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Abstract. Past studies that attempted to quantify the spatio-records can reveal how earthquake events cluster in space
temporal organization of seismicity have defined the condi-and time Utsu and Ogatal995 Kagan and Knopoff1980).

tions by which an event and those that follow it can be re- Previous works have put forward different metrics by
lated in space and/or time. In this work, we use the simplestwhich this spatio-temporal organization in regional seismic-
measures of spatio-temporal separation: the interevent didty can be quantifiedavidsen et al(2008 incorporated the
tancesR and interevent time% between pairs of successive spatial information in the criteria for identifying the recur-
events. We observe that after a characteristic va&ltiethe rence of a particular event. When applied to seismicity, they
distributions ofR begin to follow that of a randomly shuffled observed scaling laws for both the spatial and temporal sepa-
sequence, suggesting that events separateff ByR* are  ration distances between recurrend@avidsen et a).2006.

more likely to be uncorrelated events generated independerBaiesi and PaczuskKP004) included the magnitude infor-

of one another. Interestingly, the conditiorfadistributions ~ mation via the Gutenberg—Richter law in creating a space—
for short-distance (long-distance) evenks< R* (R > R*), time window for aftershock collection, revealing a scale-free
peak at correspondingly short (lonfvalues, signifying the  network of correlated earthquakealiapin et al.(2008 ex-
spatio-temporal clustering (separation) of correlated (indetended the analysis and revealed bimodal distributions of the
pendent) events. By considering different threshold magni-generalized spatio-temporal separation of earthquake events.
tudes within a range that ensures substantial catalogue conill of these works establish relationships between an event
pleteness, invariant quantities related to the spatial and temand one or more of other succeeding events, and use the data
poral spacing of correlated events and the rate of generatiofrom the southern California seismic region, where extensive
of independent events emerge naturally. records exist for several decades of observation.

Here, we look at the simplest measures of separation
distances between earthquake events. iftereventdis-
tances and times are the simple separation betveen
events that follow each other in time. Very recently, such

A better understanding of the processes governing seismic@PProaches have been used to identify clusters of correlated
ity, coupled with the advancements in instrumentation, re-2rthquakes for various seismogenic regichsderson and
sulted in the ability to measure and record the time of arrival,_NanJg 2013. Un(_jerstandably, _there are apparent_l|m|tat|ons
hypocentre location, and magnitude of an earthquake everlf! USing these simplest quantities to reveal spatio-temporal
with a substantially high level of sensitivity. Because of this, clustering. It relies heavily on the completeness of the cat-
decades-long catalogues of earthquake events for differerffl09ue under study (i.e. to ensure that no events are left
regions and even for a global scale are now available forPUt: thereby affecting the order of the recorded events) and
study. Despite the current limitation in accurate short-term/@ilS to account for Iongfrange correlations (|._e. it does n_O'F
earthquake prediction, much information about the underly-3° Peyond the succeeding event, and there is the possibil-
ing properties of the processes generating earthquakes cdy that non-related events may get in between correlated
be drawn from these historical records. In particular, these®N€S in the sequence). For these reasons, many previous

1 Introduction
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works on these measures have focused on describing th@apan, JP (1985-1998), from the Japan University Network
form and implications of their distributionDévidsen and Earthquake catalogue]UNEC 1998; and southern Cali-
Paczuski2005 Corral 2006 Bak et al, 2002 Corral 2004 fornia, SC (1982—-2012), obtained from the Southern Cali-
Davidsen and Goltz2004 Touati et al, 2009. For exam-  fornia Earthquake Data Cente8CEDG 2012 and filtered

ple, still in the southern California seismic region, earlier to remove any man-made seismic events. As noted earlier,
works report that both interevent distances or “jumps” be-we need to ensure catalogue completeness for analyses that
tween earthquake epicentrd3ayidsen and Paczuskl005 are based on simple interevent separations. For this purpose,
Corral 2006 and the interevent times, or return tim&ak  we consider only events with magnitudes above a cer-

et al, 2002 Corral 2004, exhibit statistical distributions in-  tain threshold magnitud&/, m > M. We repeated the anal-
volving power-law regimes, revealing the complex spatio-yses for differentM values in increments oAM =0.1 for
temporal (self-)organization of seismicitgdichev and Sor- a range of threshold magnitudes that ensure substantial data
nette 2006. completeness.

