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Abstract

In the framework of a joint project of the Italian Gruppo Nazionale per la Difesa dai Terremoti (GNDT) and the
Istituto Nazionale di Geofisica (ING), devoted to the reorganization of the Italian earthquake instrumental database
from 1981 to 1996, we approached the problem of the homogeneous determination of local magnitude in Italy.
As a first step, we built a database of real Wood-Anderson amplitudes deduced from the available data of the two
instruments that were in operation in Italy up to 1989 as well as of simulated Wood Anderson amplitudes computed
by Very Broad Band recordings, available since 1990. The simultaneous computation of the attenuation function
together with the magnitudes and the station residuals allows us to verify that, for the Italian area, this function does
not significantly differ from the original one given by Richter. In the second step, the so obtained Ml magnitudes
are used as a reference data set to estimate a new empirical relation for the duration magnitude Md using the unified
phases database of the Italian National Seismic Network (RSNC) of ING and of the most important local seismic
networks operating in Italy. The same data set was also employed to calibrate magnitude Ma based on amplitudes
coming from short period vertical seismograms recorded by the RSNC automatic acquisition system. At last a set
of reasonable criteria to choose the most reliable among Ml, Md and Ma has been formulated. The resulting set of
magnitudes proved to be definitely better calibrated than the one obtained by procedures in use at RSNC.

Introduction

The estimation of magnitude has long been considered
a routine task of seismological observatories not re-
quiring particular efforts being based on fully estab-
lished procedures. However, in the last two decades
the consciousness of the role of the non-homogeneity
among the different magnitude definitions became
clear to researchers working in the fields of the statist-
ical analysis of seismicity and seismic hazard assess-
ment (Heaton et al., 1986). The main problem is that
the different magnitude definitions scale differently
with seismic energy and moment, while for reliable
statistical analysis a unique scaling for both large
and small earthquakes would be desirable. While for
contemporary earthquakes the availability of modern
instruments allows in most cases to solve the problem
satisfactorily, this remains open for the data of the last
two decades being that the seismometer calibrations

have not been always reliably determined and main-
tained. Moreover it appears clear in some cases that
the changes in the seismic equipment with time may
have induced changes in the apparent rate of seismicity
that can only be evaluated ‘a posteriori’ on the base of
statistical methods (Haberman, 1986).

Among the different types of magnitude developed
afterwards, the original definition by Richter (1935)
still represents a solid reference milestone because
of both its simple definition and widespread usage
in different part of the world. The Richter (1935)
‘local magnitude’ of an earthquake was defined as
the decimal logarithm (Log A) of the average of
the maximum elongation in microns, measured on
the two horizontal components of a standard Wood-
Anderson (Anderson and Wood, 1925) torsion seis-
mometer (WA), located at 100 km of distance from the
epicenter. Richter also empirically determined a table
of correction factors (-Log A0) to be added to Log A
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to compute the magnitude when the seismometer is
located at a different distance (from 0 to 600 km) from
the epicenter. The values of A0 thus correspond to the
expected amplitude on a WA seismometer of a zero
magnitude earthquake at each given distance.

The only difficulty in the use of this simple defin-
ition is that a dense network of WA seismometers
is needed to measure useful amplitudes. In fact the
dynamic range of readable trace amplitudes on the
photographic drum recorder of the WA goes from few
tenth of mm (the minimum appreciable deviation) to
about 14 cm (the maximum aperture of the optical
beam). WA seismometers had been very diffuse in
California at the times when Richter established his
definition, but have not been so common in other
countries and even in California they were completely
dismissed some years ago (Uhrhammer et al., 1996).

Fortunately the exact response of the WA can be
synthesized using the data of modern digital stations
by the de-convolution of the instrumental response and
the convolution with the WA transfer function (see
i.e. Uhrhammer and Collins, 1990). Using modern
computer this operation can be carried out very eas-
ily and quickly whenever the transfer function of the
seismometer and the WA are exactly known.

The WA seismometers is a horizontal torsion
dumped pendulum whose period T0, damping factor
H0 and magnification V0, were theoretically determ-
ined by its designers (Anderson and Wood, 1925) as
to be T0 = 0.8 sec, H0 = 0.8, and V0 = 2800. How-
ever Uhrhammer and Collins (1990) demonstrated
that the static magnification of four WA seismomet-
ers operating in Southern California, determined from
measurement of the free period and tilt sensitivity is
2080±60 and not 2800. This discrepancy can be jus-
tified by the erroneous assumption made by Anderson
and Wood (1925) that the taught-wire suspension in
the WA does not distort significantly, thus leading to
an incorrect estimate of the radius of gyration and con-
sequently to the incorrect geometrical magnification
of 2800. Uhrhammer and Collins (1990) also verified
that the damping factor H0 measured at the WA sta-
tions in California, at the time of their study, was 0.7
critical and not 0.8 as quoted by Richter (1935). In
a successive paper Urhammer et al. (1996) showed
that using these revalued parameters, the maximum
amplitudes simultaneously measured on WA and SWA
traces coming from instruments located at the same
site are exactly comparable.

We must note that these differences, that can pro-
duce at most a deviation of 0.13 units in the compu-

tation of magnitude, are totally not influential when
real WA instruments are used since such seismomet-
ers enter the magnitude definition ‘as they are’. On
the contrary these must be taken into account when
the WA response is simulated using different instru-
ments. Another possible problem of this procedure to
compute WA amplitudes is the limited bandwidth at
the high frequencies due to the sampling rate of the
digitizer. For the most of Very Broad Band channels
recorded by the instruments operating in Italy and sur-
rounding regions this rate is fixed to 20 Hz and thus an
anti-aliasing low pass filter at 8 Hz is inserted in the
electronics before the digitizer. This limitation could
affect the maximum observed amplitude of the simu-
lated WA trace at distance closer than 30 km from the
epicenter (Uhrhammer and Collins, 1990) but should
be negligible at larger distances.

State of art in Italy

In the last twenty years, the methods employed to
compute the magnitude of local earthquakes recorded
by the Rete Sismica Nazionale Centralizzata (RSNC:
National Centralized Seismic Network) of the Istituto
Nazionale di Geofisica (ING) in Rome and by the sev-
eral other local seismic networks operating in Italy
were very variable. At the RSNC, a couple of WA
standard seismometers were operating at the Rome
Monteporzio Station (RMP) up to 1984. This was
discontinuously employed to evaluate the magnitude
of the strongest events while in most cases the mag-
nitudes were estimated by the amplitudes measured
at a set of non standard short-period vertical stations
whose calibration was accurately tested and periodic-
ally maintained. After the entering upon operation in
1984 of the automatic digital seismic detection system
a gradual passage to a systematic use of the amplitudes
and of the seismogram duration of the recorded digital
waveforms took place.

At RSNC the amplitudes were given as the max-
imum elongation of the ground displacement wave-
form resulting from the de-convolution of the instru-
mental response. For each station, the period T corres-
ponding to the maximum amplitude is also measured
and recorded. Only the stations measuring a period T
in the interval between two bounds, empirically de-
termined as a function of the epicentral distance, are
included in the computation. The WA equivalent max-
imum amplitude is computed multiplying the recorded
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ground displacement amplitude A with the theoretical
magnification of the WA at the given period T

AWA = AV0/ [(T /T0)
2 − 1)2

+4H 2
0 (T /T0)

2] 1/2 (1)

The magnitude of each event was computed as the
arithmetic average of the stations located within a ra-
dius of 600 km from the epicenter but discarding the
largest and the smallest data if their residual with re-
spect to the mean exceeds two standard deviations in
modulus.

