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Abstract. In this paper we propose a tri-stage cluster iden-describes the clustering of aftershocks in tirdésu (2002
tification model that is a combination of a simple single it- offers a broad review on the spatial distribution of seismicity,
eration distance algorithm and an iterative K-means algo-while Stein(1999 also incorporated the principle of spatial
rithm. In this study of earthquake seismicity, the model con-clustering in associating triggered events or aftershocks to
siders event location, time and magnitude information fromregions of stress increase.
earthquake catalog data to efficiently classify events as ei- The clustered nature of earthquakes has motivated many
ther background or mainshock and aftershock sequencestudies to understand and model seismicity, including the
Tests on a synthetic seismicity catalog demonstrate the efEpidemic Type Aftershock Sequence (ETAS)gata 1988
ficiency of the proposed model in terms of accuracy percentHelmstetter and Sorneft@002 and the Branching After-
age (94.81 % for background and 89.46 % for aftershocks)shock Sequence (BASS) model$ufcotte et al. 2007).
The close agreement between lambda and cumulative plotShcherbakov et a{2005 analyzed the interoccurrence times
for the ideal synthetic catalog and that generated by the probetween events as a non-homogeneous Poisson process,
posed model also supports the accuracy of the proposed teckhile Mendoza and Hartze([1988 studied the correlation
nique. There is flexibility in the model design to allow for between the location of aftershocks and regions of coseismic
proper selection of location and magnitude ranges, dependslip in Southern California.
ing upon the nature of the mainshocks present in the catalog. Declustering seismicity data has been the subject of inten-
The effectiveness of the proposed model also is evaluated bgive study over the years, where the main goal is to separate a
the classification of events in three historic catalogs: Cali-given catalog into subsets in which their elements share sim-
fornia, Japan and Indonesia. As expected, for both synthetidar characteristics based on a particular set of criteria. For
and historic catalog analysis it is observed that the density oExample,Gardner and Knopoff1974 developed a declus-
events classified as background is almost uniform throughtering method for California using power laws to scale the
out the region, whereas the density of aftershock events arduration and the spatial regions of aftershock sequences with
higher near the mainshocks. respect to magnitude that yielded a Poissonian-like residual
catalog.Reasenberg1985 introduced a method in which
events are analyzed in pairs and aftershock sequences are
modeled as time-dependent Poisson procesdesang et
1 Introduction al. (2005 developed a method for stochastic declustering
based upon the ETAS moddBaiesi and PaczuskR004
Examination of the spatial and temporal distributions of re- 3ngzaliapin et al(2008 developed a method in which time-
gional earthquakes confirms that they primarily occur ongpace-magnitude distances between earthquakes are ana-
tectonic features such as faults (spatial clustering) and subyyzed to determine whether two events are linked. A method

sequent to large events (temporal clustering). For exampley decluster seismicity based on determining the probability
the Omori law Omori, 1894 is an empirical relation that
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of direct and indirect aftershock triggering was proposed byTable 1. List of Parameters used in the synthetic catalog.
Marsan and Lengling2008. Wu (2010 employed a Hid-

den Markov model to decluster seismicity. However, it has  Parameters Values
been shown that the choice of declustering algorithm and the — yagnitude-frequency  a-value 42
variation in the related parameter values can have a signif- b-value 1
icant impact on the calculation of local and regional seis- Mmin 1
micity rates ¥an Stiphout et a).2011). Recent work using Mmax <51
the ETAS model to decluster seismicity in Indonesia, Japan  Background density (events da§deg1)
and the Himalayas has resulted in the identification of back- — outside stress shadow 0.008
ground anomalies of activation and quiesceransal and —inside stress shadow 0.0
Ogata 201Q Bansal et a/.2012 Ogata 2011). Aftershocks (ETAS)  p-value 1.10
In this study, we present a different method to decluster o (magnitude'1) 1
seismicity, based on a tri-stage cluster identification model c (days) 0.001

that only considers event location, time and magnitude of K 0.004

earthquake catalog data in an objective, mathematical for-

mulation designed to efficiently classify events as either )

background or mainshock and aftershock sequences. In thig Synthetic catalog

model, which is rglauvely S'”.‘p'e when compargd to many OfThe basic inputs into the synthetic catalog used for testing the

the currently available algorithms, each event is classified as . . : . .
. .. declustering method, including the epidemic type aftershock

an aftershock if it belongs to at least two cluster zones with .

respect to time, location or magnitude. We have incorporate(f'equence model (ETAS), are detailed here.

a simple single-iteration distance algorithm in the first two 5 1 g7as

stages and an iterative K-means algoritha @nd Wunsch

2005 Nazeer and Sebastia009 in the third stage to ac-  The ETAS model was developed IBgata(1988 1992 to

curately identify the cluster zones. There is flexibility in the model the seismic activity of a given region. The model de-

model design to allow proper selection of cluster zones describes the occurrence raigf) as a superposition of back-

pending upon the nature of the mainshocks present in thground seismicity: (shocks day?) and weighted sum of any

catalog. Again, the goal here is to study the efficiency of a j-th aftershock (time; ) occurred before timegiven by

method based solely on a distance clustering algorithm for

three catalog parameters, location, time and magnitude, in . '

order to provide an objective method that can incorporate thé () = 4 + Yo MMy (1~ 1), Vj=1,2,.N, (1)

variation in each parameter into the algorithm itself. Note Usj=t}

also that here there is no requirement to identify and paramynere N is the number of earthquakes of magnitude or

eterize an a priori probability distribution for the relationship higher. The terme®(Mi—Me) represents the aftershock pro-

between events. The method relies only on the characterisjyctivity, whereM  is the magnitude of-th aftershock and

tics of the seismicity itself, as controlled by the local or re- 37 is the cut-off magnitude of the fitted data{ is taken as

gional tectonics. The method is tested on a synthetic catay o: Helmstetter et a).2005. The aftershock decay(r) is

log and three real-world seismic catalogs: California, Japarepresented by modified Omori functiodtéy, 1963)
and Indonesia. The accuracy is presented in the form of a

lambda plot (number of events ), a cummulative seismic- v() =K (t +¢)" 7, (2)
ity plot, the percentage of accuracy and index matching with
true events.