Perhaps the closest work to have shown clustering (sep- To gauge the completeness levels of each data sets, we plot
aration) of correlated (uncorrelated) events using only thethe cumulative distributions of magnitudes in the left panels
interevent times is one byouati et al.(2009. They report  of Fig. 1. Despite the expected power-law behaviour given
observable differences between the return time distributiondy the Gutenberg—Richter (GR) law, we observe plateau-
of regional and global earthquake catalogues: the histogrartike “rollover” regions for smallest magnitudes resulting
of interevent times of southern California earthquakes showdgrom limited resolution and other factors that hinder accurate
two distinct peaks, signifying the difference in characteristic recording of very weak events. For our purposes, therefore,
waiting times between correlated (same aftershock sequencéfe regimes following the GR law are deemed to be substan-
and independent (different sequences) events, while globaially complete as they are beyond these “rollover” regions.
statistics reveals a single characteristic peak due to overlapgn addition to ensuring that the threshold magnitudes chosen
ping sequences from various locations. They explain the reare within the power-law regime, we ensure that the number
sults using the epidemic-type aftershock sequence (ETASYf data points are enough to get statistically sound results in
model Kagan and Knopoff1981 Ogata 1988 Sornette  all our subsequent analyses. The ranges of threshold mag-
and Helmstetter2002), a five-parameter model wherein the nitudes satisfying these criteria aié < [4.5, 4.8] for PH,
main-shock generation rage is used as a proxy for spa- M €[2.5, 3.8] for JP, and/ € [2.5, 3.5] for SC. These are
tial extent. While the work clearly demonstrated the differ- shown as the shaded regimes in the left panels ofFig.
ent timescales involved for correlated and independent events For each threshold magnitude in increment&af =0.1,
similar to the bimodal behaviour observed Bgliapin et al.  we obtain the time series of pairwise interevent tirfiebe-
(2008 for the same region, it does not incorporate the actuatween events andi + 1, denoted by
measure of spatial separation between earthquake epicentres
in the statistical analysis. Ii = tiy1 — 1, )

In this work, we show that, despite the apparent limita- wheret is the time of occurrence in minutes relative to the

tions, it is possible to use the simple pairwise interevent dis—ﬁrst recorded event. To complement the temporal analysis,
tances and times to show spatio-temporal clustering of eartht-he corresponding interevent distarkeis defined as
quakes. The advantage of using only the pairwise interevent

separations, apart from the simplicity and the robustness t®; = Rg arccos(sing; sing; 1
addit_ion of data, is that there are no a priori.assumptions re- 1 cosp; cOSpi1 COSfi1 — Oil), @)
garding earthquake relationships and no regional factors need
to be accounted for. Thus, we are able to show analyses afithere the spatial coordinates are based on the latitgifle (
different regions with different catalogue completeness lev-and longitude{) coordinates (in radians) amE = 6371 km
els. Our analyses are guided by the fact that spatio-temporas the approximate radius of the earth. This definition of
clustering is a well-established phenomenon in seismicitythe interevent distance based on epicentres and assuming a
(Utsu and Ogatal 995 Kagan and Knopoff1980 and must  spherical surface is a special case of the general hypocentre
therefore manifest even in the simplest measures of spatioseparation distance used Kggan and Knopoft1980.
temporal separations. Clustering behaviour is easily apparent from looking at the
scatter plots ok andT. In the right panels of Figl, we plot
all pairs of R and T values for the highest threshold mag-
2 Regional data sets and parameters nitude considered (plots for highest magnitudes are the least
dense and are presented for better visualization, but the be-
In our analyses, we used three catalogues from differenhaviour is the same for other threshold magnitudes). All scat-
regions: the Philippines, PH (1973-2012), taken from theter plots show a generally increasing trend, and closer inspec-
subset (4-24N and 115-130E) of the global Prelimi- tion reveals dense concentration of points at both lower left
nary Determination of Epicentres catalogueDE, 2012); and upper right regions. These scatter plots not only show the
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Figure 1. Cumulative magnitude distributions and representaiiv@ plots for the(a)«(b) Philippines, PH;(c)«(d) Japan, JP; ante)}

