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Abstract. In this paper we propose a tri-stage cluster iden-
tification model that is a combination of a simple single it-
eration distance algorithm and an iterative K-means algo-
rithm. In this study of earthquake seismicity, the model con-
siders event location, time and magnitude information from
earthquake catalog data to efficiently classify events as ei-
ther background or mainshock and aftershock sequences.
Tests on a synthetic seismicity catalog demonstrate the ef-
ficiency of the proposed model in terms of accuracy percent-
age (94.81 % for background and 89.46 % for aftershocks).
The close agreement between lambda and cumulative plots
for the ideal synthetic catalog and that generated by the pro-
posed model also supports the accuracy of the proposed tech-
nique. There is flexibility in the model design to allow for
proper selection of location and magnitude ranges, depend-
ing upon the nature of the mainshocks present in the catalog.
The effectiveness of the proposed model also is evaluated by
the classification of events in three historic catalogs: Cali-
fornia, Japan and Indonesia. As expected, for both synthetic
and historic catalog analysis it is observed that the density of
events classified as background is almost uniform through-
out the region, whereas the density of aftershock events are
higher near the mainshocks.

1 Introduction

Examination of the spatial and temporal distributions of re-
gional earthquakes confirms that they primarily occur on
tectonic features such as faults (spatial clustering) and sub-
sequent to large events (temporal clustering). For example,
the Omori law (Omori, 1894) is an empirical relation that

describes the clustering of aftershocks in time.Utsu (2002)
offers a broad review on the spatial distribution of seismicity,
while Stein(1999) also incorporated the principle of spatial
clustering in associating triggered events or aftershocks to
regions of stress increase.

The clustered nature of earthquakes has motivated many
studies to understand and model seismicity, including the
Epidemic Type Aftershock Sequence (ETAS) (Ogata, 1988;
Helmstetter and Sornette, 2002) and the Branching After-
shock Sequence (BASS) models (Turcotte et al., 2007).
Shcherbakov et al.(2005) analyzed the interoccurrence times
between events as a non-homogeneous Poisson process,
while Mendoza and Hartzell(1988) studied the correlation
between the location of aftershocks and regions of coseismic
slip in Southern California.

Declustering seismicity data has been the subject of inten-
sive study over the years, where the main goal is to separate a
given catalog into subsets in which their elements share sim-
ilar characteristics based on a particular set of criteria. For
example,Gardner and Knopoff(1974) developed a declus-
tering method for California using power laws to scale the
duration and the spatial regions of aftershock sequences with
respect to magnitude that yielded a Poissonian-like residual
catalog.Reasenberg(1985) introduced a method in which
events are analyzed in pairs and aftershock sequences are
modeled as time-dependent Poisson processes.Zhuang et
al. (2005) developed a method for stochastic declustering
based upon the ETAS model.Baiesi and Paczuski(2004)
andZaliapin et al.(2008) developed a method in which time-
space-magnitude distances between earthquakes are ana-
lyzed to determine whether two events are linked. A method
to decluster seismicity based on determining the probability
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of direct and indirect aftershock triggering was proposed by
Marsan and Lengline(2008). Wu (2010) employed a Hid-
den Markov model to decluster seismicity. However, it has
been shown that the choice of declustering algorithm and the
variation in the related parameter values can have a signif-
icant impact on the calculation of local and regional seis-
micity rates (Van Stiphout et al., 2011). Recent work using
the ETAS model to decluster seismicity in Indonesia, Japan
and the Himalayas has resulted in the identification of back-
ground anomalies of activation and quiescence (Bansal and
Ogata, 2010; Bansal et al., 2012; Ogata, 2011).

In this study, we present a different method to decluster
seismicity, based on a tri-stage cluster identification model
that only considers event location, time and magnitude of
earthquake catalog data in an objective, mathematical for-
mulation designed to efficiently classify events as either
background or mainshock and aftershock sequences. In this
model, which is relatively simple when compared to many of
the currently available algorithms, each event is classified as
an aftershock if it belongs to at least two cluster zones with
respect to time, location or magnitude. We have incorporated
a simple single-iteration distance algorithm in the first two
stages and an iterative K-means algorithm (Xu and Wunsch,
2005; Nazeer and Sebastian, 2009) in the third stage to ac-
curately identify the cluster zones. There is flexibility in the
model design to allow proper selection of cluster zones de-
pending upon the nature of the mainshocks present in the
catalog. Again, the goal here is to study the efficiency of a
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 the
variation in each parameter into the algorithm itself. Note
also that here there is no requirement to identify and param-
eterize an a priori probability distribution for the relationship
between events. The method relies only on the characteris-
tics of the seismicity itself, as controlled by the local or re-
gional tectonics. The method is tested on a synthetic cata-
log and three real-world seismic catalogs: California, Japan
and Indonesia. The accuracy is presented in the form of a
lambda plot (number of events yr−1), a cummulative seismic-
ity plot, the percentage of accuracy and index matching with
true events.

The synthetic catalog formulation is described in the next
section. The tri-stage cluster identification technique is de-
tailed in Sect. 3. Application of the proposed model to anal-
ysis of the California, Japan and Indonesian catalogs is pre-
sented in Sect. 4. The declustering performance of the pro-
posed is compared with two benchmark methods (Gardner
and Knopoff, 1974; Uhrhammer, 1986) in Sect. 4. The con-
cluding remarks are presented in Sect. 5.

Table 1.List of Parameters used in the synthetic catalog.

Parameters Values

Magnitude-frequency a-value 4.2
b-value 1
Mmin 1
Mmax < 5.1

Background density (events day−2 deg.−1)
– outside stress shadow 0.008
– inside stress shadow 0.0

Aftershocks (ETAS) p-value 1.10
α (magnitude−1) 1
c (days) 0.001
K 0.004

2 Synthetic catalog

The basic inputs into the synthetic catalog used for testing the
declustering method, including the epidemic type aftershock
sequence model (ETAS), are detailed here.

2.1 ETAS

The ETAS model was developed byOgata(1988, 1992) to
model the seismic activity of a given region. The model de-
scribes the occurrence raten(t) as a superposition of back-
ground seismicityµ (shocks day−1) and weighted sum of any
j -th aftershock (timetj ) occurred before timet given by

n(t)= µ+

∑
{j :tj≺t}

eα(Mj−Mc)v
(
t − tj

)
,∀j = 1,2, ..N, (1)

whereN is the number of earthquakes of magnitudeMc or
higher. The termeα(Mj−Mc) represents the aftershock pro-
ductivity, whereMj is the magnitude ofj -th aftershock and
Mc is the cut-off magnitude of the fitted data (Mc is taken as
1.0; Helmstetter et al., 2005). The aftershock decayv(t) is
represented by modified Omori function (Utsu, 1961)

v(t)=K (t + c)−p , (2)

whereK (shocks day−1) represents the productivity of after-
shock for a short duration after the mainshock.