whereK (shocks day?) represents the productivity of after-

. L . . shock for a short duration after the mainshock.
The synthetic catalog formulation is described in the next

. . ) e . . The parameters of the ETAS model p, «, ¢, andK
section. The tri-stage cluster identification technique is de'are generally calculated by the maximum likelihood method.

tailed in Sect. 3. Application of the proposed model to anal-yy,yever most standard parameter values can be obtained
ysis of the California, Japan and Indonesian catalogs is Prerom the literature lignan and Tiampp2010
sented in Sect. 4. The declustering performance of the pro- '

posed is compared with two benchmark methods (Gardnep.2  Synthetic catalog using ETAS model

and Knopoff, 1974; Uhrhammer, 1986) in Sect. 4. The con-

cluding remarks are presented in Sect. 5. For this work we considered a synthetic seismic catalog gen-
erated by a combination of a non-stationary Poisson process
(region of quiescence in the seismicity) and the ETAS model
detailed above. The quiescence is considered to be the sur-
face expression of a stress shadow generated by a large earth-
quake that occurred in the recent past (but is not expressed
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in the catalog itself). This particular synthetic catalog is de-
signed to replicate natural seismicity, including a particular
variation in the seismic rate known as Non-Critical Precur-
sory Accelerating Seismicity Theory (Non-Critical PAST)
(Mignan et al, 2007 Mignan, 2008. In Non-Critical PAST,
an advancement on the original theory of Accelerating Seis:
mic Release (ASR)King and Bowman 2003 Mignan
2011, for a fixed region in space the cumulative number
of events in the background seismicity increases as a powe
law with respect to time before the mainshock. This acceler-
ation results in an increase of the Gutenberg—Richter a-valu
in local areas Gutenberg and Richted944), while events
that occur in the stress shadows tend to hide the pattern ¢
accelerating seismicity. The result is a cycle of quiescence
activation in the seismicity, localized in space and time prior ‘ ‘ ‘ ‘ ‘ ‘ ‘
to the mainshock. The identification of these spatiotempora 1 1.5 2 25 Mag:itude 35 4 45 5
variations is difficult, although the pattern has been observec
in a few natural cases (e.iylignan and Di Giovambattista
2008 Mignan and Tiampp2010). Activation here refers t0 i 1 Gutenberg—Richter relationship for synthetic catalog.
medium-term accelerating seismic release and not to short-
term foreshock burst activity, which is not included in this
version of Non-Critical PAST. One motivation for analyzing from a constant displacement on the fault. The stress shadow
a Non-Critical PAST synthetic catalog was to study whetherdecreases through time through the linear superposition of
the method was capable of identifying regions of variablea loading stress field by following the concept of back-slip
spatio-temporal activity that, on average, are relatively closemodel Savage1983. The cumulative number of events in-
to the background levels of activity. side the stress shadow increases as a power-law function
In this synthetic catalog formulation, the background seis-through time, in agreement witklignan et al.(2007). For
micity rate and the noise ratio are adjustable parameters, denore information about Non-Critical PAST simulations, the
pending, respectively, on the regional seismic activity andreader should refer to Mignan and Tiampo (2010).
on the effect of the stress shadow. The background seismic- The list of parameters used in the catalog is presented
ity density is fixed to 1000 background events in the cata-in Table 1. The Gutenberg—Richter relationship for the syn-

log per year, or 0.008 events degréelay ! in a 2000 by  thetic catalog is shown in Fig. 1.
2000 km square grid over a 20yr period. The noise level

is set at 0.1. For each time step of one year, background

events have a uniform random distribution in space and time3 Proposed tri-stage cluster identification model
(Mignan and Tiampp2010. Background events are im-
plemented randomly in space and time from a Gutenberg
Richter relation with a b-value of 1.G{tenberg and Richter
1944. The minimum magnitude of background events is
Mmin = 1.0 to ensure that, for the density of events in the cat- _ e .
alogue, the maximum magnitudénax for the region is less gram O_f the propos_ed m_o_del_ls shown in Fig. 2. I_Deta|l about
than 6.0. Spatiotemporal clustering is included in the simu-the various cluster identification stages involved in the model
lated background seismicity by following the ETAS model are outlined below.

(Ogata 1992 Ogata and Zhuand2006. Aftershocks also
obey Bath’s law, in which the difference in magnitude be-
tween the mainshock and its largest aftershagkis fixed  The events with large magnitude in the catalog are consid-
to 1.0 to ensure that all aftershocks have a magnitdde  ered to be the mainshocks. Therefore, in the synthetic cata-
Mmax (Shcherbakov et al2003. This method is designated |og events with magnitude greater than 4.5 are considered as
as "Modified ETAS", due to restriction in magnitude. mainshocks. The location (coordinates) and time of occur-

~ The size of the stress shadow, or quiescent region, resultrance of the mainshocks are represented as black asterisks
ing from the earthquake that occurred just prior to the start.y iy Fig. 3 (top left and top right, respectively).

of the catalog {= ¢0), is based on dislocation theory in an

elastic half-spacedkada 1992. Actual Coulomb stress cal-

culations were performed using the source code AlmondX

(courtesy of G. C. P. King). The stress fieldx, y, ti) results

Number of occurances in dB

The tri-stage cluster identification model is proposed to clas-
sify the background seismicity, foreshocks—aftershocks and
mainshocks by considering the time, location and magnitude
information as obtained from a given catalog. The block dia-

3.1 Mainshocks
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Fig. 2. Block diagram of proposed tri-stage cluster identification model.

