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Abstract We propose a P wave based procedure for the rapid estimation of the radiated seismic energy,
and a novel relationship for obtaining an energy-based local magnitude (MLe) measure of the earthquake
size. We apply the new procedure to the seismic sequence that struck Central Italy in 2016. Scaling
relationships involving seismic moment and radiated energy are discussed for the Mw 6.0 Amatrice, Mw 5.9
Ussita, and Mw 6.5 Norcia earthquakes, including 35 ML > 4 aftershocks. The Mw 6.0 Amatrice earthquake
shows the highest apparent stress, and the observed differences among the three main events highlight the
dynamic heterogeneity with which large earthquakes can occur in Central Italy. Differences between
estimates of MLe and Mw allows identification of events which are characterized by a higher proportion of
energy being transferred to seismic waves, providing important real-time indications of earthquakes
shaking potential.

1. Introduction

In the framework of real-time seismology [Kanamori, 2005], the rapid determination of earthquake location
and size can allow for the timely implementation of emergency plans and, under favorable conditions, early
warnings may be issued. The earthquake size can be measured according to different magnitude scales
which provide complementary information about the static and dynamic features of earthquake rupture
[Kanamori, 1983; Atkinson, 1995; Bormann et al., 2013]. For example, the moment magnitude Mw [Kanamori,
1977; Hanks and Kanamori, 1979], based on an estimate of the seismic moment [Aki, 1968; Kanamori and
Anderson, 1975], provides fault-averaged, low-frequency information about the source processes, but rela-
tively less information about the small-wavelength high-frequency rupture details [e.g., Beresnev, 2009]. For
instance, Baltay et al. [2013] observed that for the sameMw, earthquakes with larger stress drop can give rise
to larger ground motion, and therefore, they suggested that rapid estimates of the stress drop can allow
more reliable predictions of the earthquake shaking.

Here we follow the approach of Atkinson and Hanks [1995], which complementedMw with a new magnitude
scale, based on the high-frequency level of the Fourier spectrum, to provide a complete description of the
ground motion over the entire frequency range of engineering interest. Following their suggestion, another
possibility is to consider the energy magnitude Me [Choy and Boatwright, 1995; Choy and Kirby, 2004]. Since
Me is based on an estimate of the radiated energy ER, it is linked to the source dynamics and is more sensitive
to high-frequency source details (e.g., variations of the slip and/or stress conditions, and the dynamic friction
at the fault surface during the rupture process). Me was introduced by Choy and Boatwright [1995] using
teleseismic broadband P wave recordings and an automatic procedure for its estimation is available [Di
Giacomo et al., 2010]. At local distances, several approaches for computing ER have been proposed [e.g.,
Thatcher and Hanks, 1973; Cocco and Rovelli, 1989; Kanamori et al., 1993; Singh and Ordaz, 1994]. In these
studies, ER was computed from S wave signals corrected for a suitable parametric attenuation model [e.g.,
Kanamori et al., 1993], or from a source spectrum that was obtained by jointly inverting a set of local
recordings for the source, attenuation, and site contributions [e.g., Zollo et al., 2014].

Our aim is to present a new procedure for estimating the earthquake size within the framework of real-time
seismology. For this reason, the procedure relies only on the analysis of early-recorded P wave signals. We
consider Me rather than Mw because it more accurately represents the shaking potential of an earthquake
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[Choy and Boatwright, 1995]. We estimate ER from the IV2 parameter [Festa et al., 2008; Brondi et al., 2015]
computed for P waves. The energy values are then used to define a new magnitude scale. At teleseismic
distances, Choy and Boatwright [1995] defined Me to be compatible with the surface wave magnitude, while
at local distances we opt for the local magnitude ML. The rationale behind this choice is based on four argu-
ments: (a)ML is routinely computed by local networks, often based on local attenuation models; (b) forML ≤ 6,
it is expected to scale with the logarithm of ER [e.g., Kanamori et al., 1993; Mereu, 2017]; (c) ML depends on
stress drop and average rupture velocity [Deichmann, 2017]; and (d) previous studies found that ML allows
for reduction of the between-event variability for frequencies above 1 Hz when calibrating ground motion
prediction equations for moderate size earthquakes [e.g., Bindi et al., 2007].

