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S U M M A R Y
We analysed a catalogue of Italian earthquakes, covering 55 yr of data from 1960 to 2014
with magnitudes homogeneously converted to Mw, to compute the time-dependent relative
frequencies with which strong seismic shocks (4.0 ≤ Mw < 5.0), widely felt by the population,
have been followed by main shocks (Mw ≥ 5.0) that threatened the health and the properties
of the persons living in the epicentral area. Assuming the stationarity of the seismic release
properties, such frequencies are estimates of the probabilities of potentially destructive shocks
after the occurrence of future strong shocks. We compared them with the time-independent
relative frequencies of random occurrence in terms of the frequency gain that is the ratio
between the time-dependent and time-independent relative frequencies. The time-dependent
relative frequencies vary from less than 1 per cent to about 20 per cent, depending on the
magnitudes of the shocks and the time windows considered (ranging from minutes to years).
They remain almost constant for a few hours after the strong shock and then decrease with
time logarithmically. Strong earthquakes (with Mw ≥ 6.0) mainly occurred within two or three
months of the strong shock. The frequency gains vary from about 10 000 for very short time
intervals to less than 10 for a time interval of 2 yr. Only about 1/3 of main shocks were preceded
by at least a strong shock in the previous day and about 1/2 in the previous month.
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I N T RO D U C T I O N

It is well known that seismic shocks tend to cluster in time and
space (Mulargia & Geller 2003; Kagan 2014). In the days, weeks
and months after the main shock the rate of smaller shocks (called
aftershocks) in the same area (usually within a radius of some tens
of km from the main shock for a moderate magnitude earthquake)
is definitely higher than before the main shock. The aftershock rate
typically decays with time following an empirical power law first
observed by Omori (1894), but also other models of aftershock
decay have been proposed in the literature (e.g. Kisslinger 1993;
Narteau et al. 2003; Lolli et al. 2011).

Even before the main shock, rates of shocks higher than the long-
term average are sometimes observed. Seismic clustering was also
observed at longer times (of the order of years and tens of years)
and longer distances (of the order of hundreds or thousands of km;
e.g. Kagan & Jackson 1991; Mulargia & Geller 2003; Marzocchi &
Lombardi 2008, 2009a; Parsons et al. 2015).

The physical reasons of seismic clustering are not yet fully un-
derstood but in general they are related to stress state variations
within the solid earth (Dieterich 1994). Each shock modifies this
state and may then trigger the occurrence of other shocks. This
approach is the basis of the Epidemic Type Aftershock Sequence

model (Ogata 1988) where each shock that occurred is assumed
to contribute to the triggering of the following shocks, depending
on its size (magnitude) and on the closeness in time and space to
the triggered shocks (Console & Murru 2001; Console et al. 2003;
Marzocchi & Lombardi 2009b).

Various computational strategies based on preceding seismicity
have been proved to forecast main shocks better than the purely
random (Poissonian) occurrence assumption (Jordan et al. 2011).
It is generally thought that the occurrence of strong shocks in a
previously quiet area increases the probability of occurrence of a
destructive shock by some orders of magnitude but this evidence
is difficult to use for practical forecasts because the probabilities
of occurrence usually remain of the order of few percent at most
(Jordan et al. 2011, 2014). Another difficulty is related to the delay
between the issuing of the forecast and its public diffusion to the
population by the media. Hence, the shortest-term forecasts are
usually issued on a daily basis (e.g. Marzocchi & Lombardi 2009b).
This leaves open the problem of what to do in the minutes or hours
just after the occurrence of a strong shock before a warning message
is issued by civil protection services.

The occurrence of a strong non-destructive seismic shock fright-
ens the population, and they usually escape outdoors even during
the shock (although this is not recommended by seismic engineers)
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and wait for a certain amount of time before returning indoors.
Although this practice is widespread, a precise policy on what to
do in these situations has not been established yet, particularly
concerning the time to stay outside in order to reduce the risk of be-
ing involved in building collapse owing to a successive destructive
shock.

