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Online Material: Figures showing local magnitude versus du-
ration; table of station correction coefficients.

INTRODUCTION

The earthquake magnitude estimate is a routine task in all seis-
mological observatories. Several magnitude scales are available,
based on amplitude measurement of different seismic phases,
and/or on total signal duration. Among them, the duration
magnitude (Mp) is adopted in many regional networks be-
cause it provides a rapid and reliable estimate of the earthquake
size through a fairly simple procedure based on the measure of
the duration of recorded seismograms. Bisztricany (1958) first
demonstrated the existence of a relationship between magni-
tude and duration, and several authors (e.g., Sole’'vev, 1965;
Tsumura, 1967; Bakun, 1984; Vidal and Munguia, 2005; Hara,
2007; among many others) later discussed the use of duration
of the recorded scismograms as a measure of the event size.
Furthermore, in a recent paper, Lomax and Michelini (2009)
proposed a duration magnitude procedure for the rapid deter-
mination of the moment magnitude, based on the P-wave re-
cordings at teleseismic distances, which can be applied for
tsunami early warning.

In its more general formulation the duration magnitude
depends on the ground-shaking duration, on the hypocentral
distance, and accounts for a station correction coefficient.
According to Real and Teng (1973) and Hermann (1975),

the duration magnitude is defined as
Mp=a+b-logt+c-R+ S (1)

in which 7 is the signal duration, R is the hypocentral distance,
Sc stands for the station correction, and 4, b, and ¢ are
coefficients to be determined through a regression analysis.
The present work has a double goal. First, we present an
automatic procedure, which has been specifically developed to
measure the earthquake duration, based on the estimate of the
signal-to-noise ratio (SNR) along the seismic records. We then
calibrate a duration magnitude scale for the area monitored by
the Irpinia Seismic Network (hereinafter ISNet, http://isnet
.na.infn.it, last accessed November 2013; Iannaccone et al.,
2010) in southern Italy (Fig. 1a). We derive the duration mag-
nitude relationship, in the form of equation (1), by analyzing a
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collection of records from ISNet bulletin (http://isnet.na.infn.
it/cgi-bin/isnet-events/isnet.cgi, last accessed November 2013)
and computed the regression coefficients and the station cor-
rections of equation (1) with respect to the local magnitude
(M) values provided by the bulletin itself. We apply the pro-
posed M relationship to three testing examples and finally we
discuss a possible application of duration magnitude, specifically
suited for a single station or local network application, aimed at
inferring a rough estimate of the source-to-receiver distance.

DATA AND METHOD

Dataset Description

For the present work we started analyzing a collection of 1565
carthquakes, registered at 24 stations of ISNet network from
January 2008 to December 2012, with magnitude in the range
(0.1-4.5). ISNet is a high-dynamic, dense seismic network of
stations mostly deployed in southern Italy, along the Apen-
nines chain in the area where large historical earthquakes
occurred in the past (Emolo er al, 2004; Chiauzzi et al.,
2012). The network covers an area of about 100 x 70 km? and
it is aimed at monitoring the active fault system responsible for
the 23 November 1980 M, 6.9 Campania-Lucania earth-
quake, which is, the last destructive event occurred in the area
(Ameri et al., 2011). The area covered by ISNet network is
interested by a continuous background seismic activity, essen-
tially including micro earthquakes but also some moderate
events, such as the 1990 (M, 5.8), the 1991 (M, 5.2), and
the 1996 (M, 4.9) events. All the stations of ISNet network
are equipped with a three-component accelerometer (Guralp
CMG-5T) and a three-component velocimeter (Geotech
S-13]) with a natural period of 1 s, to ensure a high-dynamic
recording range. Moreover, five sites host a broadband veloc-
imeter (Nanometric Trillium, 0.025-50 Hz) to record both
regional and teleseismic events. The data loggers used are the
Osiris-6 produced by the Agecodagis SARL.

Preliminarily, the SNR has been computed for each avail-
able seismogram in order to exclude those records having a
dominant noise contamination from the analysis. The SNR
has been evaluated by comparing the pre-event noise amplitude
with respect to the maximum amplitude along the S-wave
train, according to the procedure described by Vassallo and
Cantore (2010). Following the approach adopted by Bobbio
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A Figure 1. Seismic events registered at the Irpinia Seismic Network (ISNet) from January 2008 to December 2012 and recording stations
used in this study. (a) Gray stars represent the epicenters of the earthquakes with size proportional to the event magnitude. Stations of the
ISNet are represented as inverted dark triangles and their codes are also reported in the map. (b) Distribution of selected earthquakes as
function of the local magnitude. (c) Distribution of the number of records as a function of the epicentral distance.

et al. (2009) for the local magnitude computation at ISNet
network, we then selected those events which were recorded
by at least two stations with SNR greater than or equal to
S. This criterion has been found by trial and error and allows
excluding very noisy data without restricting the database too
much. With this constraint, the original available dataset was
reduced to 6935 waveforms corresponding to 880 events. Se-
lected earthquakes have magnitudes and epicentral distances
spanning the 0.5-4.5 and 0.5-150 km ranges, respectively. Fig-
ure la shows the epicenters of the selected earthquakes together
with stations used; Figure 1b,c shows the distribution of the
events as a function of magnitude (Fig. 1b) and the distribution
of records as a function of the epicentral distance (Fig. Ic),
respectively.