(f) southern California, SC. The threshold magnitudes considered for analyses are sl{aji€¢d)irand(e). These are within the power-law

regimes of the magnitude distributions and have a sufficient number of events to ensure substantial completgti€EsCHitter plots irfb),

(d), and(f), obtained for the highest threshold magnitudes considered for each of the catalogues, reveal a visually discernible separation into
two clusters situated at different regimes: for sh®+short? and longR—long-T'.

spatio-temporal clustering (concentration of points at shortdouble-logarithmic plots. The inclusion of unnormalized his-
R and T region) and separation (at long and T region)  tograms is made in view of previous observations that some
of earthquake events, but they also give a glimpse of the refeatures of the distributions may not be noticeable upon nor-
gional differences in the earthquake-generation mechanismsnalization {Touati et al, 2009.

In the succeeding sections, we discuss the individual statisti- We observe two regimes in both(R) (left panels of

cal distributions of botlR andT'. Using a characteristi®* Fig. 2) and p(R) (right panels of Fig2), similar to those ob-
obtained for each region, conditional distributionsTofub-  served in a previous worlCprral 2006. These two regimes
ject to the value of the correspondimgfurther highlight the  are visually discernible from the shape of the distribution,
clustering and separation behaviour, and the regional variwhich is consistent even for different threshold magnitudes.
ability of these statistics. Inspired by the similar result where a bimodal distribution of
the combined spatio-temporal distance is observed for both
the SC data and ETAS model results, we interpret the re-
sulting distributions as a crossover between two component
distributions having different characteristic lengths, where
the component distribution having the longer characteristic
length originates from a random proce&alfapin et al,
2008 Zaliapin and Ben-Zion2013.

3 BasicR distributions

We present the distributions &t and T both in the form
of unnormalized histograms(R) andix(T) and normalized
probability densitiesp(R) and p(T). All distributions are
presented in logarithmic binning for better visualization in
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Figure 2. Interevent distanc® histograms (left panels) and probability density (right panels) plot&jefb) PH, (c}(d) JP, ande)~f) SC,

for the corresponding magnitude ranges shown in Eigymbols are distributions obtained from the original sequences, while connected
symbols are from the shuffled sequences. The original and shuffled distributions begin to follow the same trend after chaRdctahistis

as indicated by the arrows {@), (c), and(e). In (g), the value ofR* is shown not to vary significantly within the threshold magnitude ranges
considered. The average valuesRdfare shown as broken lines in the right pan@$:R5,, = 125+ 1 km, (d) Rjp=164=+ 7 km, and(f) and

relative frequency (count/total)

probability density (1/km)