If the persons feeling the shock are located close to the epicentre,
the magnitude of the strong shock might be roughly estimated by the
observed macroseismic effects. According to common relationships
between magnitude and epicentral intensity (I0) estimated for Italy
(e.g. Gasperini 2004), a shock with Mw = 4.0 about corresponds to
I0 = IV–V, which means that the shock was felt at the epicentre by
most and no damage to buildings occurred, while a shock with Mw

= 4.5 about corresponds to I0 = V–VI, which means that the shock
was felt by all with fear and only slight damage to buildings may
have occurred (Sieberg 1931; Grünthal 1998).

Accordingly, a shock with Mw = 5.0 corresponds on average
to I0 = VII (slight to moderate damage to buildings depending
on their robustness), a shock with Mw = 5.5 corresponds to I0 =
VIII (heavy damage with few collapses) and a shock with Mw =
6.0 corresponds to I0 = IX (very heavy damage with widespread
collapses of weak buildings). Casualties and injuries are usually
possible but infrequent for Mw = 5.0, likely for Mw = 5.5 and
almost certain for Mw = 6.0.

We analyse the Italian seismicity from 1960 to 2014 as reported
by a seismic catalogue homogenized in terms of Mw (Gasperini
et al. 2013; Lolli et al., in preparation) to estimate the relative
frequencies with which strong shocks were actually followed by
destructive shocks in the same area (within a radius of some tens
of km from the epicentre of the strong shock) and within vari-
ous successive time intervals. Assuming the stationarity of seismic
generation properties, such frequencies correspond to approximate
estimates of the probabilities (e.g. Kalbfleish 1985) of future po-
tentially destructive shocks. These probabilities do not depend on
the assumption of any seismic occurrence model but only on the
hypothesis of the stationarity of seismic release properties at the
Italian scale. Similar analyses with different procedures have been
proposed in the past by Jones (1984, 1985, 1995) and Agnew &
Jones (1991) in Southern California, Savage & De Polo (1993) in
Great Basin, Nevada, and by Grandori et al. (1988) and Di Luccio
et al. (1993, 1997, 1999) in Italy.

We define as ‘strong’ a shock that is widely felt by the population
in the epicentral area but usually without significant damage to
the buildings. In the following we will consider them within two
different magnitude ranges: (1) 4.0 ≤ Mw < 4.5 and (2) 4.5 ≤ Mw

< 5.0. According to the correspondences with epicentral intensity
mentioned above, the former range corresponds to a shock that
usually does not produce any damage to buildings while the latter
to a shock that may sometimes produce some moderate damage but
very likely does not threaten the lives of the people staying inside or
close to the buildings. We must note that, based on the Gutenberg
& Richter (1944) law (with b ≈ 1), about 2/3 (64 per cent) of the
shocks within 0.5 units wide intervals (4.0–4.5 and 4.5–5.0) have
a magnitude closer to the lower bounds (4.0 and 4.5, respectively)
than to the upper bounds (4.5 and 5.0).

We define the target potentially destructive main shocks as those
exceeding thresholds Mw ≥ 5.0, Mw ≥ 5.5 and Mw ≥ 6.0. Larger
thresholds cannot be investigated because only one shock with
Mw ≥ 6.5 (1980, Mw = 6.8, Irpinia earthquake) did occur dur-
ing the 55 yr time interval covered by our seismic catalogue. We
consider as well spatial ranges �r from the epicentre of the strong
shock of 20, 30 and 50 km.

H O M O G E N I Z E D C ATA L O G U E O F
I TA L I A N I N S T RU M E N TA L S E I S M I C I T Y
F RO M 1 9 6 0 T O 2 0 1 4