The proposed new methodology is discussed, taking Central Italy as a region representative of areas where
the influence of seismic hazard on the residential building codes is dominated by close-distance earthquakes
of low-to-moderate magnitude (i.e., from 4.5 to 6.5) [Barani et al., 2009]. We first calibrate the attenuation of ER
with distance and derive an empirical relationship between ML and ER, considering 29 earthquakes with
Mw> 4 belonging to the L’Aquila (2009) seismic sequences in Central Italy, and to the Emilia (2012) sequence
in Northern Italy. Then, the procedure is applied to 38 earthquakes of the 2016, Central Italy, seismic
sequence. Finally, the estimates of ER are used to discuss dynamic characteristics of the rupture process which
are relevant to the 2016 sequence.

2. Data Set

We use data recorded by the Italian strong motion network (RAN) managed by the Department of Civil
Protection (DPC), as well as data recorded by permanent and temporary stations of the Italian National
Seismic Network operated by the National Institute for Geophysics and Volcanology (INGV). Lastly, we include
data available from the Enea Network (i.e., Agenzia Nazionale per le Nuove Technolgie). The manually revised
strong motion data are distributed through the ITACA 2.0 portal [Luzi et al., 2008; Pacor et al., 2011]. The data
set used to calibrate the attenuationmodel between the squared-velocity parameter IV2 and ER, as well as the
scaling between ER andML, are composed of 29 events (Figure 1a and Table S1 in the supporting information)
belonging to twomain seismic sequences which occurred recently in Italy: the 2009 L’Aquila sequence [Ameri
et al., 2009] and the 2012 Emilia sequence [Luzi et al., 2013]. The calibration data set includes 888 recordings
withML between 4 and 6.1, obtained from 221 stations located at hypocentral distances smaller than 100 km
(Figure 1b). To reproduce a rapid procedure, the recordings are preprocessed following the steps proposed
by Zollo et al. [2006] which are appropriate for simulating the performance of rapid earthquake analyses (see
Text S1 for details).

The empirical relationships obtained in this study are applied to the 2016 August–October, Central Italy,
earthquake sequence which includes clusters of moderate to strong earthquakes. We consider 1840 record-
ings from 38 earthquakes (Table S2) that occurred between 24 August and 11 November 2016. The data set
includes the Mw 6.0 Amatrice, the Mw 5.9 Ussita, and the Mw 6.5 Norcia main shocks that occurred on 24
August, 26 October, and 30 October, respectively [Gruppo di lavoro INGV, 2016]. On average, the 2016
sequences have been recorded by 40 RAN stations within 100 km from the epicenter (Figures 1a and 1c).

3. IV2 Versus Radiated Energy

In this study, we develop an empirical relationship between IV2 and ER. Following Izutani and Kanamori
[2001], we estimate ER for the 29 earthquakes in the calibration data set by computing the theoretical
Brune’s [1970] spectrum for P and S waves. We use the source parameters of the calibration earthquakes
(i.e., corner frequency fc, seismic moment M0, and stress drop Δτs) as estimated by Bindi et al. [2004, 2009]
and Castro et al. [2013]. We relate IV2 estimated for each recording to the source size expressed in terms
of ER, computed from the theoretical Brune’s spectrum assuming a linear model where the attenuation with
distance is expressed in a nonparametric form; that is,

log10 IV2 RHð Þ½ � ¼ Aþ Blog10 ERð Þ þ wjCj þ 1� wj
� �

Cjþ1 (1)

where the hypocentral distance range is discretized into Nbin; the index j = 1, …, Nbin + 1 indicates the jth
node selected such that the hypocentral distance RH is between the distances rj ≤ RH < rj+1; the attenuation
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function is linearized between nodes rj and rj+1 using the weights w, computed as wj = (rj+1 � RH)/(rj+1 � rj).
In this study, the hypocentral distance range 0–100 km is discretized into 20 bins with equal width (i.e.,
5 km). The coefficients A, B, Cj of the model are determined by solving equation (1) in a least squares
sense and, to remove the trade-off between source and attenuation terms, the coefficient C2 (i.e., the
attenuation at 10 km) is constrained to zero.