e
01 (@) w02
0.01 1103 gj
0.001 E_ ; w04
vl vl vl vl Eovvd vl vl vl
1 10 100 1000 1 10 100 1000
[ (o) w02 00589 : (d)
01 E 903
: IS oL S
r 3l gow 48 4 ‘
0.01 - 1x10 E v
- 1x10"‘;—
0.001 £ E
- AN 1x10°
0.0001 E—g‘>-v @ F
Eovvnnd vl vl ol ol 1 Covnnd w4l ol i
0.1 1 10 100 1000 0.1 1 10 100 1000
- o
0.1 3 E
E 1x10°2 gﬁ
0.01 1x10'3é'
- w0
0.001 =
3 w0 E
i 8 o i
0.0001 5y yyppd v vl v vl vl 1l 110 Evvvnl vl vl vl vl
0.1 1 10 100 1000 0.1 1 10 100 1000
Interevent distances R (km)
—_
Eiwo @ c. *_ e s
T 160 [ e o o e ¢ i
= 140
£ 120 | =
Q
3 100 f
§ 80 | ¢ ¢ 400 o *
E 60 [, L L
2.5 3 3.5 4 4.5
Threshold magnitude M

RE-=79+6km. TheseR* values are used to separate the “short” and “loRgégimes.

Nonlin. Processes Geophys., 21, 73644, 2014

www.nonlin-processes-geophys.net/21/735/2014/




R. C. Batac and H. Kantz: Spatio-temporal clustering and separation using interevent distributions 739

To check whether this is the case, we generate a ranpendence between these two properties. We present i3 Fig.
dom sequence by reshuffling the events from the original sethe conditional histogramg,(7in) and i (Toyt) plotted with
ries and comparing th& distributions of the original and the total histogrank(7") (left panels) and the corresponding
shuffled data. Randomization is done by dividing the en-conditional density functiong(7i,) and p(7Toyp) and the to-
tire time of observation from the original data into time tal interevent time probability density functign(7) (right
slicesAr=0.1s (for simultaneous events, one is moved topanels). In this case, we plot only the results for the smallest
the next empty time slice) and randomly reshuffling theseM considered, but similar behaviours are observed for all the
slices. In Fig2, the interevent distance distributions from the otherM values.
shuffled sequences are plotted as connected symbols along-Both histograms and probability density plots show a
side the corresponding distributions from the original se-strong dependence between spatial and temporal interevent
quences. Clearly, the shuffled distributions are unimodal, angroperties. Without spatio-temporal clustering, the distribu-
the peak values correspond to the loRgpeak of the original  tions of bothTi, and Tyy: should just follow that off'. In-
distribution. stead, in Fig.3 we see that the crossover between these

It is interesting to note that all distributions collapse un- two conditional distributions gives rise to the total distribu-
der a single curve by simple normalization (i.e. by numbertion. For events withR < R*, the h(Tjy) shows a peak at
of events for the histograms and by number of events and shorter characteristic value of the interevent time. Addi-
bin widths for the probability density plots), hence elimi- tionally, p(Tin) > p(T) for short interevent times. This is a
nating the need for a region-dependent characteristic scaklear indication of the clustering of correlated events both in
ing factor to describe the data. Another interesting featurespace and time. On the other hand, for events \Rith R*,
of the result is in the values Ak where the original and theh(Toup) shows a peak at a longer characteristic interevent
shuffled sequences intersect, as denoted by the arrows in thane, andp(Toup) < p(T) for shorter interevent times. Thus,
left panels of Fig2. In Fig. 2g, we observe that these val- Tyt represents the independently generated events, which are
ues have no apparent variation within the rangéfton- more likely to be separated by longer distances and times.

sidered. The average of these values is denotel*aand The difference between the conditional distributions and
marked by a broken line in the right panels of F2gThe ob-  the total distribution can be viewed as a manifestation of the
tained values for the different regions &g, = 125+ 1 km, disparity in the timescales involved in the driving and relax-