For the time interval from 1981 to 2014, we go with Gasperini
et al. (2013) who used general orthogonal regressions (GORs;
Fuller 1987; Stromeyer et al. 2004; Castellaro et al. 2006) to de-
rive conversion equations from various types of local magnitude
definitions to moment magnitude Mw. We also include in the cata-
logue real Mw magnitudes from an integrated data set compiled by
Gasperini et al. (2012) based on Moment Tensor solutions avail-
able for Italy from various sources: the Global Centroid Moment
Tensor catalogue (Dziewoński et al. 1981; Ekström et al. 2012), the
National Earthquake Information Center (NEIC) Moment Tensor
catalogue (Sipkin 1982, 1994), the European–Mediterranean Re-
gional Centroid Moment Tensor catalogue (Pondrelli et al. 2006,
2011), the Eidgenössische Technische Hochschule Zürich (ETHZ)
Moment Tensor catalogue (Braunmiller et al. 2002) and the Time
Domain Moment Tensor catalogue of the Istituto Nazionale di
Geofisica e Vulcanologia (INGV, formerly known as ING; Scog-
namiglio et al. 2009). The preferred sources of the hypocentral
parameters we used here, from 1981 to 1996, the Catalogo Stru-
mentale dei Terremoti Italiani (CSTI) Version 1.1 (CSTI Working
Group 2005); from 1997 to 2002, the Catalogo della Sismicità Ital-
iana (CSI) Version 1.1 (Castello et al. 2007); from 2003 to 15
April 2005, the Bollettino Sismico Italiano (BSI) of the INGV; and
from 16 April 2005 to 2014 the ISIDe Bulletin of INGV (Am-
ato et al. 2006). The resulting data set contains 245 405 events,
218 526 of which have an Mw magnitude estimate (real or proxy)
with a related error. Such data set has been found by Gasperini
et al. (2013) to be reasonably complete from 1981 to 2010 for
Mw ≥ 3.

For the time interval from 1960 to 1980, we use a preliminary
version of a data set mainly based on the Catalogo del Progetto
Finalizzato Geodinamica (PFG; Postpischl 1985) and integrated
with locations from the bulletins of the ING and of the International
Seismological Center (ISC). We also integrate magnitudes with
data of two couples of Wood–Anderson seismometers (Anderson
& Wood 1925), operating in Italy in the 1970s and 1980s at the
Trieste (TRI) and Roma Monte Porzio (RMP) stations, which we
derived from a careful scrutiny of paper bulletins of the Osservatorio
Geofisico Sperimentale (OGS, now known as INOGS) and ING
by Lolli et al. (in preparation). Magnitudes provided by the PFG
catalogue and other data sources are calibrated with respect to Mw

by GORs similar to those used by Gasperini et al. (2013). The final
data set contains 8754 events, 5455 of which have an Mw magnitude
estimate with a related error.

The analysis of the frequency-magnitude distribution (Gutenberg
& Richter 1944) of this portion of the catalogue (Fig. 1) indicates an
acceptable completeness for Mw ≥ 4.0. Then we can take as com-
plete the entire catalogue from 1960 to 2014 for Mw ≥ 4.0. Such
completeness threshold might eventually increase in the periods
immediately following main shocks owing to the difficulty of locat-
ing aftershocks due to the superposition of the waveform recorded
at seismic stations. However, our analyses are scarcely influenced
by this incompleteness as we focus on the periods preceding main
shocks.

As intermediate and deep earthquakes are known to have different
occurrence properties with respect to shallower ones, we exclude
from our analysis all shocks with depth h > 50 km. In summary,
the data set with Mw ≥ 4.0 we use for our analyses includes in all
1613 shocks from 1960 to 2014 (Table 1).
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Figure 1. Cumulative (red dots) and non-cumulative (black circles) frequency–magnitude distribution (Gutenberg & Richter 1944) for the integrated and
homogenized catalogue of Italian earthquakes from 1960 to 1980.

Table 1. Number of shocks in the data set as a function
of Mw.

Magnitude class N

Mw ≥ 4.0 1613
Mw ≥ 4.5 476
Mw ≥ 5.0 121
Mw ≥ 5.5 35
Mw ≥ 6.0 7
Mw ≥ 6.5 1

For prospective use of our analyses, ML magnitudes provided in
near real-time by the ISIDe bulletin of INGV can be converted to
Mw, according to Gasperini et al. (2013), by the equation

Mw = 1.066 ML − 0.164 (1)

with the related error given by the equation

σMw =
√

ML2 · 0.0312 + 0.1272 − 2ML · 0.0038 + 1.0662 · 0.182.

(2)

This means that the error slightly increases from about 0.18 m.u.
of ISIDe ML to about 0.20 m.u. of the Mw proxy.

R E S U LT S

We compute the time-dependent relative frequency fd with which
strong shocks were followed by main shocks as

fd = n

N
(3)

where n is the number of strong shocks followed by at least a
main shock within a time interval �t and within a distance range
�r, and N is the total number of strong shocks in the catalogue.
Assuming the stationarity of earthquake occurrence properties, this
is an approximate estimate of the probability that a future strong
shock is followed by a main shock within given time intervals.