Figure 1. (a) Map of the calibration data set for the 2009 L’Aquila (blue) and 2012 Emilia (green) sequences and test
data set of the 2016 Central Apennines sequence (red). Calibration data set stations (black triangles) and test data
set ones (green inverted triangles) are shown. (b) Number of recordings for magnitude class for the calibration data set
(blue and green for the 2009 L’Aquila and 2012 Emilia sequences, respectively). (c) The same as Figure 1b but for the
testing data set.
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To increase the number of recordings for magnitude between 5 and 6, the calibration data set includes 655
recordings relevant to the 2009 L’Aquila sequence and 233 recordings for the 2012 Emilia sequence
(Figures 1b and 1c). While we assume that the source scaling in equation (1) is the same for the two
sequences (i.e., parameters A and B), previous studies highlighted peculiarities in the attenuation with
distance for the recordings of the Emilia sequence [Lanzano et al., 2016]. Therefore, equation (1) is modified

by introducing two different sets of attenuation coefficients: CNI
j (where NI stands for Northern Italy) and CCI

j

(where CI stands for Central Italy) for Emilia and L’Aquila recordings, respectively. The obtained coefficients A,

B, CNI
j , and CCI

j of equation (1) are reported in Table S3. The calculated regression has a R2 correlation

coefficient equal to 0.82 and standard deviation of 0.51 which is consistent with the uncertainty on regression
coefficients from the Mw versus IV2 empirical laws derived by Festa et al. [2008] and Lancieri et al. [2011].

Figure S1a compares the observed IV2 values, corrected for attenuation effects as modeled through the CNI
j

and CCI
j coefficients, with ER. The source scaling (black line) defined by the A and B coefficients in equation (1)

capture well the trend in the data over the entire energy range for both the Emilia and Central Italy regions.
The distance scaling of model (1) is shown in Figure S1b where the distance distribution of the observed IV2

values, corrected for the source scaling A + Blog10(ER), are compared with the attenuation models CNI
j (green

curve) and CCI
j (blue curve). The good agreement with the corrected data confirms the suitability of the

obtained attenuation models and highlights the importance of considering different regions within the
model.

4. ML Versus ER: An Energy-Based Local Magnitude

ML values for the 29 calibration earthquakes selected have been retrieved by the INGV and ITACA 2.0 data-
bases (Table S1). We consider a linear model betweenML and log10(ER), including an adjustment factor δ, over
the offset α, to account for possible regional differences between the scaling in Northern and Central Italy:

ML ¼ αþ βlog10 ERð Þ þ δ (2)

δ is determined as random effect [Bates et al., 2015]. The maximum likelihood solution is defined by
α = (�1.817 ± 0.360) and β = (0.546 ± 0.028), while the two δ are estimated to be �0.1182 and 0.1182 for
Central and Northern Italy, respectively. The standard deviation of the residuals is 0.45. The obtained relation-
ship is shown in Figure S1c, where the median models for the two regions are compared to the data, while
Figure S1d shows that the overall residual distribution is unbiased. When applied to new ER estimates,
equation (2) provides a mean for obtaining an energy-based local magnitude (hereinafter referred to as MLe)
that, as discussed by Kanamori et al. [1993], agrees with ML for small earthquakes, but being based on a mea-
sure of the radiated energy can be extended toward larger magnitude while avoiding saturation.

5. Application to the 2016 Central Italy Sequences

The methodology proposed to compute MLe is applied to 38 earthquakes occurred in Central Italy in 2016
(Table S2). To simulate real-time analysis and verify the time frame within which stable MLe estimates can
be obtained for the three larger earthquakes, the MLe estimates are obtained by increasing progressively
the numbers of stations in the ER assessment according to their hypocentral distance (Figure 2a). In the
application of the procedure, we assume that a location estimate is available from a separate algorithm
(e.g., PRESTo [Satriano et al., 2011; Picozzi et al., 2015]), which allows for the automatic selection in real time
of the P wave window and the coefficients for the correction of attenuation effects. The P wave windows are
thus progressively increasing with epicenter distance to capture the whole source time duration and avoid
magnitude saturation effects in case of large events [Colombelli et al., 2012].