R3jp=164+7km, andRS-=79+ 6 km, where the error de- ation mechanisms of earthquake events. The former, which
notes the maximum absolute difference between the valuewe believe is responsible for the conditional histograms of
and the mean. long-range events, involves longer timescales, as it is driven
The emergence oR* by simply comparing the original by the slow process of tectonic motion (in the order of sev-
and shuffled data is an indication that it represents a characeral cmyr 1), and results in significantly long waiting times
teristic length scale in the system. The fact that its value dif-before the generation of a new independent event. The lat-
fers per region suggests that it might be related to the underter may explain the origin of shorter waiting time durations
lying earthquake-generating mechanisms at work. As it repfor nearby events, as individual earthquakes in the same af-
resents a crossover separation distance between the stronglrshock sequence happen in minutes, and entire sequences
clustered events and the randomly occurring events, we behappen over a duration of several days or weeks.
lieve thatR* is an approximate measure of the spatial extent The crossover between the mechanisms of clustering and
of triggering of related events. In the following, we ug&as separation is further highlighted upon looking at the be-
a boundary between “short” and “long” separation distanceshaviour of the distributions obtained from the shuffling pro-
This allows us to study the relationship between the spatiacedure described earlier. As expected, shuffling the sequence
and temporal interevent properties without imposing an arti-will reduce the occurrence of both the very short and very
ficially selected boundary. long interevent times. The randomization would result in a
significant decrease in the occurrence of temporal cluster-
ing of correlated events. Similarly, the shuffling procedure
4 Conditional T distributions will remove the long temporal separation required to gener-
ate independent events. In F&).we observe this both in the
We divided the set of all interevent times into two groups histograms and probability density functions from the shuf-
based on the value of their correspondiRgelative toR* fled sequences, shown as broken lines in the plots. In the left
—Tin={T|R < R*} andTowt={T|R > R*} — and compare panels, we observe that the histograms from the shuffled se-
the conditional distributions dfi, andToy; with those of all  quences peak around the weighted average of the peak val-
T. Conditional distributions are important indicators of in- ues of the component distributions. In the right panels, we
dependence: it" is independent ok, both conditional dis- show the behaviour of the resulting distributions upon nor-
tributions of Ti, and Tyyt should follow the same behaviour, malization. Though not readily apparent in a log—log scale,
and collapse under the same curve upon normalization ( the distribution obtained from the shuffled series is found to
ina et al, 2005. Our results, however, point to a strong de- be exponential, as expected of random, memoryless events.
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Figure 3. Representative interevent tin¥e histograms (left panels) and probability density (right panels) plots superimposed with the
conditional distributions ofi,, andTout, for the case of the smalleat considered(a){(b) PH, M =4.5;(c)~«(d) JP,M =2.5; and(e)f) SC,

