestern Italy (RSNI), http://
www.dipteris.unige.it/geofisica/ (last accessed May 2015);
Friuli Venezia Giulia Accelerometric Network (RAF), http://
rtweb.units.it/?q=node/20 (last accessed May 2015); North-
East Italy Broadband Network, http://www.crs.inogs.it/ (last
accessed May 2015); GEOFON, http://geofon.gfz-potsdam.
de/ (last accessed May 2015); Swiss Digital Seismic Net-
work (SDSNet), http://www.seismo.ethz.ch/monitor/sdsnet/
index_EN (last accessed May 2015); and Austrian Seismic

Network, http://www.zamg.ac.at/cms/de/geophysik/erdbeben
(last accessed May 2015). Earthquake hypocenters were de-
rived from arrival-time data published in the INGV seismic
bulletin (http://bollettinosismico.rm.ingv.it/, last accessed
May 2015). The mb estimates of the earthquakes analyzed
in this study were obtained from two catalogs of global seis-
micity: the U.S. Geological Survey/National Earthquake
Information Center (USGS/NEIC) and the International Seis-
mological Center (ISC) catalogs. The USGS/NEIC catalog
(monthly Extended Hypocenter Data File [EHDF]) is
available online at ftp://hazards.cr.usgs.gov/pde/ehdf.txt (last
accessedMay 2015). The ISC catalog can be accessed through
the web page http://www.isc.ac.uk/iscbulletin/search/bulletin/
(last accessed May 2015). The Mw estimates of the earth-
quakes analyzed in this study were obtained from two moment
tensor catalogs for Italian earthquakes: the Italian Centroid
Moment Tensor (CMT) dataset, as part of the Regional Cent-
roid Moment Tensor (RCMT) catalog, and the Time Domain
Moment Tensor (TDMT) catalog. The Italian CMT dataset
and the TDMT catalog, respectively, can be accessed through
the web pages http://www.bo.ingv.it/RCMT/Italydataset.html
and http://cnt.rm.ingv.it/tdmt.html (last accessed May 2015).
Some figures were produced by means of the Generic Map-
ping Tools software (Wessel and Smith, 1998; http://www.
soest.hawaii.edu/gmt, last accessed May 2015).
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