3.2 Stage I: temporal cluster identification from the cluster centers

The temporal cluster identification is carried out using tem- D 2

poral clustering and time zone based clustering as follows: d(pi,§j) = Z (Pi»d - Ej,d) . 4
d=1

3.2.1 Temporal clustering o )
Here,D =1 as clustering is based only on the time as-
The events in the catalog are classified it@lusters (based sociated with each event.
on number pf mainshocks) yvlth a simple single-iteration dis- 3. Assignp; to nearest cluster center; for which
tance algorithm. The steps involved are:
Minimum
1. The time events of the mainshocky are considered as d(pi.&j) = Vke{l,2..M} {d(pi.&)}. (5)
the centers of the clusters.
From this, the synthetic catalog events are classified into
& =1{51,62,...6m}, (3) five clusters (represented by red, yellow, cyan, magenta and
green colors) shown in Fig. 3 (bottom left).

whereM =5 is the number of mainshocks of catalog. 3.2.2 Time zone based clustering

2. For each pointp; € Pyxp (catalog havingV events,  The events that belong to each of the above five clusters are
D dimension) calculate the Euclidean distance (2-norm)then grouped into two categories

Nonlin. Processes Geophys., 20, 14852 2013 www.nonlin-processes-geophys.net/20/143/2013/
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Fig. 3. Tri-stage cluster identification analysis for the synthetic seismic catalog, (top left) locations of all events coordinate in light gray and
mainshocks shown in black, (top right) locations of mainshocks with respect to time, (bottom left) output of temporal clustering, (bottom
right) output of time zone clustering (black solid lines representing duration of clustered time zone). Note the quiescent region at the center
of the catalog (top left). This area and its surroundings (see exact extent in Mignan and Tiampo, 2010) include spatiotemporal variations in
the seismicity rate, corresponding to a cycle of quiescence—activation (or accelerating seismic release pattern).

— c1. Regular time zone: events located far away from the
occurrence time of mainshock.

— ¢2. ldentified time zone (danger time zone): events lo-
cated near the occurrence time of mainshock.

In order to achieve the above classification, each cluster
is divided into three sub-clusters using the single-iteration
distance algorithm detailed above. The mainshock (Z2) and
two extreme points (at a distance from the mainshock, before
occurrence (Z1) and after occurrence (Z2)) are considered as
the sub-cluster centers shown in Fig. 4.

DefineC1 andC?2 as the cluster of events that belong to
the background and earthquake sequence time zone for the
entire dataset given by

M M M
Cl=) cl, =) ZlCluste, + Y  Z3Clustej, (6)

m=1 m=1 m=1
M M

C2=) c2,= ) Z2Clustey, (7)
m=1 m=1

www.nonlin-processes-geophys.net/20/143/2013/
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Fig. 4. Example of time zone clustering.
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Fig. 5. Tri-stage cluster identification analysis for the synthetic seismic catalog based on ETAS and Non-Critical PAST, (top left) output of
background and clustered coordinate zoneXy (top right) output of background and clustered coordinate zonéZo(middle left) model

output representing events classified as aftershocks, (middle right) model output representing events classified as backgrounds, (bottom left
true aftershocks, (bottom right) true backgrounds.

The events that belong to cluster time zafi2 for the Similarly, the Eq. (7) represents the summation of all the
synthetic catalog are plotted as black dots around the mainelusters which are outside the solid lines (Fig. 3 bottom
shocks in Fig. 3 (bottom right). The addition operator in right). They represent the regular time zone events.

Eq. (6) represents all the events that are shown as black solid
lines in Fig. 3 (bottom right). Each individual cluster, rep- 3.3 Stage II: coordinate based cluster identification

resenting one danger time zone (Fig. 4), corresponds to one ) ) S ) ]
black line. The sum provides the collection of all the events | he location based cluster identification is carried out using

in the black solid line time zones. coordinate clustering and thresholding as follows:

Nonlin. Processes Geophys., 20, 14852 2013 www.nonlin-processes-geophys.net/20/143/2013/



S. J. Nanda et al.: A tri-stage cluster identification model for accurate analysis of seismic catalogs 149

3.3.1 Coordinate clustering The events that belong to categories 2 and 3 are either in
the clustered time or in the clustered coordinate zone. In or-

Events belonging to regular zorgel and cluster time zone  der to satisfy at least two clustered zone criteria they undergo

C2 undergo location based cluster identification separatelymagnitude based clustering.

The distance based algorithm discussed in Sect. 3.2 is em- The events that be|0ng to Category 1 are not located near

ployed for clustering of the two time zone data sets. The lo-the mainshock, in terms of geographical area, and are not as-

cations of mainshocks are considered as the cluster centersociated with time immediately after the mainshock. In order

The dimension of each event is two, which corresponds tao determine the aftershocks in this region the events undergo
both thex- and y- (or longitude and latitude) coordinates. a magnitude based thresholding.