Automatic Duration Estimate
The event duration (hereafter referred to as 7) is evaluated on
the vertical component of ground velocity records following
the original description of Real and Teng (1973), who defined
the duration as the elapsed time from the first P-wave arrival to
the instant along the trace at which the amplitude of the signal
coda has decreased to the noise level. With the aim of
implementing an automatic tool for the duration magnitude
estimate, we developed an algorithm to measure the signal
duration through a simple and fast procedure based on the
evaluation of the SNR within a moving window along the
record. Figure 2 illustrates each step of the procedure, whose
details are described as follows.

Preliminarily, data are processed removing the mean value
and the linear trend; a noncausal, eight-pole, band-pass Butter-
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worth filter in the 1-20 Hz frequency range is applied to
reduce the high-frequency noise contamination (Fig. 2a).
The signal envelope is then computed as the square root of
x(n)* + y(n)%, in which x(») is the original signal and y(») is
its Hilbert transform (Fig. 2b). An averaging moving window
is finally applied to get a clear and smooth signal, better suited
for the following processing (Fig. 2c). The standard automatic
picker developed by Allen (1978), which is embedded in SAC
code (Goldstein ez al., 2003), is used to identify the first P-wave
arrival time along the smoothed signal. The mean noise am-
plitude along the envelope is then measured on a five-second
window before the P-wave picking and its value is assumed as a
reference for the pre-event noise amplitude. A 0.5-second mov-
ing window is then used to measure the average signal amplitude
along the whole envelope signal. The signal ending is declared
when the amplitude becomes comparable to the pre-event noise
amplitude, that is, when the following condition is satisfied

A — A

Slgl’l noise
—— < 0.05, 2
/ 5 (2)

noise

in which Ag, and A, represent the signal average amplitude
in the 0.5-second window and the noise amplitude before the P
picking, respectively. The length of the moving window and the
percentage value assumed for the signal ending declaration have
been established in a preliminary trial-and-error analysis per-
formed on a limited number of testing earthquakes (which have
not been included in the dataset used here) for which we com-
pared the automatic duration estimates for different couples of
parameters with respect to manual duration measurements. The
optimal couple of parameters for the algorithm has been chosen
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A Figure 2. Sketch of the procedure implemented for the auto-
matic measurement of the signal duration. (a) The vertical compo-
nent of a velocity record is selected; data processing includes the
mean removal, a linear detrending, and band-pass filtering by a
noncausal eight-pole Butterworth filter in the frequency range
1-20 Hz. (b) Computation of the signal envelope (see text for further
details). (c) The resulting signal is smoothed and the begin and end
markers are identified. The begin marker corresponds to the auto-
matic P-wave arrival time identification, while the end marker is
declared at the instant along the trace when the signal amplitude
has decreased to the pre-event noise level, as estimated by the
automatic algorithm, thatis, when the condition given in equation (2)
is satisfied. The amplitude of the pre-event noise is evaluated on a
five-second window before the P-arrival time (dark-gray window).
A 0.5-second moving window is used, instead, to evaluate the
average signal amplitude along the record (light-gray window).

as the one providing the best agreement between automatic and
manual durations.

Regression Analysis

As discussed above, the general functional relationship adopted
for the duration magnitude computation is given by equa-
tion (1). Several authors (e.g., Del Pezzo ez al., 2003; Bindi ez al.,
2005; Castello ez al., 2007) showed that the term depending on
distance provides a poor contribution to the duration magni-
tude for small hypocentral distances (R < 100-150 km).
Preliminary analysis performed for events located inside and
surrounding the ISNet network (i.e., at a maximum epicentral
distance of about 150 km) showed that the coefficient ¢ in
equation (1) is indeed negligible, so we assumed ¢ = 0 for
the following analysis.

To calibrate the duration magnitude scale we used the lo-
cal magnitude as a reference, that is, we assumed Mp = My
for each considered earthquake. We also evaluated the possibil-
ity of calibrating the duration magnitude with respect to the

100 Seismological Research Letters Volume 85, Number 1

moment magnitude (M,,). The current data management sys-
tem of the ISNet network is set to automatically compute both
My and M, for cach detected carthquake. However, because
of the specific data processing required for the spectral analysis,
the moment magnitude is assumed reliable for magnitudes larger
than 1-1.5. The scaling relationship between the duration and
the moment magnitude in the range 1 < M < 4 is shown in
Figure S1 of electronic supplement to this paper ®.

