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Abstract. Often in nature the temporal distribution of inho- pirical Omori law Omori, 1895; ii) the logarithm of the
mogeneous stochastic point processes can be modeled asnamber of earthquakes with magnitude above a given thresh-
realization of renewal Poisson processes with a variable rateold m behaves as-bm with b constant (Gutenberg-Richter’'s
Here we investigate one of the classical examples, namelyaw, Gutenberg and Richtet944); iii) the epicentres within

the temporal distribution of earthquakes. We show that thisa seismic region follow a fractal distributionTyrcotte
process strongly departs from a Poisson statistics for bot1993. The Omori law describes the frequency of occur-
catalogue and sequence data sets. This indicate the presen@mce of the aftershocks that releases an energy considerably
of correlations in the system probably related to the stressingreater than the mean of the similar events that are randomly
perturbation characterizing the seismicity in the area underecorded in a given geological domain.

analysis. As shown by this analysis, the catalogues, at vari- Analyzing a catalogue of Californian seismic events in the
ance with sequences, show common statistical properties. period 1984—-200®ak et al.(2002 found that the different
statistics seems to be unified in a single scaling law. This is
seen considering both spatial and time dependence. In partic-
ular authors found no operational difference that might lead
to distinguish between aftershocks and major earthquakes.

Seismic events are very complex spatio-temporal phenomen§tafting f_rom the Bak results the unified scaling Iaw was de-
(see e.gTurcotte 1993 Sornette1999 Bak et al, 2002 and veloped in some other work€6rral 2003 2004 Saichev
references therein). Seismic catalogues, reporting informa@nd Sornettel89y.

tions about spatio-temporal distribution of the main shocks, Later articles pavidsen and Golt22004 Carbone et al.

are nowaday available for many seismic areas in the world2009 lead to the conclusions that the universality claimed
Very often major events mark the beginning of a series ofPy Bak et al.(2002 is not valid. In particularCarbone
earthquakes (aftershocks) whose frequency and energy afd al- (2009, selecting and analyzing some different se-
meanly decreasing in time down to the background level ofduences of aftershocks independently from the usual cata-
activity. In some cases, main shocks are also preceded bgpgues, .foun(_j that the pr_obab|I|ty dlstrlput|on for the inter-
minor earthquakes (foreshocks). Earthquakes sequence ctVents times is well described bgiy functions. On the base
alogues, restricted to single main shocks-aftershocks serie§f this relation it results that the seismic events occurrence
show that both foreshocks and aftershocks are generally weff@ttern significantly departs from a Poissonian distribution.
space-correlated with sources being distributed along or neafVhile this results were confirmed in some other works (see
the same fractured surface of the main shock. Seismic cate-9- Shcherbakov et 312004 2005) the same conclusions
alogues and sequences are complete only above a threshdiié Not so evident when general seismic catalogues are ana-
magnitude that depends primarily on the characteristics andvzed. Thus more refined statistical analysis are requested to

1 Introduction

Earthquakes are in general statistically characterized byharacterize the time distribution of main shocks. _
three empirical laws: i) calm intervals between succes- ~ Studies and modelizations of the inter-events times

a>1), commonly explained in the framework of the em- (Shcherbakov et al2004 2005; Lippiello et al, 2007). In
this paper we apply a method introduced some years ago in

) cosmology Bi et al, 1989 and used more recently in the
Correspondence toA. Vecchio contex of solar flared epreti et al, 2001) and paleomagnetic
m (vecchio@fis.unical.it) reversal Carbone et a] 2006 Sorriso-Valvo et a|.2007), to
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Fig. 1. The ten data set used for the analysis. The upper block corresponds to the catalogue data sets, the lower one refers to the sequence:
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Fig. 2. Probability distribution functions (k) of the stochastic variableé and corresponding surviving functiom®(h>H) for all the
empirical datasets (seismic catalogues panels a, b and aftershocks sequences panels ¢, d). The theoretical probability expected under
Poisson statistics is also shown.

characterize the time clustering of major earthquakes and afs,, — { li-1—1ti-2 if o =t —tiq )
tershocks. liy2 —tiy1 if 5t; = liv1— 14

3t; andst; are then two interevents times following or pre-
ceding a given earthquakerat

Let us suppose thatéy; and §r; are indepen-
Looking at the earthquakes as a temporal point process wéently distributed with probability densities given by
can consider the sequence of time intervals between two sud2(8:)=2; exp(—24;6#;) and p(3t;)=A; exp(—A;é7;). In
cessive events: (waiting times or interevents times) as a this case it can be easily shown that the distributiorh of
function of the earthquake occurrence timmeWe can test does not depend on the local event rgte
whether the waiting time sequence is consistent with a time Indeed, defining the surviving function of the probability
varying Poisson process without any a priori assumption ordistribution function
instead, correlations are present in the system leading to clus-
tering of the events. Starting from the waiting times sequence
we introduce the stochastic variatdlehat simply represents
the suitably normalized local time between earthquakes