Both dataset€1 andC?2 are classified into 5 clusters each
(represented by red, yellow, cyan, magenta and green dots.5 Stage Ill: magnitude based cluster identification

shown in Fig. 5 (top left and top right, respectively).
3.5.1 Magnitude clustering

3.3.2 Coordinate thresholding
Events that belong to categories 2 and 3 undergo magni-

The events belonging to each cluster are then classified inttude based clustering. An event is classified as an after-
two categories based on a threshold. shock if it belongs to the clustered magnitude zone, where
) it satisfies either the location (coordinate)-magnitude or the

— ¢3. Background coordinate zone: Events located farmne magnitude criteria. Therefore the data set (consisting
away from the location of mainshock. of Category 2 and 3 events) undergoes cluster analysis with

_ ¢4. Clustered coordinate zone (Danger coordinatetn® K-means algorithmJain 201Q Xu and Wunsch2005

zone): Events located near the location of mainshock. Nazeer and Sebastig2009. The steps involved are outlined
as follows:

The threshold is determined as a portiohylof the max- o _ o
imum distance between the cluster center and the furthest — Step 1. Initialize the current jteration as= 1 and letthe
point (F) inside the cluster. For all evengs € C; the thresh- maximum number of iterations bgax= 1.

olding process is as follows: — Step 2. Let r be the number of randomly selected pat-

i € ch terns declared as the cluster centers
1

else,p; € c3.

@ (prcs) < @[ ()] = | ©

kK ={Kk1,..,kr} 9)

The selection of optimal /Ay value is discussed in
Sect. 3.6. The coordinate zone for both background and clus-
tered time zone is shown in Fig. 5 (top left and top right),
respectively. The red stars represent the cluster center and
blue dots represent the clustered coordinate zone.

suchthak; #«;,Vi,j=1,...,r. Herer istaken as 2 as
we have to divide the data set into two groups (clustered
and regular magnitude zone).

o For i=1toimaxdo
3.4 Categorization

— Step 3. For each patterp; € Pyxp (catalog havingv
In this model an event is classified as an aftershock if it be- events,D dimension) calculate the Euclidean distance
longs to at least two identified zones with respect to time, lo- from the cluster centeus(p;, « ;) defined in Eq. (4).
cation or magnitude. After temporal and location based clus- .
ter identification, the events in the catalog are classified into — Step 4. Assign patternp; to the cluster center; for

four categories as follows: which the distance is minimum as per Eq. (5).
— Category 1: WithinC1 andC3 — events that belong to — Step 5. Upc_iate the center by the mean of the associated
normal time zone and coordinate zone. patterns with the centa;.
End For

— Category 2: WithinC1 andC4 — events that belong to
normal time zone and clustered coordinate zone.

— Category 3: WithinC2 andC3 — events that belong to — Step 6. Check whether the number of data points in each
clustered time zone and normal coordinate zone. cluster remains constant for certain iterations. If this is

not satisfied then increase the number of iterafigg
— Category 4: WithinC2 and C4 — events that belong and continueStep 3.
to clustered time as well as clustered coordinate zone.
These events are treated as aftershocks.

— Step 7. Otherwise report the final cluster partitiongs
obtained at iteratiodimax.

www.nonlin-processes-geophys.net/20/143/2013/ Nonlin. Processes Geophys., 2016232013
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The algorithm is run for 30 iterations and the obtained par-Table 2. Impact of different ¥y value on model outcome.
titions are described as follows:

) _ Classification Result Model Output
1. Clustered magnitude zone: events that belong to this
category are treated as aftershocks. Total Events 29355 (True BG-19669, True AF-9686)
1/ value Y5 1/6 1/7 1/8

2. Regular magnitude zone: events that belong to this cat-
egory are treated as background, as they failed to satisfy Number of events 17860 18361 18648 18796

the two clustered zone criteria with magnitude. as background
i ) % of Accuracy of 90.80 93.35 94381 95.56
3.5.2 Magnitude thresholding background events

Index matching with 12354 12720 12946 13059

The events belonging to Category 1 (withiri and C3, i.e., true backgrounds

events which are located far away with respect to time and

coordinate from the mainshocks) are categorized into after- Number of events 11495 10994 10707 10559
shocks or background events based upon magnitude baseds aftershocks
thresholding. For all events; € «; the thresholding process % of Accuracy of 81.32 86.50 89.46 90.99
is as follows: aftershock events
Index matching with 3796 4037 4172 3941
' pi € Aftershock
If (Mag[pi]> M1) = {else,pi e Background (10) true aftershocks

where M1 = mear[Mag(CategoryZ}]. This represents the

average magnitude of events already classified as after- This evaluation criteria signifies the overall performance

shocks. Those events that are far from the mainshock witlbf the model considering the time, coordinate and magnitude

respect to coordinate and time are considered as aftershockgustering. The events classified as aftershocks and back-

if they have a higher magnitude thanl. ground are compared with the ideal classification result of
) . synthetic catalog and the results are presented in Table 2.

3.6 Results and discussion

. : . 3.6.2 Index matching
The locations of events in the synthetic catalog that are cate-

gorized as either aftershock or background, as derived fromrhe jndex matching of the obtained model output (events cat-
the model output, are presented in Fig. 5 (middle left andegorized as background and aftershocks) with the true out-
right). The results are compared with the true values of af-,t (available for synthetic catalog) represents the number of
tershocks and background in Fig. 5 (bottom left and right, eyents that are classified correctly with the model. The re-

respectively). From these figures, it is observed that the dengits of index matching of events for the synthetic catalog
sity of background events in the synthetic catalog is almostyre presented in Table 2.