Since the uncertainty on ER is used to compute the 95% confidence limits on MLe, the uncertainty on MLe
decreases with hypocentral distance (Figure 2a). The evolutionary MLe estimates stabilize between about
45 km and about 60 km (i.e., between 8 and 10 s from the origin time), corresponding to about 15 and 20
stations and to a maximum P wave window of about 5.6 and 7.5 s, respectively. These results suggest that
the procedure for estimating MLe may be useful for rapid earthquake analysis. It is worth noting that beyond
the indicated distances,MLe converges toward values close to theMw provided by the INGV for Ussita (Mw 5.9)
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and Norcia (Mw 6.5) earthquakes (i.e., MLe = 5.9 ± 0.08 and 6.6 ± 0.06, respectively), while in the case of the
Amatrice (Mw 6.0) earthquake, MLe is larger than Mw (i.e., MLe = 6.2 ± 0.05). Regarding the Norcia (Mw 6.5)
earthquake, MLe converges to Mw, overcoming the saturation limit of ML (i.e., ML = 6.1). Teleseismic Me

estimates derived from the procedure proposed by Di Giacomo et al. [2010] agree with MLe estimates in
the case of Amatrice (Me 6.16) and Norcia (Me 6.5) earthquakes, while they are slightly higher in the case of
the Ussita (Me 6.2) event. Figure 2b shows the comparison between MLe and Mw for the analyzed 38
events. For Mw ≤ 5, most of the MLe overestimates Mw; for larger events, MLe tends to be on average
slightly larger than Mw.

Figure 3a shows that ER scales linearly with M0. The best fit line obtained considering the entire seismic
moment range is log10(ER) = 1.15 log10(M0)� 5.99, with a standard deviation equal to 0.35. A slope larger than
1 indicates that the ratio between ER andM0 increase with increasingM0, suggesting a possible breakdown of
the source scaling self-similarity. Indeed, when the fit is performed considering the earthquakes above and
below Mw = 5 separately, a slope close to 1 is obtained for both ranges (i.e., log10(ER) = 1.03 log10(M0) � 4.24,
with a standard deviation equal to 0.35, and, log10(ER) = 1.04 log10(M0) � 4.15, with a standard deviation
equal to 0.16 below and aboveMw = 5, respectively), but with different intercepts. As indicated by the isolines
of apparent stress τa = μ ER/M0 (computed assuming a crustal shear modulus μ equal to 3.3 · 104 MPa), the
average τa values for the small and large earthquakes are 5 and 10 MPa, respectively, although we observe
that a subset of aftershocks are aligned on the same average value of the larger events. To get more insight
into the source scaling properties, Figure 3b shows how the ratio between radiated seismic energy and
seismic moment (i.e., ER/M0, also termed “scaled energy” [Kanamori and Brodsky, 2004]) varies with seismic
moment. The scaled energy values found in this study are compared with those of Kanamori et al. [1993]
and Mayeda and Walter [1996], both related to United States earthquakes, as well as with those of Oth
et al. [2010] and Oth [2013] for crustal Japanese earthquakes with depths within 30 km. We observe that
Mw < 5 earthquakes have scaled energy values in agreement with those of the Japanese earthquakes with
higher stress drop.