2 Data analysis and results

P(th):/ P(h)dh =
H

00 g(x,H)
28t = / deAe_ZM/ dyre™ =1—H 4
hi(8t;, 87;) = m ) 1) 0 0
! b _ where P (h) is the probability distribution function of
wheredr; andét; are defined as andg(x, h) = 2x [%—1]. This means that, under hypothe-
8t = min{tiy1 — t;, t; — ti—1} (2) sis that the events are locally distributed according to Poisson
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Table 1. Probabilities calculated using the Kolmogorov-Smirnov 1.0
test. Small values of probability show that the cumulative distri-
bution function of data is significantly different from the uniform 081 ]
one. .
events number  probability E 0.6 L \ ]
Catalogues N
AP 4250 1021 = 0.4 AW 1
CA 23886 1019 A * \)
UM 12562 1035
MO 2541 10 02¢ v
ME 1313 10°° Y
JP 2296 1010 0.0 | | | | 8
Sequences 0.0 0.2 0.4 0.6 0.8 1.0
PL 890  7.1073 H
FR 477 41073
UM 1619 101 Fig. 3. Surviving functionsP (h> H) for the two data sets extracted
BE 1056 4 102 from the FR sequence. The theoretical probability expected under a

Poisson statistics is also shown.

statistics, the variablé is uniformly distributed between 0  Southern California Eartquake data Center, 1984—2002), the
and 1. In a process wheée; are sistematically smaller than NIED Catalogue of Japan and surroundings (set JP, from
261;, clusters are present and the average valuei®freater  National Research Institute for Earth Science and Disaster
than /2. On the contrary, when the process is characterizegrevention of Japan (NIED) seismic moment tensor (MT)
by the presence of voids, the average valug of less than  catalogue, 1984-1998), the Catalogue of Eastern Mediter-
1/2. Thus, the test can give information on the presence ofinean based on the NEIC data locations (set ME, from USGS
correlations in the system, and allows a quantitative descripNational Earthquake Information Center, 1973-2002) and
tion of clustering properties of the events. a global catalogue based on Harvard CMT solutions (set
We apply the test decribed above on several different datWR, from Centroid Moment Tensor catalog-Harvard (CMT),
sets from both general earthquakes catalogues and aftet:984—2002).
shocks sequences (see Fig. 1). Regarding the sequences, than Fig. 2 the probability distribution function® (k) are
analized data are relative to Italy, where we have a knowl-shown for all the datasets from earthquakes catalogues (panel
edge of the tectonic settings of the areas and their seismig) and aftershocks sequences (panel c). In the same figure the
history. In detail, the general catalogue of the peninsular |ta|ycorresponding surviving function®(h>H) are represented
was extracted from the “ING-GNDT Gruppo di lavoro Cat- in panels b,d for the general catalogues and sequences data
alogo Strumentale” (2001) catalog and refers to the periodsets respectively. A significant deviation from the uniform
1985-1996 period, at latitudes between 37.5 and 44.5N (sedistribution can clearly be observed for all the datasets. A
AP). We also selected the sequence localized on the westeolmogorov-Smirnov (KS) test applied to the distributions
slope of the Pollino chain at the border between Calabria an¢onfirms that the uniform distribution is not compatible with
Basilicata (southern Italy) during the period 1998-1999 (setthe data, and must be rejected (the significance level of the
PL (Guerra et al.2009) and the Friuli Catalogues (north- KS test being smaller than.®% for all datasets, see Ta-
east Italy) during about one year from 1976 to 1977 (set FRple 1). Starting from the general catalogue data sets, we anal-
curtesy by D. Slejko, INOGS-Trieste). The sequence indi-ize more in detail the properties of the probability functions
cated as BE, covering about one year from 1997 to 1998, isp(h) and the correspondig surviving functiod&(h>H).
extracted by the CSI catalogue and refers to the Benevent¥he P (1) are characterized by a typical shape, being roughly
area (south ltaly). For many seismological aspects,Ang.  constant for &/ <1 and showing two peaks arouhe:0 and
tonioli etal.(2009, the seismic area of Umbria-Marche (cen- p~1. As a consequence, the situation in which long waiting
tral Italy) and surroundings is of particular interest. For this times are followed by short waiting times (or viceversa, since
area, the catalog in the period 1981-1996 at latitudes 41.5this analysis is not able to distinguish the two cases) is highly
44.5N and the sequence in the period 19971998 were andrequent in the catalogue data. Moreover, this indicates that
lyzed (sets UM). clusters are not present in the earthquakes waiting times ex-
To verify the reliability of our analysis we enlarge the data tract from catalogues. This is probably due to the short tem-
sets with the catalog of Southern California (set CA, from poral span (few decades) of catalogues with respect to the
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characteristic clustering time. In fact a qualitative analysis ofpore-fluid flow (seeAntonioli et al, 2005 and references
CPTI (Parametric Catalogue of the Italian earthquakes, 217herein). The properties of the catalogues data sets seem
B.C.—2002) shows a succession of intervals of low and highto be very similar among them with a slight but significant
seismic activity on time scales of the order of 100 years.  deviation for California. The non-poissonian character
As for the P(h), the P(h>H) behaviors are similar for is mainly due to alternating long-short intervals between
all the data sets. However th&(h>H) departure from the successive records. The sequences data sets, instead, show a
uniform theoretical surviving function is less evident for the more regular deviation from a Poisson process. In particular,
California data set with respect the other curves (Fig. 2b).two sequences data show clustering probably related to the
This result is in agreement witBarbone et ak2005, where  peculiar aspects of the stress field in the corresponding areas.
California catalogue was shown to own peculiar statistical
properties in comparison with other catalogues. Edited by: R. Vautard
Now we turn our attention to the data sets extracted fromReviewed by: two anonymous referees
the seismic sequences. While the PL and/Bf&) show a be-
havior similar to the catalogues density functions, with peaks
at h~0 andh~1, the FR and UMP (k) shapes appear quite
different. In these cases tligh) departure from the uniform