uniform throughout the region. It is also observed that there

is difference between true aftershocks (Fig. 5, bottom left)3 .3 Optimal coordinate based thresholding

and the proposed model classified aftershocks (Fig. 5, middle

left). This is likely due to the absence of spatial clusters in theThe value for parameter/#, discussed in coordinate based
true aftershocks. While the model accurately classifies thahresholding, is set in accordance with the area of coordinate
temporal clusters present in the catalog, because there is abased clusters. The final classification results of the model
most no spatial clustering present it effectively chooses thosgor four different 1/ values are presented in Table 2. It is
events randomly in the coordinate based clustering step. As abserved that the model outputs provide similar results to
result, the model is insensitive to change in parameter valughe ideal classification obtained from the synthetic catalog
(1/¢ value in Table 2) and the number of aftershocks iswith a suitable selection of the/{: value. For ¥y =1/7,
overestimated. Note also that the method does not identifgthe accuracy of background prediction is 94.81% and that
precursory foreshocks, or NC-PAST signals. However, thosef aftershock prediction is 89.46 %, both of which are bet-
events are a very small percentage of the total and as a resuter than that achieved for background and aftershock pre-
other, standard declustering algorithms are known to experidictions with values for Ay of 1/5 and ¥6. Further re-

ence similar difficultiesiignan and Tiampp2010). duction of the ¥y value to 1/8 does improve the accuracy
percentage of background and aftershock events, but the in-
3.6.1 Accuracy Percentage (AP) dex matching of aftershocks reduces from 4172 to 3941 (Ta-

ble 2). For Yy =1/9, the index matching of aftershocks
(12) further reduces to 3798. This indicates that lowering the
threshold(1/+yr) below a certain optimal value increases the

AP Correctly classified events
= X
Total number of events
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Fig. 6. Plot of space vs. time for (left) the synthetic catalog presented in Fig. 3 (top left), (right) declustered synthetic catalog obtained with
the proposed tri-stage cluster identification model presented in Fig. 5 (bottom left).
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Fig. 7. Tri-stage cluster identification model result analysis for the synthetic catalog: (left) plot of Lambda values, (right) cumulative plot of
events characterized as true aftershock and background for the synthetic catalog and estimated tri-stage model outputs.

misclassification rate of aftershocks. This is because afterof events (primarily aftershocks) increases sharply in these
shocks are more prominent within a certain coordinate radiugperiods and are represented by peaks. The idealues
of the mainshock and that this optimal radius varies with tec-of backgrounds and aftershocks generated by the synthetic

tonic region and mainshock. catalog are represented by the solid gray line and the solid
black line, respectively. It is observed that thealue of the
3.6.4 Space time plot backgrounds remains almost uniform throughout the data set,

whereas the. value of the aftershocks approach the charac-
The plot of longitude vs. time for the synthetic catalog and teristics of the total events. Thevalues of backgrounds and
declustered synthetic catalog obtained with the proposed triaftershocks generated by the proposed cluster identification
stage cluster identification model are presented in Fig. 6 (lefmodel are shown in Fig. 7 (left) as the dotted gray line and the
and right, respectively). From both figures it is observed thatdotted black line, respectively. The close agreement between
there is a dense region of aftershock decay with time after thédambda plots of the synthetic catalog and that generated by

occurrence of the mainshocks. the proposed model for both aftershocks and backgrounds,
demonstrates the accurate performance of proposed method.
3.6.5 Lambda and cumulative plot The plot of cumulative number of events with respect to

time for the synthetic catalog is shown in Fig. 7 (right). In
The plot of the lambdai(= number of eventsyrt) for the this plot it can be observed that the cumulative number of af-
synthetic catalog is shown as the solid light-gray line in Fig. 7 tershock events increases during the year in which the main-
(left). From Fig. 3 (top right) and the lambda plot in Fig. 7 shocks occurred (i.e., 10-12, 6-8 and 15-16). The cumula-
(left), it is clear that three mainshocks occurred during thetive number of background events follows its steady pattern
10-12yr and two mainshocks occurred during the 6-8yrfor all the years.
and 15-16yr periods, respectively. Therefore, the number
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4 Analysis of natural seismic catalogs using proposed 4.1 California catalog
model

This catalog consists of seismic events occurred between
In this section the proposed tri-stage cluster identificationJanuary 1988 to December 2008. Locations of the eight ma-
model is applied to the California, Japan and Indonesian catjor events,M > 6, are represented by black stars and their
alogs obtained from the Advanced National Seismic Systemocation and year of occurrence are indicated in Fig. 8 (top
(ANSS 2012 with the parameter settings as presented in Ta-eft). We converted the time of occurrence of the events from
ble 3. The details of the model analysis are outlined below. year, day, hour and seconds scale to seconds. The occurrence
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Fig. 9. Tri-stage cluster identification of the seismic catalog of Japan: (top left) location of mainshocks, designated by black asterisks, and
location of event®/ > 6, designated as black dots, 1992—2011; (top right) output of time zone clustering; (middle left) output of background
and clustered coordinate zone f6d; (middle right) output of background and clustered coordinate zon€ &r(bottom left) events
classified as aftershocks; (bottom right) events classified as background.

of mainshocks with respect to seconds is presented by blackight dots in Fig. 8 (top left). The events from each cluster

asterisks in Fig. 8 (top right). Four mainshocks occurred durthen undergo clustering for each time zone. Events that be-
ing the year 1992, and two event occurrences coincide (reprdong to the clustered time zone are represented by black solid
sented by seven black asterisks in Fig. 8 (top right) instead ofines around the mainshocks in Fig. 8 (top right).