We measured the signal duration on each vertical velocity
record (through the automatic procedure detailed above) and
looked at its correlation with respect to the local magnitude of
the corresponding earthquake. The results for the entire dataset
are shown as light gray dots in Figure 3a. Despite an evident
correlation between the signal duration and the earthquake
magnitude, data show a large spreading which is mainly
associated with the natural variability of duration when
measured at different stations for the same earthquake. More-
over, the number of data is not uniformly distributed in the
considered magnitude range, as it can be inferred from the
histogram of Figure 3b. Thus, we figured out that the regres-
sion procedure on the whole dataset could be dominated by
low-magnitude data, resulting in an underestimate of the slope
parameter of the best-fit line and in a poor correlation coef-
ficient. For these reasons, we divided the dataset into magni-
tude classes of width 0.5, spanning the 0-4.5 magnitude
interval. For each magnitude class, we computed the average
duration; results are shown as black circles in Figure 3a. A sim-
ilar procedure has been, for instance, adopted by Wald ez 4/.
(1999) in the inference of relationships between peak ground-
motion parameters and modified Mercalli intensities. Through
a least-square linear regression procedure on the average dura-
tions, we obtained the following relationship

Mp = —4.99(£0.28) + 4.53(£0.17) - logz (3)

with a correlation coefficient R* = 0.99 and a standard error
associated with the magnitude equal to 6, = 0.15. The best
least-square fit is shown in Figure 3a as a solid black line. In
calibrating the duration magnitude scale, we assumed that M
does not depend on the distance, at least in the analyzed
distance range. Thus, equation (3) is expected to be suitable
for hypocentral distances smaller than about 150 km while
a distance contribution should be taken into account for
earthquakes occurring outside and far away from the ISNet
network.

Station Corrections

In order to improve the accuracy on magnitude estimate, we
determined a corrective coefficient Sc to be associated with
each recording station. Station correction coefficients are in-
troduced to reduce the systematic over- or underestimation of
magnitude values obtained at each station. The geological
properties of the propagation medium in the vicinity of the
registering sites may, in fact, affect the characteristic of the
recorded signal and the length of its coda, resulting in a sys-
tematic bias on the duration measurement and, consequently,
in a systematic error in the magnitude estimate. The station
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A Figure 3. (a) Local magnitude M, as a function of the logarithm of duration (z) for all the selected events (light-gray circles). Dark-gray
points represent the result of the binning procedure: each point is the average duration value computed for different magnitude classes,
with a 0.5 magnitude unit step. The solid line is the best-fit curve and the best-fit equation, together with correlation coefficient and the
standard error values are reported in the panel. (b) Distribution of records used in this study as a function of the local magnitude. Most of

data are in the range of 0.5 < M| <2

correction coefficients are obtained by comparing predicted
and observed magnitude values and, for the 7th event and
the jth recording site, are defined as

=

1

Se, = —
7
Nji

(My; — Mp), (4)

in which IV} is the number of seismic events recorded at the jth
station, M ; is the local magnitude for the ith earthquake pro-
vided by the ISNet bulletin, and My, ; is the duration magni-
tude estimated for the ith event at the jth receiver. Equation (3)

is then generalized as
M, ; = —4.99(£0.28) + 4.53(£0.17) - logz;; + S¢; ~ (5)

including the station correction coefficients. Thus, when an
carthquake is recorded at a set of stations, each seismogram
provides an independent estimate of duration magnitude
obtained through equation (5). Finally, for each event, the
duration magnitude is computed as the average value among
all the MY, ;s obrained.

Station coefficients range from —0.48 to 1.07 with a stan-
dard deviation varying from 0.29 to 2.11 (Table S1 of the elec-
tronic supplement to this paper ®). We exclude from the
analysis of two stations (SFL and SSB) for which only records
for few earthquakes were available (N; < 30). The correction
coefficients and the residual distributions for each station of
the ISNet network are shown in Figure 4a and b, respectively.
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A z-test has been finally performed to evaluate the statis-
tical significance of the station coefficients. We tested the null
hypothesis of a Gaussian distribution with zero mean and 0.15
standard deviation (which corresponds to the standard error
we found on duration magnitude). For each jth station, we
computed the variable 2; as

5 =—, (6)

in which 61 = 0.15 and N; is the number of available data
for the jth station. Assuming a significance level of 5%, the
null hypothesis has to be rejected for stations for which
|2j| > 1.96, while it cannot be rejected for the remaining sta-
tions. The 2; variable for each station is listed in Table S1 of the
electronic supplement ®.

A positive/negative coefficient reflects the general charac-
teristics of the area where the station is located. The more S¢;
differs from zero, the more local site properties may influence
the recorded signals. Generally, in compact old rocks charac-
terized by high acoustic impedance factor, the seismic energy
is almost entirely transmitted, with a poor dissipation. For
these media, wave scattering is not relevant and consequently
the ground motion corresponds to a short signal, resulting in a
negative correction coefficient. On the contrary, young and
unconsolidated sediments, possibly fractured and with low
acoustic impedance produce reverberation and amplification
of signals which extend their duration, so determining positive
correction coefficients. The distribution of station coefficients
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A Figure 5. Comparison between magnitude scales. (a) Comparison between local magnitude and duration magnitude computed through
equation (3), that is, without using the station coefficients. The solid line represents the best-fit curve, whereas the dashed line represents
the + one standard deviation bounds. The best-fit equation and the correlation coefficient values are also reported in the panel. Black dots
represent the three testing earthquakes, for which we found that duration magnitude and local magnitude are consistent each other
within the error bars. (b) Same as (a) but with the duration magnitude computed through equation (5), that is, accounting for the station
correction coefficients. (c) Same as (a) but with the duration magnitude computed through equation (3) and moment magnitude taken from

the ISNet bulletin. (d) Comparison between the moment magnitude and the local magnitude as reported in the ISNet bulletin.