The parameters of the ETAS modelµ, p, α, c, andK
are generally calculated by the maximum likelihood method.
However, most standard parameter values can be obtained
from the literature (Mignan and Tiampo, 2010).

2.2 Synthetic catalog using ETAS model

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 power
law with respect to time before the mainshock. This acceler-
ation results in an increase of the Gutenberg–Richter a-value
in local areas (Gutenberg and Richter, 1944), while events
that occur in the stress shadows tend to hide the pattern of
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 spatiotemporal
variations is difficult, although the pattern has been observed
in a few natural cases (e.g.Mignan and Di Giovambattista,
2008; Mignan and Tiampo, 2010). Activation here refers to
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
a Non-Critical PAST synthetic catalog was to study whether
the method was capable of identifying regions of variable
spatio-temporal activity that, on average, are relatively close
to the background levels of activity.

In this synthetic catalog formulation, the background seis-
micity rate and the noise ratio are adjustable parameters, de-
pending, respectively, on the regional seismic activity and
on the effect of the stress shadow. The background seismic-
ity density is fixed to 1000 background events in the cata-
log per year, or 0.008 events degree−2 day−1 in a 2000 by
2000 km square grid over a 20 yr 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 time
(Mignan and Tiampo, 2010). Background events are im-
plemented randomly in space and time from a Gutenberg–
Richter relation with a b-value of 1.0 (Gutenberg and Richter,
1944). The minimum magnitude of background events is
Mmin = 1.0 to ensure that, for the density of events in the cat-
alogue, the maximum magnitudeMmax for the region is less
than 6.0. Spatiotemporal clustering is included in the simu-
lated background seismicity by following the ETAS model
(Ogata, 1992; Ogata and Zhuang, 2006). Aftershocks also
obey Bath’s law, in which the difference in magnitude be-
tween the mainshock and its largest aftershock1m is fixed
to 1.0 to ensure that all aftershocks have a magnitudeM <

Mmax (Shcherbakov et al., 2005). This method is designated
as “Modified ETAS”, due to restriction in magnitude.

The size of the stress shadow, or quiescent region, result-
ing from the earthquake that occurred just prior to the start
of the catalog (t = t0), is based on dislocation theory in an
elastic half-space (Okada, 1992). Actual Coulomb stress cal-
culations were performed using the source code AlmondX
(courtesy of G. C. P. King). The stress fieldσ(x,y, ti) results
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to decluster seismicity in Indonesia, Japan and the Himalayas70

has resulted in the identification of background anomalies of
activation and quiescence (Bansal and Ogata, 2010), (Bansal
et al., 2012), (Ogata, 2011).
In this study, we present a different method to decluster

seismicity, based on a tri-stage cluster identification model75

that only considers event location, time and magnitude of
earthquake catalog data in an objective, mathematical formu-
lation designed to efficiently classify events as either back-
ground or mainshock and aftershock sequences. In this
model, which is relatively simple when compared to many80

of the currently available algorithms, each event is classified
as an aftershock if it belongs to at least two cluster zones
w.r.t. time, location or magnitude. We have incorporated
a simple single iteration distance algorithm in the first two
stages and an iterative K-means algorithm (Xu and Wunsch,85

2005; Nazeer and Sebastian, 2009) in the third stage to ac-
curately identify the cluster zones. There is flexibility in the
model design to allow proper selection of cluster zones de-
pending upon the nature of the mainshocks present in the
catalog. Again, the goal here is to study the efficiency of a90

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 the
variation in each parameter into the algorithm itself. Note
also that here there is no requirement to identify and param-95

eterize an a priori probability distribution for the relationship
between events. The method relies only on the characteris-
tics of the seismicity itself, as controlled by the local or re-
gional tectonics. The method is tested on a synthetic catalog
and three real world seismic catalogs: California, Japan and100

Indonesia. The accuracy is presented in the form of lambda
plot (number of events/year), cumulative plot, percentage of
accuracy and index matching with true events.
The synthetic catalog formulation is described in the next

section. The tri-stage cluster identification technique is de-105

tailed in Section 3. Application of the proposed model to
analysis of the California, Japan and Indonesian catalogs is
presented in Section 4. The declustering performance of the
proposed is compared with two benchmark methods (Gard-
ner and Knopoff, 1974; Uhrhammer, 1986) in Section 4. The110

concluding remarks are presented in Section 5.

2 Synthetic Catalog

The basic inputs into the synthetic catalog used for testing the
declustering method, including the epidemic type aftershock
sequence model (ETAS), are detailed here.115

2.1 ETAS

The ETAS model was developed by Ogata (1988, 1992) to
model the seismic activity of a given region. The model de-
scribes the occurrence rate n(t) as a superposition of back-

Table 1. List of Parameters used in the synthetic catalog

Parameters Values

Magnitude-frequency a-value 4.2
b-value 1
Mmin 1
Mmax < 5.1

Background density(events/day/deg.)
-outside stress shadow 0.008
-inside stress shadow 0.0

Aftershocks (ETAS) p-value 1.10
α (magnitude−1) 1
c (days) 0.001
K 0.004
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Fig. 1. Gutenberg-Richter relationship for synthetic catalog

ground seismicity μ (shocks/day) and weighted sum of any120

j−th aftershock (time tj ) occurred before time t given by

n(t)=μ+
∑

{j:tj≺t}

eα(Mj−Mc)v(t− tj), ∀j=1,2,..N (1)

where N is the number of earthquakes of magnitude Mc or
higher. The term eα(Mj−Mc) represents the aftershock pro-
ductivity, whereMj is the magnitude of j−th aftershock and125

Mc is the cut-off magnitude of the fitted data ( Mc is taken
as 1.0 (Helmstetter, 2005) ). The aftershock decay v(t) is
represented by modified Omori function (Utsu, 1961)

v(t)=K (t+c)
−p (2)

where K (shocks/day) represents the productivity of after-130

shock for a short duration after the mainshock.
The parameters of the ETAS model μ, p, α, c,K generally

are calculated by the maximum likelihood method. However,
most standard parameter values can be obtained from the lit-
erature (Mignan and Tiampo, 2010).135

Fig. 1.Gutenberg–Richter relationship for synthetic catalog.

from a constant displacement on the fault. The stress shadow
decreases through time through the linear superposition of
a loading stress field by following the concept of back-slip
model (Savage, 1983). The cumulative number of events in-
side the stress shadow increases as a power-law function
through time, in agreement withMignan et al.(2007). For
more information about Non-Critical PAST simulations, the
reader should refer to Mignan and Tiampo (2010).

The list of parameters used in the catalog is presented
in Table 1. The Gutenberg–Richter relationship for the syn-
thetic catalog is shown in Fig. 1.

3 Proposed tri-stage cluster identification model

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-
gram of the proposed model is shown in Fig. 2. Detail about
the various cluster identification stages involved in the model
are outlined below.