eight). The catalog events then are classified into eight clus- The events belonging to the normal time zone and clus-
ters with respect to the time based clustering, represented biered time zone both undergo coordinate based clustering
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Fig. 10. Tri-stage cluster identification of the seismic catalog of Indonesia: (top left) location of mainshocks, designated as black asterisks,
and location of eventd/ > 6, desighated as black dots, 1991-2010; (top right) output of time zone clustering; (middle left) output of
background and clustered coordinate zone(ftr (middle right) output of background and clustered coordinate zon€2pfbottom left)

events classified as aftershocks; (bottom right) events classified as backgrounds.

and thresholding as described in Sect. 3.3. The results ob4.1.1 Variable coordinate based thresholding

tained after coordinate thresholding are represented in Fig. 8

(middle left and right, respectively). In both figures the en- |n this catalog four large earthquakes occurred in 1992 and
tire region is divided into eight clusters (each cluster eventisthe locations of their associated events are represented by
represented by a unique colour). Red asterisks represent thgur adjacent clusters (pink, cyan, sky blue and yellow) in
coordinates of the mainshocks surrounded by the associatedg. 8 (middle left and right, respectively). These events are
coordinate zones (represented by blue dots). located near each other and the number of aftershock events
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Fig. 11. Plot of lambda values and cumulative number of events characterized as aftershocks and background using the proposed tri-stage
cluster identification model: (top left-right) lambda and cumulative plot for California catalog, respectively; (middle left-right) lambda and
cumulative plot for Japan catalog, respectively; (bottom left-right) lambda and cumulative plot for Indonesian catalog, respectively.

in the regions surrounding these mainshocks is greater thato category 4 are taken as aftershocks. The events belong to
the other four individual mainshocks. Therefore, instead ofcategories 2—3 undergo a magnitude clustering and those of
considering a fixed optimal coordinate thresholding value forcategory 1 undergo magnitude thresholding.

all mainshocks (as in the synthetic data) the zone radius asso-

ciated with these four events is increased. For the 1992 earth4.1.2  Variable magnitude based thresholding

quakes, the &y value is taken as/3 and for the other four

this value is taken as/8. The events are then classified into We have defined two different magnitude based thresh-
four categories as described in Sect. 3.4. Events that belonglds. The magnitude threshold for the 1992 related
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Japan catalog, respectively; (bottom left—right) true and declustered catalog plots for Indonesian catalog, respectively.

clusters is taken as{mear(Mag(Categoryz})—0.25], as 4.2 Japan catalog
four major earthquakes happened in the same year. For
the remaining four mainshocks the value is taken asThe Japan catalog consists of seismic events that occurred
[meanMag(Category4) + 1.25]. The locations of those between January 1992 and December 2011, which includes
events identified as aftershock or background in the tri-stagehe 2011 Tohoku earthquake and tsunami. Unlike the Cal-
model output are presented in Fig. 8 (bottom left and right,ifornia catalog, there are many events which are magni-
respectively). It is observed that the density of backgroundtude > 6 (represented by black dots in Fig. 9, top left).
events is almost uniform throughout the region (Fig. 8, bot-As a result, here the mainshocks are identified as events
tom right), while the aftershock density is higher near theof M > 6.8 and isolated from each other with respect to
mainshocks (Fig. 8, bottom left). time of occurrence. Their location and year of occurrence
are indicated as black dots in Fig. 9 (top left). The rest of
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Table 3. List of parameters used to acquire the California, Japan 600
and Indonesian catalogaNISS, 2012).

500 -

Parameters California Japan  Indonesian

Start time 1988/01/01  1992/01/01  1991/01/01 g

End time 2009/01/01 2012/01/01 2011/01/01 =

Minimum latitude 32 24 -11 s ¥°

Maximum latitude 40 46 6 2

Minimum longitude -125 122 95 200

Maximum longitude —115 146 141

Minimum magnitude 2.0 2.0 2.0 100y

Maximum magnitude 8.0 10.0 10.0

mlnlmum ddepthh 2% 5000 580 10988 19‘90 1592 1594 19“36 1598 2(;00 20‘02 2604 2066 200¢
aximum dept Year

Event type E E E

6000

5000

the analysis is carried out in a similar manner as in the
California catalog. The /&) value is taken as /3 for To-

hoku (2011), Hokkaido (2003) and Sanriku (1994) quakes,
and for the other events it is taken ag71 Similarly, for

the three events near Tohoku region, the magnitude based
threshold value is taken gmeanMag(Category4) — 0.25]

and for the remaining events the threshold is set as 1000k
[mean(Mag(Category4) + 1.5].

4000

Inverse TM Matric
w
(=]
o
o

2000 -

. 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012
4.3 Indonesian catalog Year

The Indonesian catalog consists of events occurring between 2000

January 1991 and December 2010, including the Sumatran 3000]
earthquake and tsunami of 2004. Like the Japan catalog,
there are many events @f > 6 (shown as black dots in

Fig. 10, top left). In this case, mainshocks are identified
as events ofM > 7.5 and isolated from each other with

respect to time of occurrence (black asterisks in Fig. 10,
top right). The proposed cluster analysis is implemented
in a similar manner as in those of California and Japan.