(Fig. 4a) does not show any clear correlation with the geologi-
cal structure of the considered area. Because of the extreme
structural complexity of the southern Apennines (Improta
et al., 2002), a very detailed analysis, which is beyond the scope
of this paper, is required to understand if a correlation between
station correction coefficients and local geology does exist.

Magnitude Comparison

For each earthquake in our database, we computed the average
duration magnitude using both equations (3) and (5). In both
cases, we compared the duration magnitude with respect to the
local magnitude (M) assigned to ecach event in the ISNet
bulletin. Figure 5a and Sb show the comparison between
the duration magnitude and the local magnitude without
(Fig. 5a) and with (Fig. 5b) the application of the station cor-
rection coefficient. The best result would obviously be repre-
sented by the quadrant bisector. A linear regression analysis of
local magnitude data and corresponding duration magnitude
estimates provided us the relationship

Mp = 0.16(£0.05) + 0.95(=£0.03) - M, (7)
obtained assuming equation (3) for Mp, and
M3, = 0.18(£0.05) + 0.95(£0.03) - M, (8)

obtained using equation (5), instead. Because of the generally
small values of the S¢; coefficients, no significant change in the
best-fit regression relationship is evident when the station
correction is included. We therefore believe that the simpler
functional form of equation (3) could be adopted.

The comparison between Mp and M7 confirms that an
independent and reliable estimate of the earthquake magnitude
can be obtained using the event duration. Because the duration
magnitude scale has been calibrated by assuming Mp = My
for each earthquake, this result is not so much surprising. A
useful test is the comparison among duration magnitude and
moment magnitude (A,), which is shown in Figure Sc. A linear
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regression analysis of duration magnitude estimates versus
moment magnitude provided us the relationship

Mp = —0.87(£0.09) + 1.29(£0.05) - M, . 9)

Although a linear correlation among My, and M, is evi-
dent from the plot, the best-fit regression line is rather different
from the expected quadrant bisector. This can be explained in
terms of the relationship between M| and M|, (Fig. 5d) for
which we found

M = —1.23(£0.03) + 1.43(£0.02) - M., .

(10)

From equation (10) it is clear that the local magnitude is
different from the moment magnitude estimate. In particular,
for the same earthquake, the local magnitude is lower than the
moment magnitude up to M, about 3. For M, larger than this
threshold value, the local magnitude estimates are systemati-
cally higher. The automatic procedures that are currently used
at the ISNet network for the computation of both local and
moment magnitude require restrictive criteria for the records
to be considered in the average magnitude computation (e.g., a
restrictive selection criterion on data quality and the exclusion
of minimum/maximum magnitude values from the average
computation). We strongly believe that the scatter of data
(Fig. 5a—c) can be significantly reduced if similar strategies
were adopted during the computation of the duration magni-
tude (see Discussion and Conclusions).

Finally we compare our duration magnitude relationship
(equation 3) with the one proposed by Castello e 4/ (2007),
that has been calibrated for the entire Italian territory and that
is assumed to be the national reference scale. The regression
relationship we found for ISNet network turned out to be dif-
ferent from the national scaling law and both coefficients
(slope and intercept) are not consistent even once accounting
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for data uncertainties. We identified two reasons that could be
responsible for the observed discrepancy. A first factor could be
the use of a regional database which may be strongly influenced
by local geophysical/geological properties of the area, whereas
these effects are mediated when the national catalog is used. A
similar discrepancy with respect to a more general behavior at
national Italian scale has been also observed by Emolo ez 4/.
(2011) who calibrated ground-motion prediction equations for
low-magnitude earthquakes, specific for ISNet network using a
similar database as in this study. Emolo ez 4/ (2011) pointed
out that the regionalization of prediction equations is particu-
larly needed for low-magnitude earthquakes for which attenu-
ation effects, related to the tectonic area of interest, can be
predominant with respect to the source effects. A second, prob-
ably more relevant, reason for discrepancy could be associated
with the different approaches adopted in data analysis. In fact,
although we used a binned dataset to derive our regression re-
lationship, Castello ez 4. (2007) calibrated the scale on the en-
tire available catalog. The parameters of the best-fit regression
line, that is, the slope and the intercept, are largely influenced
by the nonuniform data distribution in the analyzed magni-
tude range and this may produce the discrepancies observed
between the two duration magnitude scales. In ® Figure S2
of the clectronic supplement to this paper, we show the best-fit
regression line obtained on the entire dataset, without any bin-
ning procedure. If all the data were used, the estimated slope of
the best-fit line would be evidently smaller. In the case of our
catalog, however, it would not be suitable to fit the highest
magnitude data, as well as the lowest magnitudes.