At the Italian observatories the durations were de-
termined visually on the drum recorders, from the
onset of the first arrival up to the time when the
amplitude of the coda is not distinguishable from the
background noise. This procedure, not linked to a
definite amplitude level of the vanishing coda, might
appear quite ambiguous but usually gives quite stable
results even in cases when the absolute calibration of
the station is not known exactly. This procedure differs
significantly from the one adopted in California by Lee
et al. (1972) where the end of the coda is more rig-
orously established at the time when the largest peak
amplitude on a GEOTECH model 6585 film viewer
(20 × magnification) is less than 1 cm.

The method of duration draws its theoretical
grounding from studies on the nature of the seismo-
gram coda (i.e. Aki, 1969; Aki and Chouet, 1975).
These hypothesized that the seismogram coda is pro-
duced by the scattering of the seismic waves due to
the repeated reflections on the lateral discontinuities of
the earth crust. Making some simplifying assumptions
on the characteristics of seismic wave propagation in
heterogeneous media, a linear relation between the
logarithm of the duration and the magnitude can be
inferred.

Up to years 1989–1990, the duration formula by
Lee et al. (1972) was used at RSNC

Md = a + b(Log(T s) + c�s) (2)

where Ts is the duration in seconds, �s the epicentral
distance in km and the values of the parameter are a =
–0.87, b = 2 and c = 0.00175. The magnitude was com-
puted as the arithmetic average of the stations located
within a radius of 600 km from the epicenter but even
in this case the stations with the largest positive and
negative residuals exceeding two standard deviations
are discarded.

After Console et al. (1989) a new formula was
introduced and used at RSNC

Md = a + bLog(T s + c�s) (3)

This was derived by Console et al. (1989), modifying
eq. 2 on the basis of considerations on the nature of
the dependence of the duration with the distance. They
hypothesize that for the same earthquake the differ-
ence in the duration measured at two stations is due to
different travel time of the P waves.

Console et al. (1989) analyzed 450 seismic events
recorded by the RSNC covering a time interval of
about fifteen months (from July 1987 to October 1988)
for a total of 4000 measures of duration. They assumed
valid even for Italy the values of the first two paramet-
ers of the Lee et al. (1972) relation (a = –0.87 and b =
2) and re-computed the third one (c) both for the Lee
et al. (1972) relation (eq. 2) and for their own new one
(eq. 3). They obtained for the first formula a value c =
0.00047 that is definitely smaller than the one found
in California. Moreover they got a better fit with data
for the new relation and thus adopted it for routine Md
computations at RSNC. The relation used is

Md = −0.87 + 2Log(T s + 0.082�s) (4)

It should be noted that Console et al. (1989) had not at
their disposition a set of true WA or SWA magnitudes
so they were only able to improve the fit with the dis-
tance without control on the absolute calibration of the
magnitude formula. Nevertheless we will show in the
following that this calibration is probably inadequate
and in particular that the values determined with this
formula overestimates the lowest magnitudes and/or
underestimates the largest ones.

From a physical point of view, the explanation of
the role of the distance in the Console et al. (1989) Md
formula appears to be arguable. In fact, if their reas-
oning were true, the c parameter would correspond to
the inverse of the apparent velocity of the first arrivals
at the station (presumably Pg or Pn phases depending
on the epicentral distance). However on the basis of
the value of the c coefficient, the estimated velocity
would be about 12 km/s, which is clearly too high for
P waves in the crust and upper mantle.

On the other hand a dependence of the duration of
the coda with the epicentral distance is hardly justifi-
able by theoretical arguments (Aki, 1969). A moderate
correlation of the duration with the distance could
however be simply justified by the fact that for the
weakest shocks the duration can be observed only at
closest stations whereas for the strongest ones it can
even be observed at farthest ones. This implicitly (and
deceptively) links large distances with strong shocks.

The results of the practice of magnitude determin-
ation at the RSNC in the period from 1981 to 1996
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Figure 1. Differential and cumulative Gutenberg-Richter plots from
RSNC data as reported by ISC. For the differential curve, plus
signs and crosses indicate respectively used and not used data in
linear least squares regression. Triangles and circles have the same
meaning for the cumulative curve.

is clearly depicted in Figure 1 where the Gutenberg-
Richter plot of the magnitudes of Italian earthquakes
is reported. The magnitudes are taken from the data
sent by ING to the International Seismological Centre
(ISC) (for each event the Ml estimate, when available,
is preferred with respect to Md). The b-value (1.2–1.4)
appears too high for a region, like Italy, which is char-
acterized by a prevalent tectonic seismicity with only
a few volcanic areas. This indicates that the proced-
ures followed at the RSNC tend to overestimate the
lowest magnitude and/or to underestimate the largest
ones. Starting from 1996 the local magnitude of the
most significant earthquakes is estimated at RSNC by
an automatic procedure (Mazza, 1996) that makes use
of the Very-Broad-Band (VBB) recordings from the
Mednet network in near real-time.

At the other local seismological networks operat-
ing in Italy, different formulas and procedures were
followed, mostly using the seismogram duration (see
Monachesi and Gasperini, 1999). Only starting from
few years ago, few observatories compute Ml even
on the basis of the spectral convolution of the ground
displacement to the WA response.

At the Osservatorio Geofisico Sperimentale (OGS)
in Trieste, another couple of WA seismometers has
been in operation from 1972 to 1989 at the Grotta
Gigante WWSSN Station (TRI). This was used to
estimate the magnitude of the most relevant events
although in the OGS Bulletins of the Friuli Venezia
Giulia Seismometric Network a duration magnitude
obtained as the average of single station estimates was
reported in most of cases.

Due to the large differences in the techniques used
in different periods by different observatories, to ob-
tain a value as homogeneous as possible for the entire
unified phase database (ICWG, 2001), we proceeded
to a general revision of the procedures for the assess-
ment of local magnitude. This included the building
of a data set of local magnitudes determined both by
the WA standard instruments that operated in Italy in
past years and by the simulation of WA seismograms
(SWA) using modern VBB stations. In a second step a
homogeneous procedure for the computation of local
magnitudes from durations and amplitudes coming
from short-period vertical stations will be developed.

Real Wood-Anderson data

As noted above, two couples of Wood-Anderson seis-
mometers were operating in Italy in the past decades.
The first one, at the WWSSN Trieste (TRI) station
(Lat = 45.7089, Lon = 13.7642), operated from year
1972 to 1989. The second one, at the Roma Monte-
porzio (RMP) station (Lat = 41.8111, Lon = 12.7023),
operated from 1975 to 1984. Unfortunately, for both
stations, the station books with the original measured
amplitudes have been lost, so we had to re-compute
them from the magnitudes reported on bulletins and
catalogues as a function of the corresponding epicent-
ral distances.