2500

2000 -

1500 -

Inverse TM Matric

1000

The 1/y» value is taken as 1/4 for the Sumatran earth- 500/
quakes (2000, 2004, 2005 and 2007) arifl for remaining ‘ ‘ ‘
events. Similarly, the magnitude based thresholding value is oe0 1995 2000 2005 2010

Year

taken ag meanMag(Category4) — 0.25] for the Sumatran

earthquakes and for the other events the threshold is set @g. 13. Plot of inverse TM matric to measure ergodicity present

[mear(Mag(CategoryA}) + 1,5]_ in true catalogs, (top) California catalog with magnitude threshold
It is observed that the meddag(Categoryd) is used M >4, (middle) Japan catalog witlf > 5, (bottom) Indonesia cat-

in all three catalogs to determine the threshold. The&logwithd > 5.

meanMag(Category4) represent the average value of af-

rshocks in th [ regions (i.e., regions which ar . . . _
tershocks in the associated regions (i.e., regions ch a ’tehey are a higher magnitude and a relatively rare triggered

close in time and coordinate that of the mainshocks). There- t Th | ¢ aft ber of ted
fore, in this study the threshold value for special regions suchf YeNt These values are set after a humber of repeated runs
of the code, considering the optimal performance as repre-

as for 1992 in California, the Tohoku region of Japan and the ted by the lambda. plot. Similarly. two diff tval f
Sumatra earthquake region for Indonesia, the threshold valu ented by the lambda plot. similarly, two ditterent values o
e 1/ value also are chosen to handle special regions more

is 0.25 lower than the average threshold value. For the othe .

regions the value is more than 1.25 units greater than the ave_ffectwely than that of the regular events.
erage value, as the events which are far apart in time and

coordinate should not be considered as aftershocks, unless
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Fig. 14.Plot of the inverse TM matric for true and declustered catalogs obtained with the proposed tri-stage cluster identification model: (top
left—right) true and declustered catalog plots for the California catalog, respectively; (middle left—right) true and declustered catalog plots for
the Japan catalog, respectively; (bottom left—right) true and declustered catalog plots for Indonesian catalog, respectively.

4.4 Classification results regions, such as California (1992), in the Tohoku (2011) re-
gion of Japan, and in the Sumatran region of Indonesia (2004,
4.4.1 A values and cumulative events plots 2005 and 2007). The corresponding cumulative number of

events plotted with respect to time in Fig. 11 supports this ob-
The plot of A values for the total number of events, back- servation. In all three natural catalogs the cumulative number
ground and aftershocks are presented in Fig. 11 by solithf aftershocks increases during the year in which the main-
light-gray, gray and black lines, respectively. It is observedshocks take place. The cumulative number of background
that thei value of the background remains almost uniform
throughout the data set, with the exception of the denser
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Map of California Catalog 1988 to 2008
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Fig. 15. Comparative plot of declustered catalogs obtained with benchmark metBadiner and KnopoffLl974 Uhrhammer1986): (top
left—right) GK and Uh declustered catalog plots for the California catalog, respectively; (middle left-right) GK and Uh declustered catalog
plots for the Japan catalog, respectively; (bottom left—right) GK and Uh declustered catalog plots for the Indonesian catalog, respectively.

events follow the steady pattern for all years except the speidentification model are shown in Fig. 12. Here, it is also ob-

cial regions mentioned above. served that there is a dense region of aftershock decay with
time after the occurrence of the mainshocks. In general, the
4.4.2 Longitude vs. time plots absence of mainshock regions is classified as background, re-

flected by the absence of points when compared with the true
The plots of longitude vs. time for the ideal and declus- mainshock regions.
tered catalogs obtained with the proposed tri-stage cluster
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4.4.3 Inverse Thirumalai-Mountain (TM) metric plots Table 4. Comparative results for the proposed model and that of
Gardner and Knopoff1974 andUhrhammei(1986 for decluster-

The inverse TM matric plot represents the ergodicity of theing of California, Japan and Indonesian catalogs.
catalog and its associated stationarity, which requires that

the ensemble average of events in time and space are equal. Methods Catalogs ~ California  Japan  Indonesian
Ideally, the inverse TM matric plot should be linearly in- Total events 111941 22794 32168
creasing for stationarityThirumalai and Mountain1993. Gardner BG events 22556 6810 7539
In the present paper, for calculating the TM matric the box  ang AF Clusters 7780 2040 2912
size is taken as 0.10 in the latitude and longitude direc-  Knopoff AF events 89385 15984 24629
tions as described byiampo et al.(2007). Figure 13 rep- Uhrhammer BG events 51034 10807 16085
resents the ergodicity and resulting stationarity of the true AF Clusters 7688 1004 1757
catalogs for higher magnitude thresholds(for California cata- AF events 60907 11987 16083
log M > 4 shown in Fig. 13, top, for Japa > 5 in Fig. 13, Proposed  BG events 61830 12347 19718
middle, for the Indonesian catalay > 5 in Fig. 13, bot- model AF events 50111 10447 12450

tom). All the three catalogs display piecewise linear behav-
ior associated with stationarity, but simultaneously the cat-

alogs contain only few elements of higher magnitude (onlyj, 5 sequence. The Uhrhammeéththammer 1986 method

2704 events in the Japan catalog #dr> 5 and 5056 events  stiphout et al.2012 than the Gardner and Knopoff method.
in the Indonesian catalog faf > 5). The results of the proposed method, in the form of declus-

The minimum magnitude of completeness for Califor- tereq catalogs, are compared with the two benchmark meth-
nia and Japan catalogs are describetiemer and Wyss s in Fig. 15 and Table 4. Comparing the plots in Fig. 8
(2000. In accordance with their results, in the current anal- (bottom right) and Fig. 15 (top left and right) for the Cali-
ysis the minimum magnitude of threshold is set as 2.0 forfornia catalog, it is observed that the proposed method does
California and Japan. A minimum magnitude of 2.0 also is hot overclassify events as aftershocks, as occurs in both the
set for the Indonesian catalog, although this is lower thanstandard methods. Similar observations were made for Japan
that determined byVoessner and Wiem¢2003. The com-  (Fjg. 9 bottom right, Fig. 15, middle left and right) and In-
putation of inverse TM matric is carried out in similar man- ggnesia (Fig. 10 bottom right, Fig. 15, bottom left and right).
ner as given infiampo et al(2007). The plots obtained for  Taple 4 reflects the numerical values, confirming that this
the true and declustered catalogs obtained with the proposeghethod identifies fewer events as aftershocks for all three