As a further test of our results, we applied the proposed
methodology to three recent events occurred within the area
covered by ISNet network and which have not been included
in the database used for retrieving the duration magnitude
relationship. The testing earthquakes occurred on 2 January
2013 (M 3.2 £0.3), 13 January 2013 (M 1.0 £ 0.3), and
on 23 January 2013 (M 1.9 &£ 0.2) (see the ISNet bulletin for
further information). For each of them, we simulated the
automatic duration measurement procedure. Duration magni-
tudes were computed as the mean value among the estimates
obtained at all the recording stations, without accounting for
the station correction coefficients, that is, using equation (3).
The duration magnitude estimates are 2.8 0.5, 1.3 + 0.3,
and 2.0 &£ 0.8 for the three events, respectively, and are shown
as black circles in Figure 5a. For the three testing cases, dura-
tion magnitude and local magnitude turned out to be in good
agreement and consistent each other within the error bars.

SINGLE STATION AND LOCAL NETWORK
APPLICATION OF DURATION MAGNITUDE

In this section we describe a simple and intuitive application of
the duration magnitude derived so far, based on the simulta-
neous measurement of the amplitude and duration on the same
signal. The example described here has to be intended as a case
study for testing limitations and conditions of applicability of
the adopted (A1) and proposed (Mp) magnitude scales. This
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A Figure 6. Comparison of durations for an Irpinia earthquake
and a Sicilian earthquake as recorded by SRN station from the
ISNet. (a) and (b) The velocity seismogram and its envelope for
the Irpinia earthquake; (c) and (d) The corresponding traces for
the Sicilian event. T1 and T2 markers on the envelopes represent
the signal beginning and end, respectively, as declared by the au-
tomatic procedure. (e) Difference between M, and M, as a func-
tion of the testing distance. The duration magnitude is fixed, while
the local magnitude value depends on the distance. The more the
testing distance tends to the real one, the better is the agreement
between the two magnitudes. The gray area (denoted as “un-
known area”) is the region in which we cannot rely on neither
the duration nor the local magnitude estimates.

example lacks of any generality and we do not mean to propose
it as a rigorous approach. Further testing over a variety of earth-
quake magnitudes and distances would be required to propose
a general methodology.

The basic idea is the well-known dependence of amplitude
and duration of ground-motion records on the source-to-
receiver distance. Generally, given an earthquake with a certain
magnitude, the closer the earthquake is to the recording station,
the smaller the travel-time difference between P and S waves and
thus the shorter the signal duration at the station. On the
contrary, in case of a distant source, the increased S—P delay time
and the arrival of later, indirect phases, imply a longer duration
of the corresponding signal. As an example, let us consider the
two earthquakes shown in Figure 6a,c. The first one (Fig. 6a) is
an carthquake occurred in the Irpinia region (i.c., inside the
network) on 23 January 2013 (M 1.9 = 0.2); the second
one (Fig. 6¢) is an earthquake (A 4.3), occurred in Sicily (about
300 km away from the network center) on 4 January 2013.
Both carthquakes have been recorded at ISNet network and
Figure 6a,c shows how they appear at the station SRN, on

the vertical component of the velocimeter sensor. Let us now
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measure the automatic duration with the methodology de-
scribed in the previous sections. Figure 6b,d shows the signal
envelope for both records; T1 and T2 marker along the wave-
forms represent the earthquake beginning and end, respectively,
as declared by the automatic procedure. The distant and local
quakes exhibit different durations, amounting to ~160 and
~30 s, respectively. We could suppose the use of the signal du-
ration as a discriminating factor between a close and a far-away
event. A large duration value, however, could also be associated
to a nearby but large event, for which the ground-motion am-
plitude may require longer times to be completely attenuated.
Keeping this in mind, once the duration is measured, the am-
plitude can then be used to distinguish the two cases. Given a
large duration value, if the amplitude is also large, the earthquake
will likely be close to the recording site, while a small amplitude
value is presumably synonymous of a distant event. The cou-
pling of long durations and small amplitudes would therefore
identify, in a unique manner, a far-away carthquake.

Using equation (3) we would get M = 1.7(+£0.15) for
the Irpinia event and Mp = 4.9(=£0.15) for the Sicilian event.
For the internal carthquake the valid Mp estimate
(M 1.9 £ 0.2) is not surprising, being the M, relationship
calibrated for events occurred inside the network. Similarly,
for the Sicilian event the overestimated M1, value is not alarm-
ing, because the general formulation (in the form of equation 1)
should be used to account for the dependency of duration
on distance. Let us now estimate the local magnitude for
the two same events. According to the Richter definition,
the local magnitude of an earthquake is the logarithm of
the half peak-to-peak amplitude measured in microns, recorded
by a Wood-Anderson seismograph at a distance of 100 km
from the epicenter of the earthquake. The local magnitude
at ISNet network is computed by the relationship of Bobbio
et al. (2009):