For the WWSSN TRI station the definitive Seis-
mological Bulletin, issued monthly up to 1981 and
bimonthly from 1982 to 1985 (OGS 1978–1985), and
the preliminary one issued fortnightly from 1986 to
1989 (OGS 1986–1989) have been examined. We did
not considered the TRI station data available before
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year 1978 because i) they fall outside the time range
(1980–1996) of our database and ii) they are not useful
to constrain the magnitude attenuation curve because
WA estimates at RMP were sporadic before such date.
All the magnitude estimates labeled as ‘Mwa’ have
been recorded on computer media (about 1000) as
well as the corresponding epicentral distances. On the
basis of the same bulletins even the ‘Mwa’ estimates
of other European observatories have been sporadic-
ally recorded. However we have verified later, both
from literature (Rebez et al., 1981) and from per-
sonal communications of the operators of the different
institutions, that in most cases these estimates were
computed using non-WA instruments and were ‘made
equivalent to Ml’ by empirical formulas. The only ex-
ception concerns the Athens (ATH) observatory where
a pair of WA seismometers has been in operation but
where nevertheless the magnitudes were computed by
a non-standard Log A0 table according to Kiratzi e
Papazachos (1984). To ensure the maximum reliability
we did not use these non-standard data to build our
reference WA magnitude data set.

Moreover, as resulting from literature (De Si-
moni, 1981) and from personal communications of
OGS researchers, at the Trieste observatory the WA
amplitudes were computed as vector sum rather than
arithmetic average of the two horizontal components.
As the ratio between the two horizontal components
usually ranges from 1 to 2, this procedure overestim-
ate the amplitude of a factor ranging from 1.4 to 1.5
as well as the magnitude of about 0.2 units, with re-
spect to the original Richter’s definition. To remove
this bias we reduced all of the amplitudes by a factor
2/3. The amplitudes are computed subtracting from the
magnitude the Log A0 factor, tabulated by Finetti and
Morelli (1972), as a function of exact distances, repor-
ted on bulletins, used at the Trieste observatory. In all
we determined 1012 WA amplitudes for TRI station
from 1978 to 1989.

For what concerns the RMP data, we have verified
(Di Giovambattista, personal comm.) that the most
complete and reliable source of WA magnitudes is the
ING seismic Catalog Open file (ING, 1996). In this
file all the records (555 in all from 1975 to 1984), re-
porting the magnitude source code ‘RM’, correspond
to real WA estimates. Unfortunately in this case it was
not possible to know the exact epicentral distance used
to compute the magnitude, that in general was ex-
peditiously established by the S-P delay (De Simoni,
personal comm.). Thus to determine the value of the
amplitude, the distance between the station and the

epicenter reported in the catalog has been used insofar.
Altogether 1567 amplitude estimates corresponding
to 1427 events for the period 1975–1989 have been
determined from true WA estimates.

We also have to point out that the above men-
tioned procedures, both for TRI and RMP stations, had
furnished, in some cases, amplitudes smaller than a
tenth of millimeter. In principle, this is not necessarily
the symptom of a mistake because, using a counting
glass, it is possible to estimate a peak to peak amp-
litude of 0.1 mm that, when observed on a single
component, gives an average peak to trough amplitude
of 0.025 mm. Nevertheless the relative uncertainty of
such a measure is very high and its reliability doubtful
(Hutton and Boore, 1987) so that we have chosen to
not use these low amplitudes in our computations.

Synthetic Wood-Anderson amplitudes from
broad-band recordings

Starting from 1990 the VBB Mednet network of the
ING is operating in Italy. Although some data for the
Aquila (AQU) station were recorded even in the years
1988 and 1989 they cannot be used for this work as
their format is not standard.

We requested to IRIS Global Seismographic Net-
work (GSN) web-site the data of the available stored
waveforms, for all the VBB stations located within a
radius of 600 km from the epicenters of the events
reported by the ING catalogue with a magnitude as
high as 4.5. Successively we reduced this threshold up
to 2.5 on a sample basis but trying to maintain time
and spatial homogeneity. We only used data of earth-
quakes occurred up to year 1995 because after that
time the stations of the Mednet network were not avail-
able yet at the IRIS site. All the waveforms have been
examined to verify that each record actually contains
a seismic phase that can be related with the chosen
event, discarding the ones that only contain seismic
noise or phases associated to different earthquakes.

Using a modified version of the code which is
routinely used at the ING for near real-time estim-
ates of Ml (Mazza, 1996), the de-convolution of the
velocity response spectrum of the VBB seismometer
has been performed to obtain the ground displacement.
Then the convolution of this latter with the response
spectrum of the WA seismometer was done. The max-
imum amplitude has been computed automatically for
each time series as well as the arithmetic average of
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the amplitudes of the two horizontal components of
each station.

We performed these computations using both the
theoretical and the revised WA parameters obtaining
two sets of 250 amplitude observations relative to 181
earthquakes for the period from 1990 to 1995.

Simultaneous computations of magnitudes,
attenuation function and station residuals

We computed the attenuation function, the magnitudes
and the station residuals separately for the WA and
SWA observations because the two sets do not share
any station. For the true WA data we also considered
a data set where the amplitude threshold, according to
Hutton and Boore (1987), is elevated to 0.3 mm.

The inversion procedure was performed following
two different methods. In the first one we derived the
parameters of an analytical attenuation law, proposed
by Hutton and Boore (1987), of the type

Log A0 = a1+a2 Log (D/100) + a3 (D − 100) (5)

where D is the epicentral distance in km while a1,
a2 and a3 are free parameters. In the second one we
followed the procedure proposed by Uhrhammer et al
(1996) where the values of the attenuation function
at different epicentral distances enter the observa-
tion equations as unknown parameters. In both cases
the system of redundant equations is solved by least
squares, constraining, by additional equations, the
value of Log A0 at 100 km to –3 and the sum of station
residuals to vanish. Due to the scarceness of data at
short distances the inversion is limited to the interval
from 100 to 600 km of distance.

The results of such inversion for the SWA data set
using the Uhrhammer and Collins (1990) parameters
are shown in Figure 2. In addition to the inverted at-
tenuation curves (solid) we also plot here the Richter
law (dotted) the curve derived by Kim (1998) for Cent-
ral United States (thin dash) and the corrected curve
(at short distances) proposed by Jennings e Kanamori
(1984) (thick dash). The different symbols indicate the
amplitude observations at the different stations (in all
117 observations relative to the 51 earthquakes with
two observations at least). In Table 1 we reported the
values of the attenuation function parameters and the
corresponding station residuals for the two inversions.
Although the analytic function uses two parameters
less than the stepwise linear one, the goodness of the
fit results slightly better for the former (Rms = 0.18)
than for the latter (Rms = 0.19)

Table 1. Attenuation functions and station residuals for SWA
data computed using WA parameters according to Uhrhammer
and Collins (1990). Rms is the standard deviation of magnitude
residuals while R2 is the coefficient of variation of the regression

Analytic attenuation function

Rms = 0.18 R2 = 0.97

Parameter Value Station Residual

a1 –3.00±0.00 AQU 0.14±0.06

a2 –1.70±0.81 BNI 0.32±0.11

a3 –1.50×10−3±0.98×10−3 GRA1 –0.18±0.06

VSL 0.31±0.08

BGY –0.22±0.10

MORC 0.06±0.21

GRFO –0.20±0.09

STU –0.08±0.10

WLF –0.15±0.11

Piecewise attenuation function

Rms = 0.19 R2 = 0.97

Distance LogA0 Station Residual

100.0 –3.00±0.00 AQU 0.14±0.06

200.0 –3.77±0.37 BNI 0.32±0.12

300.0 –4.09±0.31 GRA1 –0.19±0.06

400.0 –4.53±0.32 VSL 0.31±0.08

600.0 –5.08±0.33 BGY –0.22±0.10

MORC 0.08±0.08

GRFO –0.20±0.09

STU –0.09±0.11

WLF –0.15±0.11

The deduced attenuation function closely corres-
ponds to the Richter’s one and is very different from
the one derived by Kim (1999) for the thick North
American continental craton. This suggests that the
characteristics of attenuation in California and in Italy
are similar. However the inversion is not well con-
strained at distances from 100 to 200 km, due to
scarceness of data, as the high values of the parameter
uncertainties also testimony.