model are presented in Fig. 14. It is observed that while thecatalogs, when compared to the two benchmark methods.
true catalogs Fig. 14 (left panels) for California and Japan

do show ergodic periods, although they are not as long as
those in Fig. 13, the true Indonesian catalog is no longer er5  Conclusions
godic. The declustered catalogs obtained with the proposed
method shown in Fig. 14 (right panels) reflect similar charac-In this paper we have proposed a tri-stage cluster identifi-
teristics as that of the true catalogs (for California, Japan anaation model considering time, location and magnitude in-
Indonesian catalogs). Therefore it is concluded that while theformation of earthquake catalogs to efficiently classify the
true and declustered catalogs for California and Japan arevents of the catalogs as aftershocks and backgrounds. Tests
stationary for some periods, the Indonesian catalog is onlyon a synthetic Non-Critical PAST catalog demonstrate the
intermittently stationary. However, the declustered catalog<efficiency of the proposed model in terms of percentage of
do contain most of the significant characteristics of the trueaccuracy (94.81% for background and 89.46 % for after-
catalog. shocks). The close agreement between curves generated by
true events and that of the proposed model for the synthetic
4.4.4 Comparison with standard declustering methods  catalog in the form of the lambda plot and the cumulative plot
supports the accuracy of the proposed method. However, this
The proposed method has been compared with two standanthethod does not successfully identify the precursory fore-
declustering methods available in the ZMAP packagarfl-  shocks, or NC-PAST signals. There is flexibility in the design
ner and Knopoff1974 Uhrhammer1986. The Gardnerand of the model for the proper selection of location and mag-
Knopoff method Gardner and Knopoffl974 declusters a  nitude zones depending upon the nature of the mainshocks
catalog using a time—space windowing technique. For evpresent in the catalog. In this method, there is no require-
ery predefined earthquake the subsequent shocks are idement to identify and parameterize an a priori probability dis-
tified as aftershocks if they occur within a specified interval tribution for the relationship between events, but relies only
in time and distance. Here the time—space window is choseln the characteristics of the seismicity itself, as controlled by
in accordance with the magnitude of the largest event preserthe local or regional tectonics. For example, the varialfle 1
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provides for proper selection of danger zones and enables th@ardner, J. K. and Knopoff, L.: Is the sequence of earthquakes

model to adapt based upon the tectonic region. in Southern California, with aftershocks removed, Poissonian?,
The adaptability and effectiveness of the proposed model Bull. Seis. Soc. Am., 64, 1363-1367, 1974.

is evaluated through the classification of events from threg3utenberg, B. and Richter, C. F.: Frequency of earthquakes in Cali-

historic catalogs from different tectonic regions: California, _fornia, Bull. Seismol. Soc. Am., 34, 185-188, 1944. y

Japan and Indonesia. In both the synthetic and real cataloff€'mstetter, A. and Somette, D.: Subcritical and supercritical

modeling, it is observed that the density of events classi- regimes in epidemic models of earthquake aftershocks, J. Geo-

fied back dis al i h h h A phys. Res., 107, 1-28pi:10.1029/2001JB001582002.
led as background Is almost uniform throughout the entlreHelmstetter, A., Kagan, Y. Y., and Jackson, D. D.: Importance of

region of each data set except where there is an unusually sma|| earthquakes for stress transfers and earthquake triggering,

dense occurrence of mainshocks, whereas the density of af- 3. Geophys. Res., 110, 1-15, 2005.

tershock events is higher adjacent to the mainshocks. It is ob3jain, A. K.: Data clustering: 50 years beyond K-means, Pattern

served that in both synthetic and historic catalogs the model Recognition Lett., 31, 651-666, 2010.

does a good job in identifying the temporal clusters. In ad-King, G. C. P. and Bowman, D. D.: The evolution of regional seis-

dition, the method effectively determines the spatial clusters micity between large earthquakes, J. Geophys. Res., 108, 1-16,

that are present in the natural catalogs. The superior perfor- d0i:10.1029/2001J8000783003. _

mance of the proposed method is demonstrated by compaffarsan. D. and Lengline, O.: Extending Earthquakes Reach

ison with two benchmark methods (Gardner and Knopoff,  'nrough Cascading, Science, 319, 1076-1079, 2008.

1974; Uhrhammer, 1986) in terms of number of events cIas-MendO.Za‘ C.and H_artzell S. H.: Aftershock patterns and mainshock
e L . faulting, Bull. Seismol. Soc. Am., 78, 1438-1449, 1988.

sified and their distribution in the declustered catalog. Wh'leMignan, A.: Retrospective on the Accelerating Seismic Release

further studies are required to determine the extent of its (AsR) Hypothesis: Controversy and New Horizons, Tectono-

applicability to finer spatial and temporal scales, this rel-  pnysics, 505, 1-16J0i:10.1016/j.tecto.2011.03.018011.
atively simple three-stage technique, as compared to othemignan, A.: Non-Critical Precursory Accelerating Seismicity The-
more complicated declustering algorithms currently avail- ory (NC PAST) and limits of the power-law fit methodol-
able, shows promise for the application of relatively new ogy, Tectonophys., 452, 42-5fi:10.1016/j.tecto.2008.02.010

clustering methods to seismicity studies. 2008.

Mignan, A. and Di Giovambattista, R.. Relationship be-
tween accelerating seismicity and quiescence, two precur-
sors to large earthquakes, Geophys. Res. Lett., 35, L15306,
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