We also compute for comparison the time-independent relative
frequency fi with which strong shocks occurred within a spatial

range �r from any main shock in the catalogue and within any time
window �t as

fi = k

N

�t

�ttot
, (4)

where k is the number of strong shocks within a range �r from
any main shock which occurred over the entire time window �ttot

covered by the catalogue (55 yr).
We exclude from such counts strong shocks which occurred

within a time window �t at the end of the catalogue as they might
have been followed by main shocks occurring after the ending date
(2014 December 31).

The ratio

g = fd

fi
(5)

corresponds to the relative frequency gain after the occurrence of a
strong shock within the given time window.

We also compute the relative frequency fm with which main
shocks were preceded by strong shocks as

fm = m

M
, (6)

where m is the number of main shocks preceded by at least a strong
shock within a time interval �t and a distance range �r, and M
is the total number of main shocks in the catalogue. In this case
we exclude from the counts main shocks that eventually occurred
within a time window �t at the beginning of the catalogue as they
might have been preceded by strong shocks that occurred before the
starting date (1960 January 1).

In Fig. 2, top panel, we display the relative frequencies fd of
strong shocks with 4.0 ≤ Mw < 4.5 followed by main shocks. For
main shocks with Mw ≥ 6.0 (red), the frequencies are lower than
1 per cent for any time window �t after the strong shock. Note that
these about correspond to the probability of the Mw = 6.3 L’Aquila
earthquake of 2009 April 6 after a strong shock with Mw = 4.4
occurred about a week before on 2009 March 30.

For main shocks with Mw ≥ 5.0 (blue) and Mw ≥ 5.5 (green),
relative frequencies show a logarithmically increasing trend with
the duration �t of the time window that becomes slightly steeper,
starting from a �t of one day. The frequencies within one day are
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Figure 2. Top: relative frequencies of strong shocks with 4.0 ≤ Mw < 4.5
that have been followed, within a distance �r = 20 (dashed), 30 (solid) and
50 (dotted) km, by main shocks with Mw ≥ 5.0 (blue), Mw ≥ 5.5 (green) and
Mw ≥ 6.0 (red) as a function of the time window �t before the main shock.
Bottom: relative frequencies of main shocks with Mw ≥ 5.0 (blue), Mw ≥
5.5 (green) and Mw ≥ 6.0 (red) that have been preceded, within a distance
�r = 20 (dashed), 30 (solid) and 50 (dotted) km, by a strong shock with 4.0
≤ Mw < 4.5, as a function of the time window �t after the strong shock.

about 5 per cent for a main shock with Mw ≥ 5.0 and about 2 per cent
for Mw ≥ 5.5; for the longest time window of 2 yr they range from
7 per cent to 12 per cent and from 15 per cent to 22 per cent,
respectively. The differences between the various spatial ranges we
tested, 20 (dashed), 30 (solid) and 50 (dotted) km, are very small
for Mw ≥ 6.0 and relatively small at short time windows for the
other two magnitude thresholds. The maximum difference, for the
longest time window of 2 yr, is of the order of 3 per cent.

In Fig. 2, bottom panel, the relative frequencies of main shocks
preceded by strong shocks with 4.0 ≤ Mw < 4.5 within given time
and space windows are reported. They show a relatively low vari-
ability with the spatial range �r and with the magnitude of the
main shock. Only 20 per cent of main shocks with Mw ≥ 5.0 and
25 per cent with Mw ≥ 5.5 have been actually preceded by strong
shocks with 4.0 ≤ Mw < 4.5 on the previous day. For main shocks
with Mw ≥ 6.0 the relative frequency of the previous day is higher but
still lower than 50 per cent (about 43 per cent). Considering a time
window of one month, relative frequencies range from 37 per cent
for Mw ≥ 5.0 to 57 per cent for Mw ≥ 6.0. For the longest time
window of 2 yr, the frequencies range between 50 per cent and
70 per cent. The differences between various spatial ranges are gen-

Figure 3. Same as Fig. 2 for strong shocks with 4.5 ≤ Mw < 5.0.

erally small and become of the order of 5 per cent only for the
longest time windows.