The station residuals appear very similar in the two
cases and we can note that the two Mednet stations
of Bardonecchia (BNI) and Villasalto (VSL) exhibit
quite large positive values (the magnitudes computed
by these stations would be about 0.3 unit smaller than
the average). Station corrections of this size are usu-
ally considered outside the normal variability range
(Uhrhammer et al., 1996) and could be a symptom
of a bad calibration. On the contrary for the Beograd
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Figure 2. Attenuation functions for the SWA data using parameters proposed by Uhrhammer and Collins (1990) for WA seismometer. In a):
using an analytical function (eq. 3) suggested by Hutton and Boore (1987). In b): using the piecewise linear function proposed by Hurhammer
et al. (1996).
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Table 2. Attenuation functions and station residuals for the true
WA data with minimum amplitude 0.1 mm. Rms is the standard
deviation of magnitude residuals while R2 is the coefficient of
variation of the regression.

Analytic attenuation function

Rms = 0.20 R2 = 0.94

Parameter Value Station Residual

a1 –3.00±0.00 RMP 0.04±0.02

a2 –2.74±0.27 TRI –0.04±0.02

a3 3.65×10−4±4.45×10−4

Piecewise attenuation function

Rms = 0.19 R2 = 0.95

Distance LogA0 Station Residual

100.0 3.00±0.00 RMP 0.01±0.02

200.0 3.44±0.13 TRI –0.01±0.02

300.0 3.94±0.09

400.0 4.46±0.09

600.0 4.50±0.16

(BGY) station and the Central Europe stations (GRFO,
GRA1, STU, WLF) the residuals are clearly negative.
Different arguments could be adduced to explain such
station residuals on the basis both of the effects of sur-
face lithology (see i.e. Uhrhammer et al., 1996) and
of heterogeneities of seismic waves propagation prop-
erties. For example the underestimation at the VSL
station (which is located in the south of Sardinia is-
land) could be due to the high attenuation of the ray
paths crossing the very attenuating Tyrrhenian litho-
sphere whereas BGY could overestimate due to the
very low attenuation of the Adriatic Sea carbonatic
plateau (Mele et al., 1997). However in this work we
will consider them as purely empirical and include
them as they are in our computations. Using the stand-
ard WA parameters, the computed attenuation function
exactly coincides with the one previously determined
while the magnitudes are, on average, 0.09 units lar-
ger. As the amplitude ratio implies a difference of 0.13
units, this indicates that the difference in the damping
factor reduces the offset between standard and revised
SWA by about 0.04 units.

In Figure 3 the same computations are shown for
the real WA data with amplitudes larger than 0.1 mm.
There are in all 124 earthquakes with data from both
stations. We can see a discrepancy between the Richter
law and the inverted analytic function of about 0.2–
0.3 magnitude units, around 200 km of distance and

Table 3. Station residuals used to estimate Ml mag-
nitudes

SWA Magnitude WA Magnitude

Station Residual Station Residual

AQU 0.12±0.04 RMP 0.06±0.01

BNI 0.26±0.07 TRI –0.06±0.01

GRA1 –0.17±0.04

VSL 0.28±0.05

BGY –0.23±0.06

MORC 0.11±0.15

GRFO –0.18±0.07

STU –0.06±0.08

WLF –0.13±0.08

farther than 500 km. For the piecewise linear function
the maximum deviation is about 0.5 units at distance
larger than 400–500 km. In this case the gap in the
data distribution, around 450 km, causes an almost
not attenuating trait from 400 to 600 km. It interesting
to note that the center of the gap closely correspond
to the distance between the two stations. In fact, this
could limit the probability that both of them record
useful amplitudes as the candidate epicenter should
stay on a circle passing by one of the two stations.
In Table 2, as in the previous cases, the values of the
attenuation parameters and of the station residuals are
reported. The goodness of fit now is slightly better for
the stepwise function (Rms = 0.19) with respect to the
analytic one (Rms = 0.20) while the station residuals
are in both cases almost negligible (less than a tenth of
unit).

Using the data set with the minimum amplitude
threshold raised to 0.3 mm, the results are substan-
tially similar (not shown here) even though the gap
in the data is larger and the anomaly of the piecewise
solution at distances larger than 400 km becomes more
evident. In summary we can assert that the available
data for both SWA and WA amplitudes do not exhibit
an attenuation law very different from the Richter’s
one. Therefore, even to maintain continuity with the
past usage, we adopt in the following computations
of WA and SWA magnitudes the attenuation table
given by Richter (1935) updated with the Jennings e
Kanamori (1984) corrections for the near field. For
the real WA data the amplitude threshold of 0.1 mm
is chosen.

Keeping the Richter’s attenuation law fixed, we re-
computed the station residuals (Table 3). These look
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Figure 3. Attenuation functions for the WA data with minimum amplitude 0.1 mm. In a): using an analytical function (eq. 3) suggested by
Hutton and Boore (1987). In b): using the piecewise linear function proposed by Hurhammer et al. (1996).
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very similar to the ones computed above simultan-
eously to the inversion of the attenuation function. The
errors instead are smaller than before as the attenu-
ation function in this case is assumed with no error.
Using these residuals as station corrections, for both
WA and SWA amplitudes we computed the Ml mag-
nitude of 1545 earthquakes in the period from 1975 to
1995.

Duration magnitude Md

The Ml magnitude estimates described above concern
a minority of the earthquakes actually recorded and
located in Italy from 1981 to 1996. As noted above,
to evaluate the magnitude of the other events, at the
RSNC and at the other local seismic networks operat-
ing in Italy, the method of the seismogram duration is
actually the most commonly used.

We proceed to a calibration of a new relation on
the basis of the data set of Ml magnitudes derived
previously and of the duration data coming from the
RSNC database integrated with the local networks for
the period from 1981 to 1995. The epicentral distances
were computed on the basis of a preliminary relocation
of the integrated database made using the Hypocenter
code (Lienert et al., 1988). To further limit the possible
deceptive influence of distance on coda duration we
only considered the station located at distances smal-
ler than 300 km. The resulting data set includes about
3800 duration measures for earthquakes with known
Ml (about one fourth of them are associated to SWA
estimates and the others to true WA estimates).

We then proceeded in our analysis to compute
the coefficients of a linear regression, equivalent to
the Lee et al. (1972) formula, of Ml with both Log
Ts and �s as independent variables. This gives (the
coefficient of variation of the regression is R2 = 74%):

Ml = (2.377 ± 0.024) Log T s +
(1.095 ± 0.092)

×10−3�s − (1.951 ± 0.050) (6)

We also computed a linear regression with only Log
Ts as independent variable that gives (R2 = 73%):

Ml = (2.428 ± 0.024) Log T s -
(1.933 ± 0.050) (7)

In both cases the Log Ts coefficient appears signific-
antly larger than the Lee et al. (1972) estimate thus
demonstrating the inadequacy for the Italian region of
the formula used in California. Concerning the dis-
tance term, our fit implies a value c = 0.00055 for

the Lee et al. (1972) formula (eq. 2) which, in good
agreement with what found by Console et al. (1992),
is about one third of the value (0.00175) found in
California. The causes of such differences could be
ascribed to the different characteristics of the seismic
wave multi-path scattering as well as to the differ-
ent procedures followed to measure the duration (see
above).