dlstr_lbut|on takes P'ac,e in a more regular way (Fig. 2, p":lm"’IAntonioli, A., Piccinini, D., Chiaraluce, L., and Cocco, M.: Fluid
¢) with a progressive increase #f(h) away from/~0 and flow and seismicity pattern: Evidence from the 1997 Umbria-

h~1. This is an indication of presence of clusters. The clus- Marche (central Italy) seismic sequence, Geophys. Res. Lett., 32,
ters in the UM and FR sequences are evident also looking 110311, doi:10.1029/2004GL022256, 2005.

at the corresponding data sets (see Fig. 1). On the contrarBak, P., Christensen, K., Danon, L., and Scanlon, T.: Unified Scal-
the temporal behavior of the PL and BE records appear to be ing Law for Earthquakes, Phys. Rev. Lett., 88, 178501, doi:
more similar to the catalogues ones. The peculiar character- 10.1103/PhysRevLett.88.178501, 2002.

istic common to the UM and FR data sets is the presence oBi; _H., Boerner, G., and Chu, Y.: Correlations in the absorption
multiple main events into the analyzed sequence. In fact, the lines of the quasar Q0420-388, Astron. Astrophys. Letters, 218,
UM data set shows six major earthquakes with magnitudesC 19-23, 1989.

greater than 5 and two earthquakes with magnitude above thear_bone, Ve SOfI’ISO-Valvpf L. Harabaglla, P, aqd Guerra, I.: Uni-
fied scaling law for waiting times between seismic events, Eu-

same threshold can be recognized in the FR sequence. The ., ;¢ | et 71, 1036-1042, doi:10.1209/epl/i2005-10185-0,
major events, together with the corresponding aftershocks, 5qos.

form, in fact, the detected clusters as could be expected. Carbone, V., Sorriso-Valvo, L., Vecchio, A., Lepreti, F., Veltri, P.,
The P(h>H) shapes confirm the sequence properties de- Harabaglia, P., and Guerra, |.: Clustering of Polarity Reversals
duced from theP (k) and put in evidence the presence of of the Geomagnetic Field, Phys. Rev. Lett., 96, 128501, doi:10.
clusters in the FR and UM data sets. In particular, for the FR 1103/PhysRevLett.96.128501, 2006.
data set the surviving function is mostly abdwve1,/2. Corral, A.: Local distributions and rate fluctuations in a uni-
The clustering properties of the FR data set can be put in ge_ql(sjcﬂgg/g"" E’r %agg%‘;%kle;é gg‘gz- Rev. E, 68, 035102,
evidence analyzing separately the aftershocks sequences fol: Ol 20 YSREVE.HS.La0 s, £L0S. . o
. ; . Corral, A.: Long-Term Clustering, Scaling, and Universality in
lowing the two main events. As can be expected the surviv-

. . . . the Temporal Occurrence of Earthquakes, Phys. Rev. Lett., 92,
ing functions (see Fig. 3) show only values 1/2 indicating 108501, doi:10.1103/PhysRevLett.92.108501, 2004.
a clustering.

Davidsen, J. and Goltz, C.. Are seismic waiting time
The same beviour is not evident in tlR(h>H) calcu- distributions universal?, Geophys. Res. Lett., 31, 21612,

lated for the UM record. The presence of six major events doi:10.1029/2004GL020892, 2004.

mixes the clustering and declustering effect. The UM sur-Godano, C. and Pingue, F.: Multiscaling in earthquakes diffusion,
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