Fig. 3 shows the results of the same computations for strong
shocks with 4.5 ≤ Mw < 5.0. With respect to the previous case, we
can note a general increase in the relative frequency of strong shocks
followed by main shocks (top) and a decrease in the frequency of
main shocks preceded by strong shock (bottom).

For a �t of one day, the relative frequencies of strong shocks with
4.0 ≤ Mw < 4.5 followed by main shocks are about 7 per cent for
Mw ≥ 5.0, 4 per cent for Mw ≥ 5.5 and 0.5 per cent Mw ≥ 6.0. For
the latter magnitude threshold we can note a clear increase in the
frequency from about 1 per cent to 4 per cent for �t going from 7 d
to 3 months. The frequencies for a time window of 1 month are of
the order of 14 per cent for Mw ≥ 5.0, 9 per cent for Mw ≥ 5.5 and
2 per cent for Mw ≥ 6.0. For the longest windows of 2 yr, they are
of the order of 22 per cent, 13 per cent and 4 per cent, respectively.
Relative frequencies for other time windows �t for the spatial range
�r = 30 km are reported in Table 2.

A direct comparison between the two foreshock definitions is
shown in Fig. 4 where the relative frequency gains (ratios between
the time-dependent and time-independent relative frequencies) are
displayed. For strong shocks with 4.0 ≤ Mw < 4.5 (top), the gains
range from about 10 000 for the shortest �t (of the order of minutes
to hours) to less than 10 for the longest �t (1 or 2 yr). In particular,
for main shocks with Mw ≥ 6.0, the relative frequency gain for
the longest interval becomes close to 1, thus indicating a time-
dependent relative frequency almost reaching the time-independent
one. We note the peculiar case of the curves for Mw ≥ 5.0 (blue)
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Table 2. Relative frequencies fd of strong shocks followed by main shocks within �r = 30 km and various �t.

Strong shock 4.0 ≤ Mw < 4.5 4.5 ≤ Mw < 5.0
Main shock Mw ≥ 5.0 Mw ≥ 5.5 Mw ≥ 6.0 Mw ≥ 5.0 Mw ≥ 5.5 Mw ≥ 6.0

�t = 15 min 0.1% 0.1% 0.1% 1.7% 1.1% 0.3%
�t = 1 hr 1.2% 0.3% 0.1% 2.0% 1.1% 0.3%
�t = 6 hr 3.3% 1.5% 0.3% 5.1% 2.5% 0.6%
�t = 1 d 4.8% 1.9% 0.3% 7.6% 4.5% 0.6%
�t = 3 d 7.6% 3.7% 0.3% 9.9% 5.4% 0.6%
�t = 7 d 8.9% 4.1% 0.4% 11.4% 6.0% 0.9%
�t = 1 month 10.5% 6.3% 0.5% 14.2% 9.7% 2.3%
�t = 3 months 12.7% 6.9% 0.8% 16.8% 10.5% 4.0%
�t = 6 months 15.2% 8.3% 0.8% 18.2% 11.1% 4.0%
�t = 1 yr 16.1% 8.7% 0.8% 18.9% 11.7% 4.3%
�t = 2 yr 18.5% 9.4% 0.9% 21.4% 12.8% 4.4%

Figure 4. Frequency gain for the occurrence of main shocks within given
space (�r) and time (�t) windows after the occurrence of strong shocks
with 4.0 ≤ Mw < 4.5 (top) or 4.5 ≤ Mw < 5.0 (bottom).

that are not monotonically decreasing at short �t’s. This could
suggest the existence of some sort of incompleteness for this class
of strong shocks as, particularly in the earliest times of the catalogue,
a strong shock of this class might have been masked by an almost
simultaneous shock with a larger magnitude.

For strong shocks with 4.5 ≤ Mw < 5.0 (bottom), the frequency
gains are generally larger and less differentiated than for the mag-
nitude range 4.0 ≤ Mw < 4.5 and, for all the three main shock
thresholds, they are monotonically decreasing even at short �t.