We also analyzed the correlation with distance of
the magnitude equation residuals for the second for-
mula (eq. 7). In agreement with the results obtained for
the first one (eq. 6), the regression coefficient is about
one magnitude unit per 1000 km. However the value
of the coefficient of variation R2 of the order of 1%
indicates a very poor contribution of the distance term
to the reduction of the variance of the model and even
using the Console et al. (1989) formulation (eq. 3) the
correlation does not improve significantly. In this latter
case the inverse of the distance term still implies a high
P wave velocity of about 12 km/s.

Hence, on the basis on these evidences and on the
above-discussed arguments, we adopt the functional
relation without the distance term for computing Md
for our data set.

A further question to consider is that, due to the
non uniform distribution of the data, the least squares
fit of single duration values with Ml magnitudes is ac-
tually controlled by the densest portions of the data set
and does not weight uniformly different intervals in
the range of durations. To limit this source of bias we
binned the data over small intervals of the independent
variable (Log Ts) and then used the averages of both
variables in each bin to estimate our relation by least
squares. With this procedure each interval of the in-
dependent variable contributes with the same weight
to the coefficient estimate. Using a Log Ts increment
of 0.025 units we obtained 68 not empty bins in the
range from 1.0 to 3.0 (from 10 to 1000 seconds), 42 of
them, all in the range from 1.6 to 2.65 (from 40 to 447
seconds), include more than 10 data.

The plot of Figure 4 shows that the relation
between Log Ts and Ml is well reproduced by a
straight line in this range of Log Ts whereas it is quite
dispersed outside that interval. In general, the devi-
ations at the extremes of the interval can be ascribed
to the scarce number of data (less than 10), although
for low durations the observed overestimation could
be insofar due to mistakes in duration measure or in
the association of the Ml estimate with the correct
earthquake. On the other hand for high durations a
possible cause of error could be the presence of many
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Figure 4. Linear regression between Ml and Log Ts for binned data. Vertical dashed lines indicate the range of Log Ts data used for regression.

aftershocks that superimposing to the main shock coda
might prevent in some cases a reliable estimate of its
duration. We can note that the limits within which the
relation well follows a linear behavior correspond to
the range usually assumed in literature for the common
applicability of duration magnitude. The least squares
fit of the binned data set, restricted to the durations
from 40 to 447 seconds, gives (R2 = 99%)

Ml = (2.514 ± 0.033) Log T s

−(2.121 ± 0.072) (8)

Using this formula, for every earthquake included in
the data set, we computed the Md magnitude as the
average of the estimates at the different stations. In
Figure 5a the result of a linear correlation analysis
between Md and Ml indicates a slight underestimation
at high values and an overestimation at low values of
the former with respect to the latter with a total rms
between the two estimates of about 0.33 units.

For each seismic station, we also computed the
average residuals between Md and Ml over the entire
data set as well as the corresponding standard devi-
ations. In Table 4 the results of these computations for
the stations with at least 10 duration measures in the
data set are reported.

The removal of these empirical residuals in the
Md computation can be useful to reduce the offset
among Md and Ml. However this operation, that in-
volves a large number of estimated parameters, does
not necessarily increase our degree of knowledge of
the problem and might produce only an ‘overfitting’
of the random deviation of the data. On the other hand
the significance of each single station residual can be
estimated by a Student-t statistical test comparing its
modulus with the corresponding standard deviation.
This test computes the probability level at which the
H0 hypothesis (residual = 0) can be rejected but cannot
give any estimate of the probability that the H1 hypo-
thesis (residual �= 0) is really true. As a compromise
between the opposing demands to not neglect poten-
tially significant empirical corrections and to not use
purely random residuals, we chose to apply empirical
corrections to Md only for stations (indicated with an
asterisk in Table 4) whose modulus of the residual is
larger than the respective standard deviation. This cor-
responds to fix the critical threshold of the ‘two-tailed’
Student-t test approximately at the 32% significance
level.

To improve the reliability of the estimates we also
chose to include in magnitude computations only the
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Table 4. Mean station differences (Ml-Md) and relative standard deviations (Std)
for the stations with n≥10 data in the Md calibration data set. The asterisks indicate
the station residuals, exceeding the modulus of the corresponding differences, used
in magnitude computations. Note that duration data at station AQU, RMP and TRI
are measured with different seismometers than those used for Ml computations

STA n Ml-Md Std STA n Ml-Md Std

ALP 108 –0.02 0.03 LCI 12 0.22 0.09 ∗
AMC 30 0.09 0.06 ∗ MDI 18 0.18 0.08 ∗
AQU 74 0.09 0.04 ∗ MGR 22 0.13 0.10 ∗
AR1 43 –0.02 0.05 MNO 11 0.23 0.10 ∗
ARV 46 –0.06 0.05 ∗ MNS 118 0.00 0.03

AS1 46 0.04 0.04 ∗ MPRI 106 –0.11 0.03 ∗
ASS 42 –0.10 0.06 ∗ ORI 22 0.22 0.10 ∗
ATN 19 0.25 0.09 ∗ ORO 21 0.05 0.09

BAD 138 –0.10 0.03 ∗ PAG 36 0.04 0.05

BALI 28 0.04 0.06 PANI 52 0.01 0.04

BD1 45 0.18 0.06 ∗ PGD 22 0.02 0.08

BDI 51 0.11 0.05 ∗ PII 16 0.35 0.09 ∗
BG1 11 0.02 0.07 PO9 70 0.02 0.03

BOB 19 0.14 0.08 ∗ POBI 15 –0.14 0.06 ∗
BOO 142 –0.09 0.03 ∗ PRT 50 –0.05 0.04 ∗
BRT 33 0.29 0.07 ∗ PS9 15 0.02 0.05

BUA 125 –0.13 0.03 ∗ RBL 49 –0.26 0.04 ∗
CAE 70 –0.14 0.04 ∗ RCL 94 –0.11 0.04 ∗
CAV 45 –0.05 0.04 ∗ RDP 37 0.21 0.06 ∗
CH1 53 0.03 0.04 RFI 11 0.04 0.13

CKI 16 0.13 0.10 ∗ RMP 109 0.15 0.02 ∗
CMR 73 0.06 0.03 ∗ RNI 34 0.00 0.05

CO9 13 –0.13 0.06 ∗ SAL 70 –0.03 0.04

COLI 114 –0.13 0.03 ∗ SC9 11 0.35 0.10 ∗
CRE 47 –0.05 0.05 ∗ SD1 39 0.12 0.05 ∗
CTI 100 –0.23 0.04 ∗ SDI 23 –0.05 0.10

DDS 48 –0.09 0.04 ∗ SFI 31 0.04 0.07

DRE 86 –0.16 0.04 ∗ SGO 44 0.09 0.05 ∗
DUI 81 0.08 0.04 ∗ SOI 14 0.22 0.08 ∗
FG4 11 0.14 0.09 ∗ SSO 13 0.16 0.08 ∗
FIR 48 –0.21 0.05 ∗ TDS 19 0.20 0.09 ∗
FO1 28 –0.34 0.05 ∗ TRI 67 0.03 0.05

FVI 19 –0.02 0.08 UDI0 58 –0.08 0.04 ∗
GIB 15 0.20 0.08 ∗ VAI 27 0.04 0.07

GRI 21 0.26 0.07 ∗ VG1 14 –0.35 0.06 ∗
GU9 12 0.29 0.06 ∗ ZOU 81 –0.16 0.04 ∗

stations whose residual has been reliably estimated.
That is only the stations (reported in Table 4) with at
least 10 duration estimates in our calibration data set
of earthquakes with known Ml, are used to compute
Md.