M =2.5. Hollow symbols are total distributions, thin broken lines are the distributions obtained from the shuffling procedure, and connected
filled symbols are the conditional distributions. UsiR§ to separate the interevent times resulted in the the decomposition of the histograms
into two component histograms with different characteristic times, as observEaliagi et al.(2009 in the ETAS model. The normalized
probability densities further show that events separated by short (long) distances are also more likely to be separated by short (long) time
intervals. The shuffled sequences show random (Poisson) statistics, with reduced occurrences of very short and very long interevent times
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What is easily discernible, however, is that the probability 5 Effect of higher threshold magnitudes
of occurrence of very short and very long interevent times is
significantly decreased upon shuffling. The spatio-temporal clustering of correlated events and the
The relationship between the total and conditional his-separation of independent events is still observed even
tograms in the left panels of Fi@ is reminiscent of the for higher threshold magnitudes. Upon considering higher
ETAS model results and empirical data analysis that showthreshold magnitudes, weaker events are neglected from the
bimodal behaviour resulting from the crossover of the distri- analysis, thereby lengthening the mean waiting time between
butions of correlated (same aftershock sequence) and indéhe occurrence of two “successive” events. Despite this, we
pendent (different aftershock sequence) evehigpin et  still observe the separation of the temporal histogram into
al., 2008 Touati et al, 2009 Zaliapin and Ben-Zion2013. two conditional histograms based on separation distance. In
Touati et al (2009 observed that the parameter that most in- Fig. 4, we showh (Tin) andh(Tou) side by side to compare
fluences the separation between the peaks of the correlatébieir behaviour upon increasirig.
and independent histograms is the rate of the generation of As shown in the left panels of Fid, the effect of increas-
independent events: lower u results in a long separation ing M is to broaden the tails of thE, distributions. This is
of peaks while highep produces component distributions even more apparent when we look at the normalizegh) in
with almost overlapping peaks. In the left panels of Hg. the insets, where the distributions all follow the same trend
we observe that the disparity in the short characteristic pealtor several orders of magnitude before having distinct tails
of h(Tjin) and the long characteristic peak/ofT,¢) is more  that grow longer with increasing/. This indicates that the
pronounced for the case of the PH (F3g) and SC (Fig3c). Tin distributions are more likely to be generated by correlated
On the other hand, the peaks of the conditional and totamechanisms; regardless of threshold magnitude, the shorter
histograms for JP (FigBb) show almost overlapping peaks, characteristic waiting times between correlated events should
suggesting a relatively higher level of seismic activity in the follow the same behaviour. Conversely, in the right panels
region. of Fig. 4, we observe that the distributions &f,; are com-
While it is difficult to provide quantitative measures of pletely shifted to longer waiting times by increasi#g This
their association, we observe that the level of seismic activitystrengthens the fact thdbyt distributions are due to inde-
as measured by the overlap of thg and Ty histograms is  pendent events, which are guided by the same random mech-
qualitatively consistent with what is known about the regionsanisms but have increasing characteristic values for increas-
considered. In particular, we expect the almost overlappingng M.
Tin and Tyt histograms for Japan, as it is situated in a very We plot in Fig.4g—i the peak of the histograms for dif-
active seismic region where at least four major plates arderent regions. For increasiny/, the peak of thefi, his-
interacting (i.e. the North American, Pacific, Eurasian, andtograms shows negligible change, in contrast with the fast
Philippine Sea platesHjrata, 1989. Previous works have rate of increase in the peak of tfigy: histograms. The av-
indicated that the highly complex network structure of the erage value of thé(7i,) peaks, is of particular interest to
fault system in Japan differs significantly from the almost us, as it represents another quantity that emerged that is very
one-dimensional strike-slip fault system in the Philippinesslowly varying for all the magnitude thresholds considered.
(Matsumoto et a).1992, which is also indicated from the The average valuesgy =131 min;zyp=89 min for JP; and
differences in the histograms in Figa and c. On the other tsc=9min for SC) may be related to the characteristic wait-
hand, previous studies have suggested similarities in the fauing time between correlated aftershocks.
movements and structures of the Philippine and San Andreas
faults Rutland 1967 Acharya and Aggarwall980, which
can also be seen in corresponding histograms3aignd e. 6 Conclusions
Here, we observe another emergent property of the system
that is almost invariant within the range of magnitudes con-Spatio-temporal clustering of earthquakes in the form of
sidered. Because the crossover separation distehégthe  foreshocks and aftershocks is not entirely new and is in fact
same for all magnitudes, the fraction of events witk: R* evident even from experience. Therefore, this should man-
and with R > R* is preserved. We denote hythe fraction ifest even in the simplest metrics that are readily available
of “long” distance eventsy =count®R > R*)/N, where N from the data. As shown here, within a range of threshold
is the total number of events. In Figg, we obtain the fol- magnitudes that ensure substantial data completeness, sim-
lowing average values for this ratippy=0.7,y;p=0.8, and  ply taking the events pairwise based on their arrival times is
ysc=0.4. Factoring in the threshold magnituge and the  enough to reveal these features of seismicity. The analysis re-
total length of time considereg, may in fact be related to lies heavily on the completeness of the catalogues, but this is
the rate of background activigy (Hainzl et al, 2006, which easily addressed by substantially complete records for differ-
would explain the extent of the crossover between the coment regions and relatively long observation times. The main
ponent histograms as observed in the modeléti et al, advantage of the method is the lack of predefined conditions
2009. to characterize the relationships between successive events.
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