3.1 Mainshocks

The events with large magnitude in the catalog are consid-
ered to be the mainshocks. Therefore, in the synthetic cata-
log events with magnitude greater than 4.5 are considered as
mainshocks. The location (coordinates) and time of occur-
rence of the mainshocks are represented as black asterisks
(∗) in Fig. 3 (top left and top right, respectively).

www.nonlin-processes-geophys.net/20/143/2013/ Nonlin. Processes Geophys., 20, 143–162, 2013
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Fig. 2. Block diagram of proposed tri-stage cluster identification model

whereM =5 is the number of mainshocks of catalog.

2. For each point pi ∈ PN×D (Catalog having N events,
D dimension) calculate the Euclidean distance (2-norm)
from the cluster centers

d(pi,ξj)=

√√√√ D∑
d=1

(pi,d−ξj,d)
2 (4)240

Here D=1 as clustering is based only on the time as-
sociated with each event.

3. Assign pi to nearest cluster center ctj for which

d(pi,ξj)=
Minimum

∀k∈{1,2...,M} {d(pi,ξk)} (5)

From this, the synthetic catalog events are classified into 5245

clusters (represented by red, yellow, cyan, magenta and green
colors) shown in Fig. 3 (bottom left).

– Time Zone Based Clustering

The events that belong to each of the above five clusters
are then grouped into two categories250

– c1. Regular time zone: Events located far away from
the occurrence time of mainshock.

– c2. Identified time zone (Danger time zone): Events
located near the occurrence time of mainshock.

In order to achieve the above classification each cluster is255

divided into three sub-clusters using the single iteration dis-
tance algorithm detailed above. The mainshock (Z2) and two

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

3.2 Stage I: temporal cluster identification

The temporal cluster identification is carried out using tem-
poral clustering and time zone based clustering as follows:

3.2.1 Temporal clustering

The events in the catalog are classified intoM clusters (based
on number of mainshocks) with a simple single-iteration dis-
tance algorithm. The steps involved are:

1. The time events of the mainshocks (ξ ) are considered as
the centers of the clusters.

ξ = {ξ1,ξ2, .., ξM} , (3)

whereM = 5 is the number of mainshocks of catalog.

2. For each pointpi ∈ PN×D (catalog havingN events,
D dimension) calculate the Euclidean distance (2-norm)

from the cluster centers

d(pi,ξj )=

√√√√ D∑
d=1

(
pi,d − ξj,d

)2
. (4)

Here,D = 1 as clustering is based only on the time as-
sociated with each event.

3. Assignpi to nearest cluster centerctj for which

d
(
pi,ξj

)
=

Minimum
∀k ∈ {1,2...,M} {d (pi,ξk)} . (5)

From this, the synthetic catalog events are classified into
five clusters (represented by red, yellow, cyan, magenta and
green colors) shown in Fig. 3 (bottom left).

3.2.2 Time zone based clustering

The events that belong to each of the above five clusters are
then grouped into two categories

Nonlin. Processes Geophys., 20, 143–162, 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 grey and
mainshocks shown in black, (top right) locations of mainshocks w.r.t. 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).

extreme points (at a distance from the mainshock, before oc-
currence (Z1) and after occurrence (Z2)) are considered as
the sub-cluster centers shown in Fig. 4.260

Define C1 and C2 as the cluster of events that belong to
the background and earthquake sequence time zone for the
entire dataset given by

C1=

M∑
m=1

c1m =

M∑
m=1

Z1 Clusterm+

M∑
m=1

Z3 Clusterm (6)

C2=

M∑
m=1

c2m =

M∑
m=1

Z2 Clusterm (7)265

The events belong to cluster time zoneC2 for the synthetic
catalog are plotted as black dots around the mainshocks in
Fig. 3 (bottom right). The addition operator in Eq. 6 rep-
resents all the events that are shown as black solid lines in
Fig.3 (bottom right). Each individual cluster, representing270

one danger time zone (Fig.4), corresponds to one black line.
The sum provides the collection of all the events in the black
solid line time zones.

Similarly the Eqn. (7) represent the summation of all the
clusters which are outside the solid lines (Fig.3 bottom right).275
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Fig. 4. Example of time zone clustering

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.

– c2. Identified 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 andC2 as the cluster of events that belong to
the background and earthquake sequence time zone for the
entire dataset given by

C1 =

M∑
m=1

c1m =

M∑
m=1

Z1 Clusterm+

M∑
m=1

Z3 Clusterm (6)

C2 =

M∑
m=1

c2m =

M∑
m=1

Z2 Clusterm. (7)
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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 grey and
mainshocks shown in black, (top right) locations of mainshocks w.r.t. 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).

extreme points (at a distance from the mainshock, before oc-
currence (Z1) and after occurrence (Z2)) are considered as
the sub-cluster centers shown in Fig. 4.260

Define C1 and C2 as the cluster of events that belong to
the background and earthquake sequence time zone for the
entire dataset given by

C1=

M∑
m=1

c1m =

M∑
m=1

Z1 Clusterm+

M∑
m=1

Z3 Clusterm (6)

C2=

M∑
m=1

c2m =

M∑
m=1

Z2 Clusterm (7)265

The events belong to cluster time zoneC2 for the synthetic
catalog are plotted as black dots around the mainshocks in
Fig. 3 (bottom right). The addition operator in Eq. 6 rep-
resents all the events that are shown as black solid lines in
Fig.3 (bottom right). Each individual cluster, representing270

one danger time zone (Fig.4), corresponds to one black line.
The sum provides the collection of all the events in the black
solid line time zones.

Similarly the Eqn. (7) represent the summation of all the
clusters which are outside the solid lines (Fig.3 bottom right).275
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Fig. 4. Example of time zone clustering

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 zone forC1, (top right) output of background and clustered coordinate zone forC2, (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 zoneC2 for the
synthetic catalog are plotted as black dots around the main-
shocks in Fig. 3 (bottom right). The addition operator in
Eq. (6) represents all the events that are shown as black solid
lines in Fig. 3 (bottom right). Each individual cluster, rep-
resenting one danger time zone (Fig. 4), corresponds to one
black line. The sum provides the collection of all the events
in the black solid line time zones.

Similarly, the Eq. (7) represents the summation of all the
clusters which are outside the solid lines (Fig. 3 bottom
right). They represent the regular time zone events.

3.3 Stage II: coordinate based cluster identification

The location based cluster identification is carried out using
coordinate clustering and thresholding as follows:
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3.3.1 Coordinate clustering

Events belonging to regular zoneC1 and cluster time zone
C2 undergo location based cluster identification separately.
The distance based algorithm discussed in Sect. 3.2 is em-
ployed for clustering of the two time zone data sets. The lo-
cations of mainshocks are considered as the cluster centers.
The dimension of each event is two, which corresponds to
both thex- and y- (or longitude and latitude) coordinates.
Both datasetsC1 andC2 are classified into 5 clusters each
(represented by red, yellow, cyan, magenta and green dots)
shown in Fig. 5 (top left and top right, respectively).