The application of the empirical corrections actu-
ally reduces the total rms from 0.33 to 0.31 units. In

Figure 5b, the result of the linear regression between
corrected Md and Ml, shows that the correspondence
between the two estimates is almost perfect, being
the regression coefficient very close to one and the
intercept close to zero. In Table 5 the values of the
average offsets between the two magnitude estimates
for the entire data set and for different intervals of
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Table 5. Mean differences (Ml-Md)
and corresponding standard devi-
ations (Std) for the Md calibration
data set after the application of the
empirical station corrections

Ml N Ml-Md Std

1.5–2.0 17 –0.29 0.09

2.0–2.5 60 0.00 0.04

2.5–3.0 134 –0.03 0.02

3.0–3.5 150 0.03 0.02

3.5–4.0 125 0.05 0.03

4.0–4.5 55 0.12 0.05

4.5–5.0 4 0.32 0.22

Total 545 0.02 0.01

the reference magnitude Ml are reported. Apart from
the extreme intervals (where even the standard devi-
ations are large due to the small number of events) the
agreement appears generally quite satisfactorily being
the overall offset smaller than a few hundredths of
magnitude unit.

In Figure 6 the same plot of Figure 5b but with
Md computed using the Console et al. (1989) formula
is shown. It is clear the overestimation of the order
of 0.5 units for low magnitudes (Ml = 2.0–2.5) while
above magnitude 4.5 that formula tends to underes-
timate with respect to Ml about some tenths of unit for
Ml = 5.0 and up to about 0.5 units for M> 6.0. This
evidence, together with the above mentioned difficulty
to reliably estimate a duration larger than some tens of
minutes, could justify the discrepancies between Md
and Ml up to one unit, already observed for the largest
shocks of the of the 1997 Umbria-Marche seismic
sequence.

On the contrary the formula we proposed here (eq.
8) seems to be suitable to be extrapolated quite afford-
ably even outside the interval of duration over which it
was calibrated. At least for the earthquakes for which
the duration is the only available information to com-
pute the magnitude, the use of Md could be extended
quite reliably up to 1000 sec (Md = 5.4) and down to
about 20 sec (Md = 1.2).
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Amplitude magnitude Ma from short period
vertical instruments

In theory the estimation of magnitude from the amp-
litudes measured by the short period seismometers
of the RSNC should not give difficulties seeing that
the characteristics (period and damping) of the seis-
mometers are not very far from the WA. The only
important difference is that the motion direction is
vertical for most of the stations. In practice however
the absolute magnifications of the RSNC stations, that
are connected in real-time with dial-up lines with the
central observatory, are not known accurately.

We have at our disposition, the maximum amp-
litudes of the ground motion as well as the corres-
ponding period of oscillation. As stated above, these
data are normally used at the RSNC to compute the
local magnitude by applying an amplitude correction
corresponding to the magnification of the WA at the
given period T using eq. 2. In principle this procedure,
that is also routinely used in standard location codes, is
arguable as the frequency of the phase with maximum
amplitude of the true ground motion does not neces-
sarily coincides with the one of the WA maximum
amplitude. However this represents the only way to
estimate the magnitude for many earthquakes recorded
by the RSNC and thus we have to proceed accordingly.

On the other hand, it is well known that vertical
components underestimate the magnitude with respect
to horizontal ones. The amount of this difference has
been empirically estimated by Kim (1998) for Central
US as to be 35% in amplitude and 0.13 in magnitude
units. Using the vertical components (VBB channel
BHZ) of the same data set we used to evaluate SWA
magnitudes from horizontal components (BHE and
BHN), we found that for Italy this offset is about 0.10

Table 6. Mean differences (Ml-Ma)
and corresponding standard devi-
ations (Std) without station correc-
tions

Ml N Ml-Ma Std

2.0–2.5 6 0.67 0.27

2.5–3.0 30 –0.02 0.07

3.0–3.5 69 0.23 0.06

3.5–4.0 79 0.23 0.05

4.0–4.5 34 0.29 0.08

4.5–5.0 3 0.70 0.41

5.0–5.5 6 0.44 0.22

Total 227 0.23 0.03

magnitude units on average. In particular (see Fig-
ure 7) the difference is slightly larger than 0.10 for
stations located close to the epicenter while is lower
than this value for stations at larger distances. This
demonstrates that the Richter attenuation law, which in
principle would only hold for horizontal components,
can be quite affordably used (at least in Italy) even for
the vertical ones simply adding 0.10 units to the results
of the standard computations.

We proceeded insofar to compute the amplitude
magnitude Ma for each station on the data set of earth-
quakes with Ml estimates, using a procedure similar
to the one seen before for the VBB recordings but
properly accounting for the difference between hori-
zontal and vertical components. In detail: we used in
eq. 2 the WA parameters proposed by Uhrhammer and
Collins (1990), we applied the Richter (1935) table
with the near field corrections proposed by Jennings e
Kanamori (1984) and finally we add 0.10 units to com-
pensate the difference between horizontal and vertical
components.

As in the case of Md, we analyzed the correlation
between the mean Ma values and the reference Ml for
each earthquake and computed the station mean resid-
uals. The total rms resulted 0.55 units of magnitude,
thus indicating a significantly larger scatter with re-
spect to duration magnitude. As well, the values of
the coefficients of the regression between Ma and Ml
(shown in Figure 8a) exhibit a clear offset between the
two estimates. This can be more clearly depicted in
Table 6 where it can be seen how Ma systematically
underestimate Ml over almost all of the magnitude
ranges. The average offset of 0.23 units over the en-
tire set indicates that the amplitudes measured by short
period instruments are on average smaller than could



518

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

Ml

R =0.80

Ml=0.89Ma+0.61

Ma

2

a)

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

Ml

R =0.86

Ml=0.97Ma+0.12

Ma

2

b)
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Table 7. Mean station differences (Ml-Ma) and relative standard deviations for
the stations with n≥10 data in the Ma calibration data set. The asterisks indicate
the station residuals, exceeding the modulus of the corresponding differences,
used in magnitude computations. Note that amplitude data at station AQU, BNI,
RMP and TRI are measured with different seismometers than those used for Ml
computations

STA n Ml-Md Std STA n Ml-Md Std

AQU 32 0.34 0.12 ∗ LCI 22 –0.08 0.13

AR1 17 0.32 0.12 ∗ MA1 15 0.49 0.14 ∗
ARV 53 0.34 0.09 ∗ MAO 23 0.10 0.09 ∗
AS1 27 0.58 0.12 ∗ MDI 22 0.42 0.16 ∗
ASS 49 0.33 0.07 ∗ MGR 27 0.24 0.09 ∗
ATN 14 0.54 0.17 ∗ MNS 105 0.35 0.05 ∗
AU9 13 –0.05 0.09 MO9 19 –0.18 0.12 ∗
AZI 14 0.74 0.23 ∗ ORI 21 0.07 0.10