Figure 5. Relative frequencies of strong shocks with 4.0 ≤ Mw < 4.5 (top)
and 4.5 ≤ Mw < 5.0 (bottom) that have been followed, within a distance
�r = 30 km, by main shocks with Mw ≥ 5.0 (blue), Mw ≥ 5.5 (green) and
Mw ≥ 6.0 (red) as a function of the time window �t before the main shock,
in different time intervals: 1960–1989 (dotted), 1990–2014 (dashed) and
1960–2014 (solid).

As relative frequencies, for both definitions of strong shock, show
a scarce dependence on the spatial range �r, in the following we
will only consider the intermediate range �r = 30 km.

In Fig. 5, we test the stability with time of relative frequencies
of strong shocks followed by main shocks by comparing the results
obtained over the entire time interval from 1960 to 2014 covered by
our catalogue (solid lines) with those obtained within two disjointed
time intervals from 1960 to 1989 (dotted) and from 1990 to 2014
(dashed). The choice of the dividing epoch was suggested by the
fact that since 1990 the quality of the Italian National Seismic
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Figure 6. Relative frequencies of main shocks with Mw ≥ 5.0 (blue), Mw ≥
5.5 (green) and Mw ≥ 6.0 (red) that have been preceded, within a distance
�r = 30 km, by a strong shock with 4.0 ≤ Mw < 4.5 (top) and 4.5 ≤ Mw

< 5.0 (bottom), as a function of the time window �t after the strong shock,
in different time intervals: 1960–1989 (dotted), 1990–2014 (dashed) and
1960–2014 (solid).

Network of INGV improved significantly as testified to, for example,
by the decrease of the completeness threshold from about Mw =
3.0 to Mw = 2.5 (Gasperini et al. 2013). Relative frequencies for
strong shocks with 4.0 ≤ Mw < 4.5 are slightly higher in the most
recent period (1990–2014, dashed) with respect to the preceding
one (1960–1989, dotted), but for both periods they are substantially
consistent with those computed for the entire time interval (1960–
2014, solid). For strong shocks with 4.5 ≤ Mw < 5.0, we observe
a substantial stability for main shocks with Mw ≥ 5.0 and Mw ≥
5.5, whereas for main shocks with Mw ≥ 6.0 we can note definitely
higher frequencies at long �t for the antecedent time interval with
respect to the subsequent one. This inconsistency might be due to
the chance, owing to the very low number (2) of main shocks with
Mw ≥ 6.0 in the most recent time interval from 1990 to 2014.

The same stability analysis is shown in Fig. 6 for relative frequen-
cies of main shocks preceded by strong shocks. Relative frequencies
are generally higher in the most recent period for strong shocks with
4.0 ≤ Mw < 4.5 and in the antecedent one for strong shocks with
4.5 ≤ Mw < 5.0. Note the peculiar behaviour, for strong shocks
with 4.0 ≤ Mw < 4.5 (Fig. 6 top) in the most recent period, of the
frequencies for the largest magnitude class of main shocks (Mw ≥
6.0, red dashed) that reaches 100 per cent starting from �t = 6 hr as
the two main shocks with Mw ≥ 6.0 occurred in Italy since 1990 (on

2009 April 6, Mw = 6.3 in L’Aquila and 2012 May 20, Mw = 6.1
in Emilia) have been preceded a few hours before by strong shocks
with Mw = 4.4 and Mw = 4.3, respectively. We can see as well that
for strong shocks with 4.5 ≤ Mw < 5.0 (Fig. 6 bottom) in the most
recent period, relative frequencies for main shocks with Mw ≥ 6.0
(red dashed) are zero up to about �t = 1 yr when they become
50 per cent, as only one of the two main shocks (Emilia) has been
preceded by a strong shock (with Mw = 4.8) about 8 months before
(on 2011 July 17).

The computations shown above only represent ‘static’ pictures
taken just at the time of occurrence of the strong shock. However,
as the time flows after the strong shock, relative frequencies vary
with time and, if a main shock actually does not occur, progressively
decrease towards the long time average (time-independent). In the
following, we show the behaviour of relative frequencies of strong
shocks followed by main shocks computed over time windows �t
that start, rather than at the time of the strong shock, at successive
times after it, under the condition that no main shocks have occurred
in the meantime.