My = log A+ 1.79log R — 0.58, (11)

in which 4 is the peak-to-peak amplitude of a Wood-
Anderson seismometer in millimeters and R is the hypocentral
distance in kilometers. Because the earthquake location is
unknown with a single recording station, let us then assume
different testing distances ranging from 10 to 500 km, and
compute the corresponding My values for each of them.
Table 1 summarizes the results for the two events. The com-
parison between Mp and M7 shows that, for both cases, the
difference between the magnitudes is rather large when unrea-
sonable distances are assumed for the considered event. On the
contrary, as the testing distance tends to the real one, the dis-
crepancy between M, and M is reduced. Figure 6e shows the
magnitude residuals (absolute value of Mp — M| ) as a func-
tion of the testing distance for the two earthquakes. For the
internal earthquake the magnitude residual curve shows a clear
minimum point (around 15 km, to be compared with the true
epicentral distance of 28 km) followed by a slow, but continu-
ous, increase for larger distances. Small distances would there-
fore justify the observed duration and amplitude, whereas the
same duration—amplitude couple could not be jointly observed
if larger distances were assumed. In case of the external event,
instead, the residuals decrease with distance and the curve
never reaches the minimum before 150 km, suggesting that
large distances would better reproduce the observed amplitude
and duration values. Both M and M| scales have been
calibrated for earthquakes occurred in the Irpinia region at
a maximum distance of about 150 km from the ISNet stations.
We therefore consider 150 km to be the maximum confidence
distance: outside this region, we could rely on neither the
duration nor the local magnitude estimates.

The discriminating criterion could then be the trend of
magnitude residuals with the testing distance: if residuals
increase while moving the earthquake far away, the event will
likely be close to recording site and the minimum point of the
curve would provide an approximate estimate of the source-to-
receiver distance. In case of decreasing residuals with distance,
on the contrary, a far-away carthquake would be more

Table 1
Comparison between Duration and Local Magnitude for Different Testing Distances

Irpinia Event 23 January 2013
(M. 1.9, Distance=28 km)

Sicilian Earthquake 4 January 2013
(M, 4.3, Distance=296 km)

Testing Distance My Estimated M, My Estimated M,
R =10 km 1.7 14 4.9 1.1
R =20 km 1.7 20 4.9 1.6
R =50 km 1.7 2.7 49 23
R =100 km 1.7 3.2 49 2.8
R = 500 km 1.7 45 49 4.1

Single station application: comparison between duration and local magnitude for different testing distances for an Irpinia
earthquake (close to the recording site) and a Sicilian earthquake (far away from it). For both cases the duration magnitude is
fixed, because it is assumed to be independent on the distance, while the local magnitude changes as a function of the testing
distance. Assuming My as a reference magnitude, for both the Irpinia and the Sicilian event the scatter between Mp and M|
reduces when the testing distance tends to the real one and diverges as the earthquake is moved, as it were, toward
unreasonable positions.
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probable, although in this case a reliable estimate of the dis-
tance would not be possible. This qualitative observation
can be used to have a rough, but rapid, estimate of the relative
distance between the earthquake and the recording station
allowing, at least, to discriminate between seismic events occur-
ring inside or outside the recording network. Assuming that
similar estimates can be performed at several stations of a local
network, an automatic decision scheme could be implemented
to automatically discriminate whether the event occurred
within or outside the network, which is very useful information
to be included in automatic earthquake bulletins.

DISCUSSION AND CONCLUSIONS

In this paper, we proposed a tool for the automatic duration
measurement along the seismic records and calibrated a
duration magnitude scale for the Irpinia Seismic network, in
southern Italy. The algorithm used to estimate the signal
duration is based on the evaluation of the SNR within a
0.5-second moving window along the records and on the com-
parison between the event amplitude and the pre-event noise
level. The duration magnitude relationship is derived through a
linear regression analysis, after binning data into different mag-
nitude classes. For each recording site in our database, we
computed a station correction coefficient and performed a
z-test to evaluate its statistical significance. After calibrating
the duration magnitude scale, we compared the Mp value
to the local and the moment magnitude estimates (provided
by the ISNet bulletin) for each analyzed event. The compar-
isons showed an excellent agreement between M and M and
an evident linear correlation between My, and M. This result
confirms that an independent estimate of the earthquake size
can be obtained using the event duration.

This approach represents the first step for the implemen-
tation of the automatic duration magnitude computation at
ISNet network. In terms of practical implementation of the
proposed methodology, the routine for the duration-
magnitude computation can be easily included in the auto-
matic procedures that are currently running at the ISNet
network for the magnitude computation. Furthermore, several
factors can be improved in order to get more stable and reliable
magnitude estimates. Among them, for example, more restric-
tive criteria may be adopted for the selection of records or a
weighted average duration could be computed by weighting
cach available record according to the SNR. Finally, the stan-
dard average magnitude computation can be substituted by
more robust statistical methods (such as the Huber mean com-
putation) as is usually done at the ISNet network for the local
magnitude computation.