BD1 25 0.41 0.12 ∗ ORO 36 0.24 0.10 ∗
BDI 35 0.45 0.13 ∗ PCN 13 –0.15 0.12 ∗
BNI 21 0.62 0.15 ∗ PGD 23 0.47 0.13 ∗
BOB 23 0.08 0.09 PII 42 0.33 0.08 ∗
BRT 42 –0.11 0.07 ∗ PZI 18 0.11 0.08 ∗
CH1 30 0.15 0.13 ∗ QR9 12 0.90 0.28 ∗
CKI 30 0.14 0.08 ∗ RDP 41 0.15 0.07 ∗
CP9 12 0.45 0.14 ∗ RMP 29 0.08 0.04 ∗
CRE 29 0.41 0.09 ∗ RSM 13 0.17 0.18

CTI 81 0.07 0.06 ∗ SA1 16 –0.04 0.10

DOI 31 0.25 0.09 ∗ SAL 45 –0.33 0.08 ∗
DUI 25 0.67 0.15 ∗ SC9 12 0.05 0.16

ERC 11 0.55 0.19 ∗ SD1 16 0.85 0.24 ∗
FAI 19 0.34 0.11 ∗ SDI 50 0.40 0.07 ∗
FG2 14 0.39 0.14 ∗ SFI 36 0.02 0.08

FG3 11 0.53 0.18 ∗ SGO 46 0.60 0.10 ∗
FG4 16 0.95 0.25 ∗ SOI 23 0.34 0.12 ∗
FVI 23 –0.10 0.07 ∗ TDS 22 0.80 0.21 ∗
GIB 12 0.08 0.09 TRI 64 0.27 0.07 ∗
GMB 16 0.50 0.20 ∗ VAI 45 0.08 0.07 ∗
GRI 18 0.25 0.12 ∗ VG1 13 –0.41 0.15 ∗
GU9 15 0.07 0.09 VVI 16 0.75 0.21 ∗

be expected by a factor of about 60%. The cause of
such offset is not presently explainable but can anyhow
be corrected empirically using station residuals.

As in the case of the Md magnitude, in Table 7
the mean residuals of each station with at least 10
amplitude measures in the data set are reported as well
as the relative standard deviations of the mean. Even
in this case, the stations whose residuals are larger
than the corresponding standard deviation are indic-
ated with an asterisk. We can note how the residuals
are mostly positive due to the above mentioned amp-
litude bias. After the application of these empirical

corrections if larger than the corresponding standard
deviation, the rms between Ml and Ma reduces from
0.55 to 0.33 units. The correlation analysis (shown in
Figure 8b) indicates now a significant improvement
of the fit between Ml and Ma as well as a notice-
able reduction of the scatter of the data. Although the
total offset between Ml and Ma reduces to less than a
hundredth of unit (Table 8) there is still a small bias
both at low magnitudes, where Ma overestimates Ml
about 0.1 units, and at high magnitudes where Ma
underestimates Ml of about 0.2–0.3 units.
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Table 8. Mean differences (Ml-Ma)
and corresponding standard devi-
ations (Std) after application of the
empirical station corrections

Ml N Ml-Ma Std

2.0–2.5 4 0.24 0.17

2.5–3.0 27 –0.11 0.06

3.0–3.5 61 –0.08 0.05

3.5–4.0 74 0.01 0.03

4.0–4.5 45 0.01 0.04

4.5–5.0 9 0.12 0.11

5.0–5.5 6 0.26 0.13

5.5–6.0 1 0.29 –

Total 227 –0.01 0.02

Computation of Md and Ma for the whole
database

The exclusion from magnitude computations of the
data coming from stations with less than 10 measures
in the Ml calibration data set (not included in Table 4
and 7) may cause, over the entire database, a signific-
ant loss of information for both Ma and Md. In fact
especially for the most recent years, this prevents the
use, in magnitude computations, of the more recently
installed stations and this in turn reduces the accuracy
of the magnitude estimate and for some earthquakes
even prevents the computation of the magnitude at all.
A possible way to reliably recover the data of these
stations is to calibrate them by a comparison with the
estimates done with the already calibrated stations.

Therefore we computed the mean magnitudes of
all the events of our database (about 48000) using
the data of all available stations. We also computed
the average residuals with respect to the mean mag-
nitudes and the corresponding standard deviations.
These ‘second order’ residuals are not reported here
for reason of space but can be furnished by the author
upon request. This analysis is useful even to check
whether the residuals of the already calibrated sta-
tions, determined mainly on the basis of data recorded
at the beginning of the eighties, have been changed
significantly in the most recent years.

In most cases the deviations are below 0.1 units for
Md and 0.2 units for Ma. The largest ones mainly con-
cern stations not already calibrated or with a relatively
small number of duration and amplitude measures.
Moreover Md and Ma residuals show concordant signs
and often a quite similar value at the same station.

This could be surprising since the Md and Ma resid-
uals should in principle be affected by different factors
(mainly to instrumental characteristics or to the back-
ground seismic noise for Md as well as to surface
geology for Ma). A similar result had been already
put forward by Eaton (1992) for Northern California.
He also observed that the residuals vary systematic-
ally with bedrock lithology: older well-consolidated
rocks produce negative residuals and younger uncon-
solidated rocks produce positive residuals for both
amplitude and duration magnitudes.

Even these empirical residuals have been used
to improve the computation of the magnitudes when
larger in modulus than the corresponding standard
deviation. The minimum number of observations to
consider reliable the calibration of a station is raised
to 100 since, in this case, the empirical residuals are
not derived from true Ml observations but from Ma
and Md averages. Due to the large number of data in
our data set this restriction does not cause a significant
loss of information and allows us to reliably compute
the magnitude for the great majority of the earthquakes
with amplitude or duration measures.

For the stations with more than 3000 magnitude
determinations we also analyzed the time behavior of
these ‘second order’ residuals. As can be seen in Fig-
ure 9 they are very small in the period from years
1984 to 1988 where most of the Ml estimates used for
the calibration are concentrated (all coming from real
WA instruments), while they clearly increase at the be-
ginning of the nineties. For some stations (ARV, ASS
MNS and CRE) they seem to be correlated, thus sug-
gesting a common cause of such deviations. It would
be interesting to deepen the analysis of this effect by
a direct comparison between Md and Ml in the differ-
ent periods but at present time this is not possible due
to the scarceness of Ml data especially in the last ten
years. Anyway the yearly deviations from the average
of the entire period are in general smaller than 0.05
units so we can quite confidently neglect them in the
present work and assume the average corrections of
each station as valid for the whole period.

In Table 9 the overall average differences between
Md and Ma and the corresponding standard deviations
are shown as a function of the mean of the two mag-
nitudes. The agreement is quite satisfactorily, as the
average differences are below 0.1 units in modulus for
magnitudes between 1.5 and 4.0 and are about 0.15
units outside this range. In general at the highest mag-
nitudes Ma slightly overestimate Md (except for the
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Figure 9. Time behavior of the ‘second order’ (see text) average residual of Md for the stations with more than 3000 observations.

Table 9. Mean differences (Md-Ma) and cor-
responding standard deviations (Std) for the
entire database over different intervals of the
mean of the two estimates

(Md+Ma)/2 N Md-Ma Std

0.5–1.0 9 0.250 0.096

1.0–1.5 1490 0.153 0.009

1.5–2.0 7645 0.085 0.004

2.0–2.5 6008 0.043 0.005

2.5–3.0 2553 0.012 0.007

3.0–3.5 838 –0.002 0.013

3.5–4.0 250 –0.091 0.022

4.0–4.5 85 –0.147 0.040

4.5–5.0 16 0.156 0.089

5.0–5.5 5 –0.125 0.183

range from 4.5 to 5.0) while at the lowest ones Md
overestimate Ma.