For varying tstart, we compute

fd (tstart) = n (tstart)

N (tstart)
, (7)

where n(tstart) is the number of strong shocks followed by at least a
main shock within a spatial range �r and within a time interval of
length �t starting at tstart, and N (tstart) is the number of all strong
shocks considered in the analysis for each tstart. The variation of tstart

terminates if a main shock occurs within the time window.
Fig. 7 shows the result of such computations for strong shocks

with 4.0 ≤ Mw < 4.5. Each curve represents the time evolution of
the relative frequency for a given time window �t as a function of
the start time tstart of the window.

We can note that for main shocks with Mw ≥ 5.0 (top) and Mw

≥ 5.5 (middle), the relative frequencies remain rather constant and
close to the initial values (tstart = 0) for about 40 and 80 min,
respectively, after the main shock then they start to decrease loga-
rithmically at an almost constant rate of about 0.7–1.0 per cent for
each doubling of tstart. For main shocks with Mw ≥ 6.0 (bottom),
the behaviour is rather irregular owing to the scarce number of data
but we can note a clear decrease of 0.1 per cent for most curves a
few minutes after the strong shock and a further decrease of about
0.2 per cent after about 5 hr. For almost all �t’s, relative frequencies
decrease below 0.1 per cent two or three months after the strong
shock.

In Fig. 8, showing the same computations for strong shocks with
4.5 ≤ Mw < 5.0, we can see similar behaviours for main shocks with
Mw ≥ 5.0 (top) and Mw ≥ 5.5 (middle), whereas, for main shocks
with Mw ≥ 6.0 (bottom), relative frequencies remain in most cases
rather constant for some days after the strong shocks when they start
to decrease quickly. Even in this case relative frequencies go below
0.1–0.2 per cent two to three months after the strong shock.

C O N C LU S I O N S

We analysed a homogenized catalogue of Italian seismicity from
1960 to 2014 to compute the relative frequencies with which strong
shocks widely felt by the population were followed in the same area
by main shocks threatening the goods and the lives of the inhab-
itants. Under the assumption of stationarity of the seismic release
properties, such frequencies are approximate estimates of the prob-
abilities of occurrence of main shocks after the occurrence of future
strong shocks. The accuracy of such approximation was evaluated
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Figure 7. Evolution of relative frequencies of strong shocks with 4.0 ≤ Mw < 4.5 that have been followed by main shocks with Mw ≥ 5.0 (top), Mw ≥ 5.5
(middle) and Mw ≥ 6.0 (bottom), within a distance �r = 30 km and within different time windows �t starting at times tstart after the strong shock, on condition
that before tstart no main shocks have occurred.
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Figure 8. Same as Fig. 7 for strong shocks with 4.5 ≤ Mw < 5.0.

by the separate analysis over two disjointed time intervals (before
and after the beginning of 1990) showing a substantial stability of
relative frequencies excepting the largest class of main shocks con-
sidered (Mw ≥ 6.0). The latter instability can be justified by the low

number of main shocks of such magnitude class which occurred in
Italy since 1990 (only 2).

Our analysis indicates that the occurrence of a strong shock
greatly increases the probability of occurrence of a potentially
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destructive main shock with respect to quiet periods by a factor
(probability gain) of about 10 000 or more that. Then, as time goes
by, it decreases logarithmically down to less than a factor of 10 for
time windows of months or years.

The probability of a very large main shock (Mw ≥ 6.0) is gen-
erally lower than 1 per cent except from about one month after a
strong shock with 4.5 ≤ Mw < 5.0 when it becomes of the order of
4 per cent, but it decreases well below 1 per cent about two or three
months after the strong shock if the main shock did not actually
occur in the meantime.

Just after the occurrence of a strong shock, the probability of
main shocks with Mw ≥ 5.0 and Mw ≥ 5.5 within one day range
from 5 per cent to 2 per cent and within one month from 14 per cent
to 6 per cent. They remain quite stable for about one hour after the
strong shock and then start to decrease logarithmically at a rate of
about 1 per cent for each doubling of the time elapsed from the
strong shock.

Only about 30 per cent of main shocks have been preceded by
strong shocks within one day, about 50 per cent within one month
and about 60 per cent within 1 yr. This means that about half of
all main shocks were not preceded by any precursory shock within
reasonable time windows.
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