For the duration measurement, we used only vertical com-
ponents of velocity records. For a given source-to-receiver dis-
tance and earthquake magnitude, the amplitude (and hence the
duration) of individual components of ground motion can vary
significantly as a function of the source radiation pattern.
Measuring the signal duration on the vertical component may
thus introduce an important source of error. However, the
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duration here is computed by averaging all the available esti-
mates at a set of stations. If an adequate number of stations are
used, the average is expected to reduce the source effects related
to the focal mechanism. A more robust approach would be to
account for all the components of ground motion. This could
be done, for example, by simply averaging the durations mea-
sured over the three components, or through more refined
techniques, such as those adopted in the polarization analysis.
Once the azimuth and incidence angle of the direction of maxi-
mum polarization of the signal are determined, the ground mo-
tion can be rotated into its vertical, radial, and transverse
components; a detailed analysis of the influence of the source
mechanism on the signal duration of each component could
thus be performed.

The automatic procedure that we developed is fairly sim-
ple and gives stable and robust estimates of the event duration.
The main advantage of using the duration magnitude rather
than the local magnitude is that in the former case any knowl-
edge of the earthquake location is required. For the earthquakes
occurring inside or at small distances from the network, the
duration magnitude is assumed independent of the distance.
A rapid and reliable estimate of the event size can thus be
obtained by measuring the signal duration.

In the final part of this paper, we propose a demo exercise
to discuss a possible use of duration magnitude in combination
with the local magnitude computation. The coupling of
duration and amplitude can be used to distinguish the case
of an earthquake in the vicinity of the recording station from
a far-away event. To this purpose, the simple time difference
between the P-wave onset and the peak value of signal could be
used for a rapid assessment of the ecarthquake distance.
Although for local events (i.c., distances < 150 km) such an
approach is expected to provide a reasonable estimate of the
distance, it may provide biased results in the case of regional
and teleseismic distances (R > 250-300 km) for which the
peak amplitude is likely associated to later arrivals (i.e., surface
waves). Morcover, the simple use of the time difference
between the P-wave onset and the peak value of signal envelope
would not provide any information about the size of the event,
whereas the proposed approach (which is actually a combined
measure of amplitude and duration) could potentially also dis-
tinguish the case of a small/large event. The implementation of
the proposed methodology could provide a rapid and indepen-
dent estimate of the event size and could be a valid tool for
other massive/statistical analysis of earthquakes registered at
the ISNet network. Further testing is of course required,
and will be performed to validate the proposed strategy and
develop a more general methodology. B4

ACKNOWLEDGMENTS

Waveforms used in this study have been extracted from the
ISNet database and are available online after registration at
the website http://seismnet.na.infn.it/index.jsp (last accessed
November 2013). The ISNet bulletin is available at the website
http://isnet.na.infn.it/cgi-bin/isnet-events/isnet.cgi (last ac-

January/February 2014


http://seismnet.na.infn.it/index.jsp
http://seismnet.na.infn.it/index.jsp
http://seismnet.na.infn.it/index.jsp
http://seismnet.na.infn.it/index.jsp
http://seismnet.na.infn.it/index.jsp
http://isnet.na.infn.it/cgi-bin/isnet-events/isnet.cgi

cessed November 2013). Most of the analysis and figures were
made using the GNUPLOT (http://www.gnuplot.info/, last ac-
cessed March 2013), the Seismic Analysis Code (Goldstein ez aZ.,
2003; http://www.iris.edu, last accessed March 2013) and the
Generic Mapping Tools (Wessel and Smith, 1995; http://
gmt.soest.hawaii.edu/, last accessed March 2013) softwares.
This work was funded by the University of Naples Federico
II and the University of Bologna Alma Mater Studiorum. This
research was carried out in the framework of Strategies and tools
for Real-Time EArthquake RisK ReducTion (REAKT) Project
funded by the European Community via the Seventh Frame-
work Program for Rescarch (FP7), Contract 282862 and of
Network of European Research Infrastructures for Earthquake
Risk Assessment and Mitigation (NERA) Project funded by the
European Community via the Seventh Framework Program for
Rescarch (FP7), contract 262330. The authors are grateful to
Gilberto Saccorotti for his valuable comments about this work
and for the care with which he reviewed our manuscript.

REFERENCES

Allen, R. V. (1978). Automatic earthquake recognition and timing from
single traces, Bull. Seismol. Soc. Am. 68, 1521-1532.

Ameri, G., E. Pacor, A. Emolo, and E Gallovic (2011). Ground-motion
simulations for the 1980 M 6.9 Irpinia carthquake (Southern Italy)
and scenario events, Bull. Seismol. Soc. Am. 101, 1136-1151, doi:
10.1785/0120100231.

Bakun, W. H. (1984). Magnitudes and moments of duration, Bull.
Seismol. Soc. Am. 74, 2335-2356.

Bindi, D., D. Spallarossa, C. Eva, and M. Cattaneo (2005). Local and
duration magnitudes in the northwestern Italy, and seismic moment
versus magnitude relationship, Bull. Seismol. Soc. Am. 95, 592-604.

Bisztricany, E. (1958). A new method for determination of the magnitude
of earthquakes, Geofiz. Kozlemen 7, 69-96.

Bobbio, A., M. Vassallo, and G. Festa (2009). A local magnitude scale for
southern Italy, Bull. Seismol. Soc. Am. 99, 2461-2470.