3.3.2 Coordinate thresholding

The events belonging to each cluster are then classified into
two categories based on a threshold.

– c3. Background coordinate zone: Events located far
away from the location of mainshock.

– c4. Clustered coordinate zone (Danger coordinate
zone): Events located near the location of mainshock.

The threshold is determined as a portion 1/ψ of the max-
imum distance between the cluster center and the furthest
point (F ) inside the cluster. For all eventspi ∈ Cj the thresh-
olding process is as follows:

If
(
d

(
pi,cj

)
< (1/ψ)

[
d

(
pi,Fj

)])
⇒

{
pi ∈ c4
else,pi ∈ c3.

(8)

The selection of optimal 1/ψ 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.

3.4 Categorization

In this model an event is classified as an aftershock if it be-
longs to at least two identified zones with respect to time, lo-
cation or magnitude. After temporal and location based clus-
ter identification, the events in the catalog are classified into
four categories as follows:

– Category 1: WithinC1 andC3 – events that belong to
normal time zone and coordinate zone.

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

– Category 3: WithinC2 andC3 – events that belong to
clustered time zone and normal coordinate zone.

– Category 4: WithinC2 andC4 – events that belong
to clustered time as well as clustered coordinate zone.
These events are treated as aftershocks.

The events that belong to categories 2 and 3 are either in
the clustered time or in the clustered coordinate zone. In or-
der to satisfy at least two clustered zone criteria they undergo
magnitude based clustering.

The events that belong to category 1 are not located near
the mainshock, in terms of geographical area, and are not as-
sociated with time immediately after the mainshock. In order
to determine the aftershocks in this region the events undergo
a magnitude based thresholding.

3.5 Stage III: magnitude based cluster identification

3.5.1 Magnitude clustering

Events that belong to categories 2 and 3 undergo magni-
tude based clustering. An event is classified as an after-
shock if it belongs to the clustered magnitude zone, where
it satisfies either the location (coordinate)-magnitude or the
time-magnitude criteria. Therefore the data set (consisting
of Category 2 and 3 events) undergoes cluster analysis with
the K-means algorithm (Jain, 2010; Xu and Wunsch, 2005;
Nazeer and Sebastian, 2009). The steps involved are outlined
as follows:

– Step 1. Initialize the current iteration asi = 1 and let the
maximum number of iterations beimax = I .

– Step 2. Let r be the number of randomly selected pat-
terns declared as the cluster centers

κ = {κ1, ..,κr} (9)

such thatκi 6= κj , ∀i,j = 1, ..., r. Herer is taken as 2 as
we have to divide the data set into two groups (clustered
and regular magnitude zone).

For i=1 to imax do

– Step 3. For each patternpi ∈ PN×D (catalog havingN
events,D dimension) calculate the Euclidean distance
from the cluster centersd(pi,κj ) defined in Eq. (4).

– Step 4. Assign patternpi to the cluster centerκj for
which the distance is minimum as per Eq. (5).

– Step 5. Update the center by the mean of the associated
patterns with the centerκj .

End For

– Step 6. Check whether the number of data points in each
cluster remains constant for certain iterations. If this is
not satisfied then increase the number of iterationimax
and continueStep 3.

– Step 7. Otherwise report the final cluster partitionsκj
obtained at iterationImax.
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The algorithm is run for 30 iterations and the obtained par-
titions are described as follows:

1. Clustered magnitude zone: events that belong to this
category are treated as aftershocks.

2. Regular magnitude zone: events that belong to this cat-
egory are treated as background, as they failed to satisfy
the two clustered zone criteria with magnitude.

3.5.2 Magnitude thresholding

The events belonging to Category 1 (withinC1 and C3, i.e.,
events which are located far away with respect to time and
coordinate from the mainshocks) are categorized into after-
shocks or background events based upon magnitude based
thresholding. For all eventspi ∈ κj the thresholding process
is as follows:

If (Mag[pi ] >M1)⇒

{
pi ∈ Aftershock
else,pi ∈ Background,

(10)

whereM1 = mean
[
Mag(Category4)

]
. This represents the

average magnitude of events already classified as after-
shocks. Those events that are far from the mainshock with
respect to coordinate and time are considered as aftershocks
if they have a higher magnitude thanM1.

3.6 Results and discussion

The locations of events in the synthetic catalog that are cate-
gorized as either aftershock or background, as derived from
the model output, are presented in Fig. 5 (middle left and
right). The results are compared with the true values of af-
tershocks and background in Fig. 5 (bottom left and right,
respectively). From these figures, it is observed that the den-
sity of background events in the synthetic catalog is almost
uniform throughout the region. It is also observed that there
is difference between true aftershocks (Fig. 5, bottom left)
and the proposed model classified aftershocks (Fig. 5, middle
left). This is likely due to the absence of spatial clusters in the
true aftershocks. While the model accurately classifies the
temporal clusters present in the catalog, because there is al-
most no spatial clustering present it effectively chooses those
events randomly in the coordinate based clustering step. As a
result, the model is insensitive to change in parameter value
(1/ψ value in Table 2) and the number of aftershocks is
overestimated. Note also that the method does not identify
precursory foreshocks, or NC-PAST signals. However, those
events are a very small percentage of the total and as a result,
other, standard declustering algorithms are known to experi-
ence similar difficulties (Mignan and Tiampo, 2010).

3.6.1 Accuracy Percentage (AP)

AP =
Correctly classified events

Total number of events
× 100. (11)

Table 2. Impact of different 1/ψ value on model outcome.

Classification Result Model Output

Total Events 29355 (True BG-19669, True AF-9686)

1/ψ value 1/5 1/6 1/7 1/8

Number of events 17 860 18 361 18 648 18 796
as background

% of Accuracy of 90.80 93.35 94.81 95.56
background events

Index matching with 12 354 12 720 12 946 13 059
true backgrounds

Number of events 11 495 10 994 10 707 10 559
as aftershocks

% of Accuracy of 81.32 86.50 89.46 90.99
aftershock events

Index matching with 3796 4037 4172 3941
true aftershocks

This evaluation criteria signifies the overall performance
of the model considering the time, coordinate and magnitude
clustering. The events classified as aftershocks and back-
ground are compared with the ideal classification result of
synthetic catalog and the results are presented in Table 2.

3.6.2 Index matching

The index matching of the obtained model output (events cat-
egorized as background and aftershocks) with the true out-
put (available for synthetic catalog) represents the number of
events that are classified correctly with the model. The re-
sults of index matching of events for the synthetic catalog
are presented in Table 2.