It is noteworthy that a consistent number of Mw < 5 earthquakes show a scaled energy of the same order of
magnitude as the three largest events (Figures 3a and 3b). This result suggests that the dynamics of faulting
between the groups of small and large earthquakes in the Apennines sector has been, at first approximation,
similar. On the other hand, when we consider the three larger magnitude events of the sequence (Figure 3b),
we observe that for a similar M0 the Amatrice Mw 6.0 event has a scaled energy significantly higher than the
Ussita 5.9Mw one (i.e., ~25 MPa and ~10 MPa, respectively). Moreover, theMw 6.5 Norcia earthquake presents
an intermediate scaled energy between the other two main shocks (i.e., ~ 20 MPa), but of the same order of
the two Mw 5.4 aftershocks. The observed differences in terms of scaled energy between the larger earth-
quakes of the sequence highlight the heterogeneity of the dynamic mechanisms with which large magni-
tude earthquakes can occur in the Apennines, with implications for possible significant ground motion

Figure 2. (a) Evolutionary estimation of MLe with hypocentral distance for the Amatrice Mw 6.0 (red dots), the Ussita Mw 5.9 (green dots), and the Norcia Mw 6.5
earthquake (blue dots). Vertical bars indicate the range of uncertainty on MLe. Includes Mw estimates colored horizontal dashed lines. (b) Mw versus MLe (orange
dots), the 1:1 line (black), and ±0.3 magnitude units (black dashed lines) are also plotted.
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differences between events with similar
Mw. Figure 4a shows that the between-
event residuals δBe [Al Atik et al., 2010]
between observed PGA values and
values predicted by the Mw-based
attenuation model proposed for Italy
by Bindi et al. [2011] linearly scale with
the scaled energy (i.e., δBe = 0.48 ER/
M0 ± 0.12). Interestingly, Figure 4b
shows that when MLe is used instead of
Mw for the predictions, the between-
event variability is reduced (i.e.,
δBe = 0.14 ER/M0 ± 0.13).

Figure 4c shows the differences
between MLe and Mw (i.e., MLe � Mw)
with respect to the apparent stress, τa
(i.e., derived by the scaled energy
assuming a constant μ equal to
3.3 · 104 MPa). Besides the 2016 Central
Italy sequence, Figure 4c also includes
the Mw 6.1, 2009, L’Aquila, and the Mw

5.0, 2013, Matese, earthquakes, which
occurred in nearby areas within the
Central Apennines. MLe � Mw linearly
scales with τa as expected (i.e., all the
involved measures are related to log
(ER) and log(M0)), and events with dif-
ferent magnitude are aligned along
parallel lines (i.e., for a fixed value of
MLe �Mw, τa increases with magnitude).
The values of static stress drop shown as
reference in Figure 4c are derived from
τa, assuming the simplest idealized case
of rupture, where the final average
stress and the average stress during
faulting are equal (i.e., Orowan’s model)
[Orowan, 1960]; that is, Δτs = 2τa.

6. Discussion and Conclusion

We envisage that similarly to the idea
from Di Giacomo et al. [2008, 2010], at
the global scale, our approach for esti-
mating MLe can be used for comple-
menting Mw in real-time operations at
the local scale. The difference between
MLe and Mw used for a rapid identifica-

tion of events characterized by a higher amount of energy transferred to seismic waves (as shown in
Figure 4c, where MLe � Mw > 0) corresponds to events sharing the same Mw but having higher ER. A similar
strategy was proposed by Atkinson and Hanks [1995] considering a high-frequency magnitude and Mw,
whose differences were found informative of the Δτs variability in the study areas.

The static stress drop for the three largest shocks obtained assuming the Orowanmodel vary from 20MPa for
the Mw 5.9, Ussita event to about 30 and 50 MPa for the Norcia (Mw 6.5) and Amatrice (Mw 6.0) earthquakes,