Castello, B., M. Olivieri, and G. Selvaggi (2007). Local and duration
magnitude determination for the Italian earthquake catalogue, B/l
Seismol. Soc. Am. 97, 128—139.

Chiauzzi, L., A. Masi, M. Mucciarelli, M. Vona, E. Pacor, G. Cultrera, F.
Gallovic, and A. Emolo (2012). Building damage scenarios based on
exploitation of Housner intensity derived from finite faults ground
motion simulations, Bull. Earthq. Eng. 10, 517-545, doi: 10.1007/
s10518-011-9309-8.

Del Pezzo, E., E. Bianco, and G. Saccorotti (2003). Duration magnitude
uncertainty due to seismic noise: Inferences on the temporal pattern
of G-R b-value at Mt. Vesuvius, Italy, Bull. Seismol. Soc. Am. 93,
1847-1853.

Emolo, A., V. Convertito, and L. Cantore (2011). Ground-motion pre-
dictive equations for low-magnitude carthquakes in the Campania—
Lucania area, southern Italy, J. Geophys. Eng. 8, 46-60, doi:
10.1088/1742-2132/8/1/007.

Seismological Research Letters Volume 85, Number 1

Emolo, A., G. Iannaccone, A. Zollo, and A. Gorini (2004). Inferences on
the source mechanisms of the 1930 Irpinia (southern Italy)
carthquake from simulations of the kinematic rupture process,
Ann. Geophys. 47, 1743-1754.

Goldstein, P., D. Dodge, M. Firpoand, and L. Minner (2003). SAC2000:
Signal processing and analysis tools for seismologists and engineers,
in the IASPEI International Handbook of Earthquake and Engineer-
ing Seismology, W. H. K. Lee, H. Kanamori, P. C. Jennings, and
C. Kisslinger (Editors), Academic Press, London.

Hara, T. (2007). Measurement of the duration of high-frequency energy
radiation and its application to determination of the magnitudes of
large shallow earthquakes, Earth Planets Space 59, 227-231.

Hermann, R. (1975). The use of duration as a measure of seismic
moment and magnitude, Bull. Seismol. Soc. Am. 65, 899-913.

Iannaccone, G., A. Zollo, L. Elia, V. Convertito, C. Satriano, C. Martino,
G. Festa, M. Lancieri, A. Bobbio, T. A. Stabile, M. Vassallo, and A.
Emolo (2010). A prototype system for earthquake early-warning
and alert management in southern Italy, Bull. Earthg. Eng. 8,
1105-1129, doi: 10.1007/510518-009-9131-8.

Improta, L., M. Bonagura, P. Capuano, and G. lannaccone (2002). An
integrated geophysical investigation of the upper crust in the epicen-
tral area of the 1980, M, = 6.9 Irpina carthquake (southern Italy),
Tectonophysics 361, 139-169.

Lomax, A., and A. Michelini (2009). Mwpd: A duration-amplitude pro-
cedure for rapid determination of earthquake magnitude and tsuna-
migenic potential from P waveforms, Geophys. J. Int. 176, 200-214.

Real, C. R., and T. L. Teng (1973). Local Richter magnitude and total
signal duration in southern California, Bull. Seismol. Soc. Am. 3,
1809-1827.

Sole’vev, S. L. (1965). Seismicity of Sakalin, Bull. Earthq. Res. Inst. Tokyo
Univ. 43, 95-102.

Tsumura, K. (1967). Determination of earthquake magnitude from total
duration of oscillation, Bull. Earthq. Res. Inst. 15, 7-18.

Vassallo, M., and L. Cantore (2010). Analisi del rumore sismico, in Metodi
e Tecnologie per ’Early-warning Sismico, G. Iannaccone and A. Zollo
(Editors), Doppiavoce, 85-115, ISBN: 978-88-89972-20-5.

Vidal, A., and L. Mungufa (2005). A new coda-duration magnitude
scale for northern Baja California, Mexico, Geofsc. Int. 44, 11-22.

Wald, D. J., V. Quintoriano, T. H. Heaton, and H. Kanamori (1999).
Relationships between peak ground acceleration, peak ground
velocity, and modified Mercalli intensity in California, Earthg.
Spectra 15, 557-564.

Wessel, P., and W. H. F. Smith (1995). New Version of the Generic
Mapping Tools Released, Eos Trans. AGU, 76, 329.

Simona Colombelli

Antonio Emolo

Aldo Zollo

Department of Physics

University of Naples Federico IT

Complesso Universitario di Monte S.Angelo
Edificio 6, Via Cintia

80126 Napoli, Italy
simona.colombelli@unina.it

January/February 2014 107


http://www.gnuplot.info/
http://www.iris.edu
http://gmt.soest.hawaii.edu/
http://gmt.soest.hawaii.edu/
http://dx.doi.org/10.1785/0120100231
http://dx.doi.org/10.1007/s10518-011-9309-8
http://dx.doi.org/10.1007/s10518-011-9309-8
http://dx.doi.org/10.1088/1742-2132/8/1/007
http://dx.doi.org/10.1007/s10518-009-9131-8