Choice of the preferred magnitude Mp to be used
for statistical analysis of seismicity

For the earthquakes having more than one magnitude
estimate, it can be useful to establish homogeneous
criteria for the choice of the most reliable one, among
Ml, Md, and Ma, to be used in statistical computations
and hazard assessments. As the procedures to compute
Md and Ma are both calibrated with Ml, it would be
obvious to prefer this latter all the times it is available.
However, seeing the large scatter and uncertainties of
Ml at the lowest values, it could be reasonable not
to use it below 2.0. When instead only Md and Ma
are available the choice is more questionable. As we
have shown above, in general Md seems to fit better
the reference magnitude Ml. However Md showed to
be quite unreliable for strong shocks as the measure
of duration is quite uncertain due to the presence of
aftershocks. A reasonable criterion could be thus to
use Md for durations below 450 seconds (the upper
limit for the calibration of the Md relation) and Ma
above.

Another point to consider is the number of obser-
vations available for each magnitude estimates. When
this number is very small (say less than 2 or 3) the
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presence of phase association mistakes may strongly
affect even the estimated magnitude values. Therefore
the previous criteria for choosing between Md and
Ma might be overcome privileging the (more reliable)
estimate made with more numerous data.

A formal procedure for the choice of the ‘pre-
ferred’ magnitude Mp that takes into account all these
criteria could be the following:
i) when both Ml and Md are available, Mp = Md

if the duration is less than 40 seconds (Md<1.9),
otherwise Mp = Ml.

ii) when only Ml and Ma are available, always Mp =
Ml.

iii) when only Md and Ma are available Mp = Md if
the duration is less than 450 seconds (Md<4.5),
otherwise Mp = Ma.

iv) when both Ma and Md are available and the num-
ber of stations used for one estimate is lower or
equal to one half of the other one, the previous cri-
teria can be overcome choosing the estimate made
with the larger number of data.

These criteria were used to compute the magnitudes of
the ‘Catalogo strumentale dei terremoti ‘italiani’ dal
1981 al 1996’ (ICWG, 2001).

Evaluation of the statistical distribution and the
completeness of preferred magnitude Mp

Both the efficiency of the method to compute the mag-
nitude and the completeness of a seismic catalog can
be evaluated by the analysis of the Gutenberg-Richter
plot. The deviation from the straightness at the high
magnitudes and the high value of parameter b may in
fact reflect the existence of biases in the magnitude
computing procedure as well as the deviation from
straightness at low magnitude can allow to infer the
completeness threshold. In Figure 10 the cumulative
and differential distributions (with a binning interval
of 0.1 magnitude units) of the logarithm of the number
of events as a function of Mp for the whole revalued
catalog are shown. The completeness threshold (cor-
responding to the point where the curve initiates to
deviate from the rectilinear shape) seems to be located
around magnitude 3.0. However the slight difference
between slopes (estimated by least squares) of the cu-
mulative and differential curves indicates a moderate
deviation from linearity even for large magnitudes.
Moreover parameter b appears a bit larger than typical
values for tectonic earthquakes. This could indicate
that Mp is still not perfectly calibrated over the entire

Figure 10. Differential and cumulative Gutenberg-Richter plots for
the preferred magnitude Mp. For the differential curve, plus signs
and crosses indicate respectively used and not used data in lin-
ear least squares regression. Triangles and circles have the same
meaning for the cumulative curve.

magnitude range. The comparison with the analogous
plot of Figure 1 making use of the magnitudes estim-
ated by RSNC demonstrates however the significant
improvement made by the procedures here proposed.

These differences between Mp and MISC can even
be verified by the direct comparison reported in
Table 10. We can see that, for magnitudes around 2.0,
MISC is larger than Mp of about 0.2–0.3 units, the
two estimates are almost equivalent around 3.5 above
which MISC is lower (about 0.2–0.3 units around 4.5,
up to 0.5 units for magnitudes larger than 5.0).
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Table 10. Mean differences (Dif)
between Mp (preferred magnitude
proposed in this work) and MISC
(magnitude computed following the
procedures in use at RSNC) and
corresponding standard deviations (Std)
as a function of the mean m of the two
estimates

M N Dif Std

0.5–1.0 1308 –0.930 0.002

1.0–1.5 2655 –0.568 0.008

1.5–2.0 11196 –0.270 0.003

2.0–2.5 11649 –0.222 0.003

2.5–3.0 5434 –0.155 0.004

3.0–3.5 1712 –0.045 0.006

3.5–4.0 475 0.069 0.012

4.0–4.5 121 0.162 0.028

4.5–5.0 21 0.300 0.048

5.0–5.5 8 0.487 0.099

5.5–6.0 1 0.600 –

Total 34580 –0.266 0.002

Conclusions

The analysis of true Wood-Anderson (WA) instrument
data and of simulated WA (SWA) amplitudes, de-
rived from VBB recordings of the Mednet network
of the Istituto Nazionale di Geofisica (ING), showed
that the magnitude attenuation law for Italy does not
significantly differ from the one originally proposed
by Richter (1935) for Southern California. We also
found that in Italy the difference between vertical and
horizontal components is on average of about 0.1 mag-
nitude units. This indicates that the local magnitude
can be confidently computed by vertical components
using the standard procedure, simply adding 0.1 units
to the resulting value.

A data set including more than 1300 WA and SWA
Ml estimates has been set up and used as a reference
database for the calibration of non-standard magnitude
estimation methods. The comparison with procedures
currently in use at the Rete Sismica Nazionale Cent-
ralizzata (RSNC) of the ING confirmed that these
latter underestimate the magnitude at the highest val-
ues (up to 0.5 units for M>5.0) as well as overestimate
it at the lowest ones (about 0.2–0.3 units for M<2.5).

We proposed a new integrated procedure using a
new relation for the duration magnitude Md that has
to be applied preferably for duration Ts shorter than
450 seconds:

Md = 2.515 Log T s − 2.122

The value we computed for the coefficient of Log
Ts closely corresponds to the one (2.67) predicted by
Malagnini et al. (1999) on the basis of coda decay data
in th Apennines (Italy) .

Empirical station corrections are useful to improve
the reliability of Md as the corrected estimates ex-
hibit a very good coincidence on average with Ml.
This procedure also uses a magnitude Ma computed
from the amplitudes of the short period vertical seis-
mometers of the RSNC. This adopts the corrected
WA response parameters proposed by Uhrhammer and
Collins (1990) (V0 = 2080, H0 = 0.7, T0 = 0.8),
the Richter (1935) attenuation law with the Jennings
and Kanamori (1984) integration for close distances,
and includes the above mentioned correction for the
vertical components.

A systematic offset of about 0.23 units between Ma
and Ml indicates that the ground motion amplitudes
recorded at the RSNC are on average smaller than
expected by a factor of 60%. The reasons of this dis-
crepancy cannot be explained presently and have to
be matter of future investigations. However, even in
this case, the empirical station corrections are useful
to reduce the average offset between Ma and Ml to be
less than a few hundreds of magnitude units.

Our procedure also makes a choice among the
available magnitude estimates (Ml, Md and Ma) when
more than one of them is available. Over the entire
data-set of the Italian instrumental data from 1981 to
1996 (ICWG, 2001), the preferred magnitude Mp is
reasonably complete above magnitude 3.0 and exhibits
a b-value of the Gutenberg-Richter plot that is fairly
appropriate for tectonic earthquakes.
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