Figure 3. (a) M0 versus ER for events with Mw < 5 (triangles); two Mw 5.4
aftershocks (light black dot); Ussita Mw 5.9 (green dot), Amatrice Mw 6.0
(red dot), and Norcia Mw 6.5 (blue dot) main shocks. The best fit line for
Mw < 5 events (blue) ± 1 standard deviation (light blue area), for Mw > 5
(red) ± 1 standard deviation (light red area), and for the whole data set
(black dotted line) are shown as well. Lines of equal apparent stress are
shown as gray dashed lines. (b) M0 versus scaled energy for events of the
2016 Central Italy sequence with Mw < 5 (white diamonds) and with
Mw> 5 (white circles). Results from Kanamori et al. [1993] (black triangles),
Mayeda and Walter [1996] (black squares), and from Oth et al. [2010] and
Oth [2013] (dots colored per static stress drop values) are also shown.
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Figure 4. (a) Residuals between observed and predicted PGA using Mw (light blue circles) and between-event residuals
(red circles) versus scaled energy, best fit line (red line), and ±1 standard deviation (light red area). (b) Same as Figure 4a
but using MLe, with between-event residuals and best fit line ±1 standard deviation (green circles and lines,
respectively). (c) MLe � Mw versus apparent stress: 2016, Mw 6.0 Amatrice (red square); 2016, Mw 5.9 Ussita (green
square); 2016 Mw 6.5 Norcia (blue square); 2009, Mw 6.3 L’Aquila 2009 (white square); 2013. Mw 5.0 Matese (white dot).
Aftershocks of the 2016 Central Italy sequence: Mw < 4.2 (orange triangles); 4.2 < = Mw < 4.5 (yellow diamonds);
4.5 < = Mw < 5 (light blue dots); 5 < = Mw < 5.9 (light green dots). Lines of equal Mw (dashed black) and equal static
stress drop for the Orowan’s model (dashed gray) are shown for the sake of comparison.
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respectively (Figure 4c). However, if instead of the Orowan model we hypothesize that dynamic weakening
occurred during the 2016 earthquakes the consequent negative overshoot (undershoot) would lead the
τa/Δτs ratio toward 1 [Beeler et al., 2003], with static stress drop values smaller than those obtained by from
Orowan’s model. Malagnini et al. [2008, 2010] showed evidence of dynamic weakening in the case of the
1997–1998 Colfiorito earthquake sequence (Apennines, Central Italy). Considering the rupture velocity of
3.1 km/s assessed by Tinti et al. [2016] for the Amatrice Mw 6.0 earthquake (e.g., similarly, Liu et al. [2017]
found 3.2 km/s) and our τa estimate, from Kanamori and Rivera [2004], the resultant Δτs is on the order of
30 MPa which in turn corresponds to a Savage-Wood efficiency of 0.69 (i.e., compatible with negative
overshoot) [Beeler et al., 2003]. Such a stress drop value is in good agreement with a Δτs of 31 MPa estimated
through a spectral fitting approach, and using seismological models previously derived for the area [i.e., Pacor
et al., 2016] and fixing Mw to 6.0 (see Text S2 for details).

Although the static stress drop shown in Figure 4c is based on Orowan’s model, the earthquakes of the 2016
Central Italy sequence are characterized (in relative terms) by significantly larger stress drops than previous
sequences in nearby areas (e.g., see the τa of ~3 MPa estimated for the L’Aquila 2009 Mw 6.1 and ML 5.9 in
Figure 4c).

The entire fault systemwhere the three 2016 events withMw> 5.9 occurred is constrained at about 7–8 km of
depth (i.e., we thus assume similar rigidity and shear wave velocity) and the events had similar focal mechan-
ism [Gruppo di lavoro INGV, 2016]. We therefore consider the observed variations in the measured τa being
indicative of relative different dynamic characteristics (i.e., variations in stress drop and rupture velocity).
Our findings indicate that the systematic estimation of the ER/M0 ratio for small-to-moderate earthquakes
can contribute to the improved understanding of the physics of earthquakes in the Italian region.
Additionally, such efforts could improve the resolution of the spatial distribution of seismogenic stress, thus
identifying faults which are capable of supporting high stress and could eventually lead to major
seismic events.

The IV2 parameter obtained from the whole P wave time window for recordings within 100 km is a suitable
proxy for the radiated energy of events up to magnitude 7 or 7.5 (see Text S3), depending on the stress drop.
SinceMLe is based on ER, it overcomes the saturation problem affectingML, as confirmed by the application to
the Mw 6.5 Norcia earthquake (ML = 6.1; MLe = 6.6). On the other hand, since the proposed procedure is
designed for the rapid assessment of the earthquake size, a saturation limit for MLe is introduced by the
available duration of the P waves window.
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