3.6.3 Optimal coordinate based thresholding

The value for parameter 1/ψ , discussed in coordinate based
thresholding, is set in accordance with the area of coordinate
based clusters. The final classification results of the model
for four different 1/ψ values are presented in Table 2. It is
observed that the model outputs provide similar results to
the ideal classification obtained from the synthetic catalog
with a suitable selection of the 1/ψ value. For 1/ψ = 1/7,
the accuracy of background prediction is 94.81 % and that
of aftershock prediction is 89.46 %, both of which are bet-
ter than that achieved for background and aftershock pre-
dictions with values for 1/ψ of 1/5 and 1/6. Further re-
duction of the 1/ψ value to 1/8 does improve the accuracy
percentage of background and aftershock events, but the in-
dex matching of aftershocks reduces from 4172 to 3941 (Ta-
ble 2). For 1/ψ = 1/9, the index matching of aftershocks
further reduces to 3798. This indicates that lowering the
threshold(1/ψ) below a certain optimal value increases the
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Fig. 6. Plot of space vs. time for (left) 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 (bottem left).
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Fig. 7. Tri-stage cluster identification model result analysis for synthetic catalog : (left) plot of Lambda values, (right) cumulative plot of
events characterized as true aftershock and background for synthetic catalog and estimated tri-stage model outputs.

The plot of the lambda (λ = Number of events/year) for the
synthetic catalog is shown as the solid light-gray line in Fig.7
(left). From Fig.3 (top right) and the lambda plot in Fig.7455

(left), it is clear that three mainshocks occurred during the
10-12 year and two mainshocks occurred during the 6-8 year
and 15-16 year periods respectively. Therefore the number
of events (primarily aftershocks) increases sharply in these
periods and are represented by peaks. The ideal λ values460

of backgrounds and aftershocks generated by the synthetic
catalog are represented by the solid gray line and the solid
black line respectively. It is observed that the λ value of the
backgrounds remains almost uniform throughout the dataset,
whereas the λ value of the aftershocks approach the charac-465

teristics of the total events. The λ values of backgrounds and
aftershocks generated by the proposed cluster identification
model are shown in Fig.7 (left) as the dotted gray line and the
dotted black line respectively. The close agreement between
lambda plots of the synthetic catalog and that generated by470

the proposed model for both aftershocks and backgrounds,
demonstrates the accurate performance of proposed method.

Table 3. List of parameters used to acquire the California, Japan
and Indonesian Catalogs, ANSS (ANSS, 2012)

Parameters California Japan Indonesian

start time 1988/01/01 1992/01/01 1991/01/01
end time 2009/01/01 2012/01/01 2011/01/01
minimum latitude 32 24 -11
maximum latitude 40 46 6
minimum longitude -125 122 95
maximum longitude -115 146 141
minimum magnitude 2.0 2.0 2.0
maximum magnitude 8.0 10.0 10.0
minimum depth 0 0 0
maximum depth 25 500 500
event type E E E

The plot of cumulative number of events w.r.t. time for the
synthetic catalog is shown in Fig.7 (right). In this plot it can
be observed that the cumulative number of aftershock events475

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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proposed tri-stage cluster identification model presented in Fig.5 (bottem left).

0 5 10 15 20
0

200

400

600

800

1000

1200

1400

1600

1800

Number of Years

La
m

bd
a

Estimated Af. Model 
Estimated Bg. Model
Catalog Data (Af.+ Bg.)
True Bg.
True Af.

0 5 10 15 20
0

0.5

1

1.5

2

2.5

3
x 10

4

Number of Years

C
um

ul
at

iv
e 

nu
m

be
r 

of
 e

ve
nt

s

Estimated Af. Model
Estimated Bg. Model
True Bg.
True Af.
Events (Bg. + Af.)

Fig. 7. Tri-stage cluster identification model result analysis for synthetic catalog : (left) plot of Lambda values, (right) cumulative plot of
events characterized as true aftershock and background for synthetic catalog and estimated tri-stage model outputs.

The plot of the lambda (λ = Number of events/year) for the
synthetic catalog is shown as the solid light-gray line in Fig.7
(left). From Fig.3 (top right) and the lambda plot in Fig.7455

(left), it is clear that three mainshocks occurred during the
10-12 year and two mainshocks occurred during the 6-8 year
and 15-16 year periods respectively. Therefore the number
of events (primarily aftershocks) increases sharply in these
periods and are represented by peaks. The ideal λ values460

of backgrounds and aftershocks generated by the synthetic
catalog are represented by the solid gray line and the solid
black line respectively. It is observed that the λ value of the
backgrounds remains almost uniform throughout the dataset,
whereas the λ value of the aftershocks approach the charac-465

teristics of the total events. The λ values of backgrounds and
aftershocks generated by the proposed cluster identification
model are shown in Fig.7 (left) as the dotted gray line and the
dotted black line respectively. The close agreement between
lambda plots of the synthetic catalog and that generated by470

the proposed model for both aftershocks and backgrounds,
demonstrates the accurate performance of proposed method.

Table 3. List of parameters used to acquire the California, Japan
and Indonesian Catalogs, ANSS (ANSS, 2012)

Parameters California Japan Indonesian

start time 1988/01/01 1992/01/01 1991/01/01
end time 2009/01/01 2012/01/01 2011/01/01
minimum latitude 32 24 -11
maximum latitude 40 46 6
minimum longitude -125 122 95
maximum longitude -115 146 141
minimum magnitude 2.0 2.0 2.0
maximum magnitude 8.0 10.0 10.0
minimum depth 0 0 0
maximum depth 25 500 500
event type E E E

The plot of cumulative number of events w.r.t. time for the
synthetic catalog is shown in Fig.7 (right). In this plot it can
be observed that the cumulative number of aftershock events475

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 after-
shocks are more prominent within a certain coordinate radius
of the mainshock and that this optimal radius varies with tec-
tonic region and mainshock.

3.6.4 Space time plot

The plot of longitude vs. time for the synthetic catalog and
declustered synthetic catalog obtained with the proposed tri-
stage cluster identification model are presented in Fig. 6 (left
and right, respectively). From both figures it is observed that
there is a dense region of aftershock decay with time after the
occurrence of the mainshocks.

3.6.5 Lambda and cumulative plot

The plot of the lambda (λ= number of events yr−1) for the
synthetic catalog is shown as the solid light-gray line in Fig. 7
(left). From Fig. 3 (top right) and the lambda plot in Fig. 7
(left), it is clear that three mainshocks occurred during the
10–12 yr and two mainshocks occurred during the 6–8 yr
and 15–16 yr periods, respectively. Therefore, the number

of events (primarily aftershocks) increases sharply in these
periods and are represented by peaks. The idealλ values
of backgrounds and aftershocks generated by the synthetic
catalog are represented by the solid gray line and the solid
black line, respectively. It is observed that theλ value of the
backgrounds remains almost uniform throughout the data set,
whereas theλ value of the aftershocks approach the charac-
teristics of the total events. Theλ values of backgrounds and
aftershocks generated by the proposed cluster identification
model are shown in Fig. 7 (left) as the dotted gray line and the
dotted black line, respectively. The close agreement between
lambda plots of the synthetic catalog and that generated by
the proposed model for both aftershocks and backgrounds,
demonstrates the accurate performance of proposed method.

