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h i g h l i g h t s

• Complex network and statistical analysis of distinct earthquake catalogs.
• Peakedness of graph spectra of different earthquake regions varies significantly.
• Hierarchical clustering of earthquake networks is explained by tectonic plates.
• We have calculated the conditional probabilities for forthcoming earthquake events.
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a b s t r a c t

We study the structural similarity of earthquake networks constructed from seismic cat-
alogs of different geographical regions. A hierarchical clustering of underlying undirected
earthquake networks is shown using Jensen–Shannon divergence in graph spectra. The di-
rected nature of links indicates that each earthquake network is strongly connected, which
motivates us to study thedirected version statistically. Our statistical analysis of each earth-
quake region identifies the hub regions. We calculate the conditional probability of the
forthcoming occurrences of earthquakes in each region. The conditional probability of each
event has been compared with their stationary distribution.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Earthquakes are one of the most devastating natural calamities that can shatter human civilization in large extent.
Naturally, scientists are investigating this phenomena in great detail. The most robust empirically established facts in the
phenomenology of earthquakes are the Gutenberg–Richter law [1] and the Omori law [2]. While the Gutenberg–Richter law
expresses the relationship between frequency and magnitude of tremors in a region, the Omori law describes the temporal
rate of decay of aftershocks. Differentmodels have been proposed to study the phenomena of earthquakes. Onewell-known
example is the Burridge–Knopoff model that demonstrates the statistical properties of earthquakes using friction on a fault
surface as a stickslip process [3]. It is considered that large faults in the Earth’s crust are formed due to the action of plate
tectonic forces.

Plate tectonic theory, which is based on AlfredWegener’s continental drift theory [4], is considered to be the fundamental
theoretical framework in the field of Earth Science andplays the pivotal role to explain tremors. This theory states that Earth’s
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outer shell, the lithosphere is divided into several rigid pieces, called plates. There are mainly eight major plates: African,
Antarctic, Eurasian, North American, South American, Pacific, and Indo-Australian. When a pair of plates move with respect
to each other they do not deform internally rather they deform along their edges and create earthquakes and volcanoes
along the edges of the plates.

Recently a complex network approach has been applied to observe the universal features of the earthquake phenomena
from seismic catalogs. Based on the work of Bak et al. [5], Baiesi and Paczuski, using a correlation metric between a pair of
events, have constructed a network in which tremors are the nodes and a pair of nodes are linked if the correlation between
them is higher than a certain threshold [6,7]. It is shown that the earthquake network exhibits a scale-free nature with
highly heterogeneous degree distribution characterized by a power law. In another study, Abe and Suzuki have constructed
the network using a grid, covering the entire earthquake events over a region [8–15]. A cell of the grid is considered to
be a node if at least one epicenter occurs within the cell, and the cell size is a tunable parameter for the model. A pair
of nodes is connected by a link if two successive events occur on those two nodes. Using this network model, they found
various robust features of earthquake networks. They have shown that earthquake networks exhibit a power-law degree
distribution [8] small-world phenomena [9], assortativity [10] and scaling in local clustering [15]. Subsequently, different
structural properties of weighted earthquake network have also been studied extensively in [16].

Although universal features of earthquake networks of different regions have been studied extensively [6,8–15], but no
study has been devoted to capture the similarity and dissimilarity between earthquake networks of different regions. A study
of hierarchical clustering [17] of earthquake networks will be very useful in this regard. Hierarchical clustering is usually
represented by a dendrogram that pictorially shows the similar entities are clustered together in groups. Quantitatively, the
similarity between networks could bemeasured based on different properties, viz., Euclidean distance, structural properties
and dynamical behavior.

Primarily, earthquake networks are directed sequence of consecutive events, so analyzing the directed structure of
earthquake networks can give more information than the underlying structure of earthquake networks [18]. Not only the
directed structure of earthquake network, studying the directed sequence of earthquake events can also give us important
insight, such as, prediction of consecutive earthquakes.

In this paper, we divide our study of earthquake data into two parts. In the first part, we follow the method of Abe and
Suzuki to construct earthquake networks as it is connected to a universal law [19]. The similarity between each pair of spec-
tral probability functions of eleven earthquake networks is measured using a probabilistic measure viz., Jensen–Shannon
divergence. Using the similarity distances, the hierarchical clustering between earthquake networks is shown as a dendro-
gram. The hierarchical clustering of earthquake networks reveals the similar or dissimilar nature of different earthquake
regions based on their positions on different tectonic plates. We also measure the frequency of earthquake events on a node
and identify the earthquake prone locations for different regions. In the second part, we find the pair of regions where con-
secutive earthquake events have occurredwith relatively higher frequency. For this, we calculate the conditional probability
between two successive events.We also compare the conditional probability of two consecutive earthquakes with their sta-
tionary conditional probabilities to predict the occurrence of an earthquake event at a node consecutively after one occurs
at a certain node.

2. Data

We have analyzed eleven distinct earthquake catalogs for different parts of the world, namely the Southern California
Earthquake Data Center catalog (SC), Northern California Earthquake Catalog (NC), Japan University Network Earthquake
catalog (JAP), Canada’s National Earthquake Database catalog (CAN), International Institute of Earthquake Engineering
and Seismology—Iran catalog (IRAN), Institute of Geodynamics—Greece catalog (GR), Center for Earthquake Research and
Information—NewMadrid catalog (NM) and British Geological Survey Earthquake Database around the British Isles catalog
(BI), GeoscienceAustralia catalog(AUS), Swiss Seismological Service catalog (SZ) andGeoNet—the official source of geological
hazard information for New Zealand catalog (NZ). Each catalog contains the geographical positions of the epicenters,
specified by their latitudes (θ ) and longitudes (φ) and the exact occurrence times of tremors. The positions of epicenters
of the different earthquake regions are shown in Fig. 1. All the related parameters are mentioned in Table 1. The minimum
and maximum values of the latitude–longitude coordinates, i.e., (θmin, θmax) and (φmin, φmax) characterize the extent of a
earthquake region. The entire earthquake region is divided into a large number of square cells, following the approach
in [8]. In this method, the cell size L is the parameter of the model. We use the definition [14] of the dimensionless
cell size parameter ℓ = L/(LlatLlon)1/2. Here, the total extent along the north–south and the east–west directions of
the entire earthquake region are Llat and Llon, respectively. The North–South distance between (θi, φi) and (θmin, φmin) is
dNS = R(θi − θmin) and the East–West distance is dEW = R(φi − φmin) cos θav, where the radius of the earth is R = 6370 km
and θav is (θmin + θmax)/2.

3. Construction of the earthquake network

We use the method of Abe and Suzuki [8] to construct an earthquake network. Although the Abe–Suzuki method is not
limited to two dimensional cells, but also to three dimensional cells. We consider a two dimension version of the model for
our study. An entire earthquake region has been discretized into a two dimensional rectangular grid with the dimensionless
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