The plot of cumulative number of events with respect to
time for the synthetic catalog is shown in Fig. 7 (right). In
this plot it can be observed that the cumulative number of af-
tershock events increases during the year in which the main-
shocks occurred (i.e., 10–12, 6–8 and 15–16). The cumula-
tive number of background events follows its steady pattern
for all the years.
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Fig. 8.Tri-stage cluster identification of the seismic catalog of California: (top left) location of mainshocks during year 1988–2008; (top right)
output of time zone clustering; (middle left) output of background and clustered coordinate zone forC1; (middle right) output of background
and clustered coordinate zone forC2; (bottom left) events classified as aftershocks; (bottom right) events classified as background.

4 Analysis of natural seismic catalogs using proposed
model

In this section the proposed tri-stage cluster identification
model is applied to the California, Japan and Indonesian cat-
alogs obtained from the Advanced National Seismic System
(ANSS, 2012) with the parameter settings as presented in Ta-
ble 3. The details of the model analysis are outlined below.

4.1 California catalog

This catalog consists of seismic events occurred between
January 1988 to December 2008. Locations of the eight ma-
jor events,M > 6, are represented by black stars and their
location and year of occurrence are indicated in Fig. 8 (top
left). We converted the time of occurrence of the events from
year, day, hour and seconds scale to seconds. The occurrence

Nonlin. Processes Geophys., 20, 143–162, 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 153

Fig. 9. Tri-stage cluster identification of the seismic catalog of Japan: (top left) location of mainshocks, designated by black asterisks, and
location of eventsM > 6, designated as black dots, 1992–2011; (top right) output of time zone clustering; (middle left) output of background
and clustered coordinate zone forC1; (middle right) output of background and clustered coordinate zone forC2; (bottom left) events
classified as aftershocks; (bottom right) events classified as background.

of mainshocks with respect to seconds is presented by black
asterisks in Fig. 8 (top right). Four mainshocks occurred dur-
ing the year 1992, and two event occurrences coincide (repre-
sented by seven black asterisks in Fig. 8 (top right) instead of
eight). The catalog events then are classified into eight clus-
ters with respect to the time based clustering, represented by

eight dots in Fig. 8 (top left). The events from each cluster
then undergo clustering for each time zone. Events that be-
long to the clustered time zone are represented by black solid
lines around the mainshocks in Fig. 8 (top right).

The events belonging to the normal time zone and clus-
tered time zone both undergo coordinate based clustering

www.nonlin-processes-geophys.net/20/143/2013/ Nonlin. Processes Geophys., 20, 143–162, 2013
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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 eventsM > 6, designated as black dots, 1991–2010; (top right) output of time zone clustering; (middle left) output of
background and clustered coordinate zone forC1; (middle right) output of background and clustered coordinate zone forC2; (bottom left)
events classified as aftershocks; (bottom right) events classified as backgrounds.

and thresholding as described in Sect. 3.3. The results ob-
tained after coordinate thresholding are represented in Fig. 8
(middle left and right, respectively). In both figures the en-
tire region is divided into eight clusters (each cluster event is
represented by a unique colour). Red asterisks represent the
coordinates of the mainshocks surrounded by the associated
coordinate zones (represented by blue dots).

4.1.1 Variable coordinate based thresholding

In this catalog four large earthquakes occurred in 1992 and
the locations of their associated events are represented by
four adjacent clusters (pink, cyan, sky blue and yellow) in
Fig. 8 (middle left and right, respectively). These events are
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 aftershock 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.

belong to Category 4 are taken as aftershocks. The events
belong to Category 2-3 undergo a magnitude clustering and
those of Category 1 undergo magnitude thresholding.

– Variable magnitude based thresholding

We have defined two different magnitude based thresh-530

olds. The magnitude threshold for the 1992 related
clusters is taken as [mean(Mag(Category4))−0.25] as
four major earthquakes happened in the same year. For
the remaining four mainshocks the value is taken as

[mean(Mag(Category4))+1.25]. The locations of those535

events identified as aftershock and background in the tri-
stage model output are presented in Fig. 8 (bottom left and
right respectively). It is observed that the density of back-
ground events is almost uniform throughout the region (Fig.
8(bottom right)), while the aftershock density is higher near540

the mainshocks (Fig. 8(bottom left)).

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 than
the other four individual mainshocks. Therefore, instead of
considering a fixed optimal coordinate thresholding value for
all mainshocks (as in the synthetic data) the zone radius asso-
ciated with these four events is increased. For the 1992 earth-
quakes, the 1/ψ value is taken as 2/3 and for the other four
this value is taken as 1/8. The events are then classified into
four categories as described in Sect. 3.4. Events that belong

to category 4 are taken as aftershocks. The events belong to
categories 2–3 undergo a magnitude clustering and those of
category 1 undergo magnitude thresholding.

4.1.2 Variable magnitude based thresholding

We have defined two different magnitude based thresh-
olds. The magnitude threshold for the 1992 related
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Fig. 12. Plot of longitude vs. time for true and declustered catalogs obtained with the proposed tri-stage cluster identification model: (top
left–right) true and declustered catalog plots for California catalog, respectively; (middle left–right) true and declustered catalog plots for
Japan catalog, respectively; (bottom left–right) true and declustered catalog plots for Indonesian catalog, respectively.

clusters is taken as
[
mean(Mag(Category4))− 0.25

]
, as

four major earthquakes happened in the same year. For
the remaining four mainshocks the value is taken as[
mean(Mag(Category4))+ 1.25

]
. The locations of those

events identified as aftershock or background in the tri-stage
model output are presented in Fig. 8 (bottom left and right,
respectively). It is observed that the density of background
events is almost uniform throughout the region (Fig. 8, bot-
tom right), while the aftershock density is higher near the
mainshocks (Fig. 8, bottom left).

4.2 Japan catalog

The Japan catalog consists of seismic events that occurred
between January 1992 and December 2011, which includes
the 2011 Tohoku earthquake and tsunami. Unlike the Cal-
ifornia catalog, there are many events which are magni-
tude > 6 (represented by black dots in Fig. 9, top left).
As a result, here the mainshocks are identified as events
of M > 6.8 and isolated from each other with respect to
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
and Indonesian catalogs (ANSS, 2012).

Parameters California Japan Indonesian

Start time 1988/01/01 1992/01/01 1991/01/01
End time 2009/01/01 2012/01/01 2011/01/01
Minimum latitude 32 24 −11
Maximum latitude 40 46 6
Minimum longitude −125 122 95
Maximum longitude −115 146 141
Minimum magnitude 2.0 2.0 2.0
Maximum magnitude 8.0 10.0 10.0
Minimum depth 0 0 0
Maximum depth 25 500 500
Event type E E E

the analysis is carried out in a similar manner as in the
California catalog. The 1/ψ value is taken as 2/3 for To-
hoku (2011), Hokkaido (2003) and Sanriku (1994) quakes,
and for the other events it is taken as 1/7. Similarly, for
the three events near Tohoku region, the magnitude based
threshold value is taken as

[
mean(Mag(Category4))− 0.25

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

]
.

4.3 Indonesian catalog

The Indonesian catalog consists of events occurring between
January 1991 and December 2010, including the Sumatran
earthquake and tsunami of 2004. Like the Japan catalog,
there are many events ofM > 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.
The 1/ψ value is taken as 1/4 for the Sumatran earth-
quakes (2000, 2004, 2005 and 2007) and 1/6 for remaining
events. Similarly, the magnitude based thresholding value is
taken as

[
mean(Mag(Category4))− 0.25

]
for the Sumatran

earthquakes and for the other events the threshold is set as[
mean(Mag(Category4))+ 1.5

]
.

It is observed that the mean(Mag(Category4)) is used
in all three catalogs to determine the threshold. The
mean(Mag(Category4)) represent the average value of af-
tershocks in the associated regions (i.e., regions which are
close in time and coordinate that of the mainshocks). There-
fore, in this study the threshold value for special regions such
as for 1992 in California, the Tohoku region of Japan and the
Sumatra earthquake region for Indonesia, the threshold value
is 0.25 lower than the average threshold value. For the other
regions the value is more than 1.25 units greater than the av-
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. 13. Plot of Inverse TM Matric to measure ergodicity present
in true catalogs, (top) California catalog with magnitude threshold
M ≥ 4, (middle) Japan catalog with M ≥ 5, (bottom) Indonesia
catalog withM ≥ 5.

4.3 Indonesian Catalog560

The Indonesian catalog consists of events occurring between
January 1991 and December 2010, including the Sumatran
earthquake and tsunami of 2004. Like the Japan catalog,
there are many events of M > 6 (shown as black dots in
Fig. 10 (top left)). In this case, mainshocks are identi-565

fied as events ofM > 7.5 and isolated from each other with
respect to time of occurrence (black stars in Fig.10 (top

left)). The proposed cluster analysis is implemented in a
similar manner as that of California and Japan. The 1/ψ
value is taken as 1/4 for the Sumatran earthquakes (2000,570

2004, 2005 and 2007) and 1/6 for remaining events. Sim-
ilarly the magnitude based thresholding value is taken as
[mean(Mag(Category4))−0.25] for the Sumatran earth-
quakes and for the other events the threshold is set as
[mean(Mag(Category4))+1.5].575

It is observed that the mean(Mag(Category4)) is used
in all three catalogs to determine the threshold. The
mean(Mag(Category4)) represent the average value of af-
tershocks in the associated regions (i.e. regions which are
close in time and coordinate that of the mainshocks). There-580

fore in this study the threshold value for special regions such
as 1992 in California, the Tohoku region of Japan and the
Sumatra earthquake region for Indonesia, the threshold value
is 0.25 lower than the average threshold value. For the other
regions the value is more than 1.25 units greater than the av-585

erage value, as the events which are far apart in time and
coordinate should not be considered as aftershocks, unless
they are a higher magnitude and a relatively rare triggered
event. These values are set after a number of repeated runs
of the code, considering the optimal performance as repre-590

sented by the Lambda plot. Similarly, two different values
of the 1/psi values also are chosen to handle special regions
more effectively than that of the regular events.

4.4 Classification Results

– λ values and Cumulative events Plots595

The plot of λ values for the total number of events, back-
ground and aftershocks are presented in Fig.11 by solid light
gray, gray and black lines respectively. It is observed that the
λ value of the background remains almost uniform through-
out the dataset, with the exception of the denser regions,600

such as California (1992), in the Tohoku (2011) region of
Japan, and in the Sumatran region of Indonesia (2004, 2005
and 2007). The corresponding cumulative number of events
plot w.r.t. time in Fig. 11 supports this observation. In
all three natural catalogs the cumulative number of after-605

shocks increases during the year in which the mainshocks
take place. The cumulative number of background event fol-
low its steady pattern for all years except the special regions
mentioned above.

– Longitude vs. time plots610

The plots of longitude vs. time for the ideal and declustered
catalogs obtained with the proposed tri-stage cluster identi-
fication model are shown in Fig.12. Here also it is observed
that there is a dense region of aftershocks decay with time
after the occurrence of the occurrence of the mainshocks. In615

general, the absence of mainshock regions is classified as
background, reflected by the absence of points when com-
pared with the true one.

Fig. 13. Plot of inverse TM matric to measure ergodicity present
in true catalogs, (top) California catalog with magnitude threshold
M ≥ 4, (middle) Japan catalog withM ≥ 5, (bottom) Indonesia cat-
alog withM ≥ 5.

they are a higher magnitude and a relatively rare triggered
event. These values are set after a number of repeated runs
of the code, considering the optimal performance as repre-
sented by the lambda plot. Similarly, two different values of
the 1/ψ value also are chosen to handle special regions more
effectively than that of the regular events.
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Fig. 14. Plot of Inverse TM Matric for true and declustered catalog obtained with the proposed tri-stage cluster identification model: (top
left-right) true and declustered catalog plots for California catalog, respectively; (middle left-right) true and declustered catalog plots for
Japan catalog, respectively; (bottom left-right) true and declustered catalog plots for Indonesian catalog, respectively.

– Inverse Thirumalai-Mountain(TM) Metric Plots

The inverse TM matric plot represent the ergodicity of cat-620

alog and its associated stationarity, which requires that the
ensemble average of events in time and space being equal.
Ideally the inverse TMmatric plot should be linearly increas-
ing for stationarity (Thirumalai and Mountain, 1993). In the
present paper for calculating the TM matric the box size is625

taken as 0.10 in the latitude and longitude directions as de-
scribed by Tiampo et al. (2007). Fig. 13 represent the ergod-

icity and resulting stationarity of the true catalogs for higher
magnitude thresholds(for California catalogM ≥ 4 shown in
Fig.13 (top), for JapanM ≥ 5 in Fig.13 (middle), for Indone-630

sian Catalog M ≥ 5 in Fig.13 (bottom)). All the three cata-
logs display piecewise linear behavior associated with sta-
tionarity, but simultaneously the catalogs contain only few
elements of higher magnitude (only 1019 events are present
in California catalog forM ≥ 4, 2704 events in Japan catalog635

forM ≥ 5 and 5056 events in Indonesian catalog forM ≥ 5).

The minimum magnitude of completeness for California

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

4.4.1 λ values and cumulative events plots

The plot ofλ values for the total number of events, back-
ground and aftershocks are presented in Fig. 11 by solid
light-gray, gray and black lines, respectively. It is observed
that theλ value of the background remains almost uniform
throughout the data set, with the exception of the denser

regions, such as California (1992), in the Tohoku (2011) re-
gion of Japan, and in the Sumatran region of Indonesia (2004,
2005 and 2007). The corresponding cumulative number of
events plotted with respect to time in Fig. 11 supports this ob-
servation. In all three natural catalogs the cumulative number
of aftershocks increases during the year in which the main-
shocks take place. The cumulative number of background
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Fig. 15.Comparative plot of declustered catalogs obtained with benchmark methods (Gardner and Knopoff, 1974; Uhrhammer, 1986): (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 spe-
cial regions mentioned above.

4.4.2 Longitude vs. time plots

The plots of longitude vs. time for the ideal and declus-
tered catalogs obtained with the proposed tri-stage cluster

identification model are shown in Fig. 12. Here, it is also ob-
served that there is a dense region of aftershock decay with
time after the occurrence of the mainshocks. In general, the
absence of mainshock regions is classified as background, re-
flected by the absence of points when compared with the true
mainshock regions.

www.nonlin-processes-geophys.net/20/143/2013/ Nonlin. Processes Geophys., 20, 143–162, 2013
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4.4.3 Inverse Thirumalai-Mountain (TM) metric plots

The inverse TM matric plot represents the ergodicity of the
catalog and its associated stationarity, which requires that
the ensemble average of events in time and space are equal.
Ideally, the inverse TM matric plot should be linearly in-
creasing for stationarity (Thirumalai and Mountain, 1993).
In the present paper, for calculating the TM matric the box
size is taken as 0.10 in the latitude and longitude direc-
tions as described byTiampo et al.(2007). Figure 13 rep-
resents the ergodicity and resulting stationarity of the true
catalogs for higher magnitude thresholds(for California cata-
logM ≥ 4 shown in Fig. 13, top, for JapanM ≥ 5 in Fig. 13,
middle, for the Indonesian catalogM ≥ 5 in Fig. 13, bot-
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 (only
1019 events are present in the California catalog forM ≥ 4,
2704 events in the Japan catalog forM ≥ 5 and 5056 events
in the Indonesian catalog forM ≥ 5).

The minimum magnitude of completeness for Califor-
nia and Japan catalogs are described inWiemer and Wyss
(2000). In accordance with their results, in the current anal-
ysis the minimum magnitude of threshold is set as 2.0 for
California and Japan. A minimum magnitude of 2.0 also is
set for the Indonesian catalog, although this is lower than
that determined byWoessner and Wiemer(2005). The com-
putation of inverse TM matric is carried out in similar man-
ner as given inTiampo et al.(2007). The plots obtained for
the true and declustered catalogs obtained with the proposed
model are presented in Fig. 14. It is observed that while the
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 er-
godic. The declustered catalogs obtained with the proposed
method shown in Fig. 14 (right panels) reflect similar charac-
teristics as that of the true catalogs (for California, Japan and
Indonesian catalogs). Therefore it is concluded that while the
true and declustered catalogs for California and Japan are
stationary for some periods, the Indonesian catalog is only
intermittently stationary. However, the declustered catalogs
do contain most of the significant characteristics of the true
catalog.

4.4.4 Comparison with standard declustering methods

The proposed method has been compared with two standard
declustering methods available in the ZMAP package (Gard-
ner and Knopoff, 1974; Uhrhammer, 1986). The Gardner and
Knopoff method (Gardner and Knopoff, 1974) declusters a
catalog using a time–space windowing technique. For ev-
ery predefined earthquake the subsequent shocks are iden-
tified as aftershocks if they occur within a specified interval
in time and distance. Here the time–space window is chosen
in accordance with the magnitude of the largest event present

Table 4. Comparative results for the proposed model and that of
Gardner and Knopoff(1974) andUhrhammer(1986) for decluster-
ing of California, Japan and Indonesian catalogs.

Methods Catalogs California Japan Indonesian

Total events 111 941 22 794 32 168

Gardner BG events 22 556 6810 7539
and AF Clusters 7780 2040 2912
Knopoff AF events 89 385 15 984 24 629

Uhrhammer BG events 51 034 10 807 16 085
AF Clusters 7688 1004 1757
AF events 60 907 11 987 16 083

Proposed BG events 61 830 12 347 19 718
model AF events 50 111 10 447 12 450

in a sequence. The Uhrhammer (Uhrhammer, 1986) method
is relatively simple and uses a lower complex window (Van
Stiphout et al., 2012) than the Gardner and Knopoff method.
The results of the proposed method, in the form of declus-
tered catalogs, are compared with the two benchmark meth-
ods in Fig. 15 and Table 4. Comparing the plots in Fig. 8
(bottom right) and Fig. 15 (top left and right) for the Cali-
fornia catalog, it is observed that the proposed method does
not overclassify events as aftershocks, as occurs in both the
standard methods. Similar observations were made for Japan
(Fig. 9 bottom right, Fig. 15, middle left and right) and In-
donesia (Fig. 10 bottom right, Fig. 15, bottom left and right).
Table 4 reflects the numerical values, confirming that this
method identifies fewer events as aftershocks for all three
catalogs, when compared to the two benchmark methods.

5 Conclusions

In this paper we have proposed a tri-stage cluster identifi-
cation model considering time, location and magnitude in-
formation of earthquake catalogs to efficiently classify the
events of the catalogs as aftershocks and backgrounds. Tests
on a synthetic Non-Critical PAST catalog demonstrate the
efficiency of the proposed model in terms of percentage of
accuracy (94.81 % for background and 89.46 % for after-
shocks). The close agreement between curves generated by
true events and that of the proposed model for the synthetic
catalog in the form of the lambda plot and the cumulative plot
supports the accuracy of the proposed method. However, this
method does not successfully identify the precursory fore-
shocks, or NC-PAST signals. There is flexibility in the design
of the model for the proper selection of location and mag-
nitude zones depending upon the nature of the mainshocks
present in the catalog. In this method, there is no require-
ment to identify and parameterize an a priori probability dis-
tribution for the relationship between events, but relies only
on the characteristics of the seismicity itself, as controlled by
the local or regional tectonics. For example, the variable 1/ψ
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provides for proper selection of danger zones and enables the
model to adapt based upon the tectonic region.

The adaptability and effectiveness of the proposed model
is evaluated through the classification of events from three
historic catalogs from different tectonic regions: California,
Japan and Indonesia. In both the synthetic and real catalog
modeling, it is observed that the density of events classi-
fied as background is almost uniform throughout the entire
region of each data set except where there is an unusually
dense occurrence of mainshocks, whereas the density of af-
tershock events is higher adjacent to the mainshocks. It is ob-
served that in both synthetic and historic catalogs the model
does a good job in identifying the temporal clusters. In ad-
dition, the method effectively determines the spatial clusters
that are present in the natural catalogs. The superior perfor-
mance of the proposed method is demonstrated by compar-
ison with two benchmark methods (Gardner and Knopoff,
1974; Uhrhammer, 1986) in terms of number of events clas-
sified and their distribution in the declustered catalog. While
further studies are required to determine the extent of its
applicability to finer spatial and temporal scales, this rel-
atively simple three-stage technique, as compared to other
more complicated declustering algorithms currently avail-
able, shows promise for the application of relatively new
clustering methods to seismicity studies.
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