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Abstract. The crustal seismicity of Taiwan was investi-
gated by means of the Allan Factor analysis and Count-based
Periodogram, which allow to identify scaling behaviour in
point processes and to quantify their temporal fluctuations
by means of the estimate of the scaling exponent. Our find-
ings point out to the presence of two time-scaling regions in
the crustal Taiwanese seismicity. The first region, involving
the intermediate timescales can be probably linked with af-
tershock activity, while the second region, involving the large
timescales could be related with the background seismicity.

1 Introduction

It is known from many laboratory observations that earth-
quake occurrence is associated with a high level of stress on
the fault. The spatiotemporal pattern in seismicity reflects
a space-time correlation associated with the crustal stress
and strain fields. Ideas relating to anomalous changes in
seismicity rates prior to a major earthquake thus have been
frequently proposed and widely discussed in the literature
(e.g. Chen et al., 2005). Consequently, understanding of spa-
tial and temporal behaviors of seismicity is fundamental of
earthquake prediction.

Earthquakes are a typical example of complex system,
where spatial, temporal and energy parameters are power-
law distributed. The existence of power-laws qualifies earth-
quakes as a good example of fractal systems. The investiga-
tion of the time-fractal properties of earthquakes, in order to
gain insight into the dynamics of seismicity, was performed
using statistics like the Variance-Time curve (Telesca et al.,
2000), Allan Factor (Telesca et al., 2000), the Fano Factor
(Telesca et al., 2003), the Detrended Fluctuation Analysis
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(DFA) (Telesca and Lapenna, 2006). All these measures lead
to the determination of a scaling exponent, estimated by a
linear fitting procedure performed on the power-law statis-
tics plotted in log-log scales. Such scaling exponent informs
about the dynamical properties of an earthquake sequence,
in terms of its correlation structures and its memory phe-
nomena. Furthermore, the numerical value of the scaling
exponent allows to determine quantitatively the strength of
the temporal fluctuations of seismicity. Several studies re-
garded the discrimination between Poissonian and cluster-
ized sequences (Telesca et al., 2001), spatial variability of
time-clustering behaviour (Telesca et al., 2003), aftershock-
related patterns (Telesca et al., 2004), depth-dependent vari-
ability related with the brittle and ductile behaviour of the
crust versus depth and magnitude-variability of the property
of time-clusterization (Telesca et al., 2008). Therefore, the
analysis of the time-scaling properties of earthquakes could
characterize the main features of seismicity and to bring us
insight the inner dynamics of seismotectonic activity.

The objective of this paper is to analyze the time-scaling
properties of the crustal seismicity of Taiwan by means of
second-order fractal tools, in order to better describe its dy-
namics.

2 Seismo-tectonic settings of Taiwan

The Island of Taiwan is located on the active boundary be-
tween the Philippine Sea plate and the Eurasian plate along
the western Circum-Pacific seismic belt (Fig. 1). The overall
plate configuration in the vicinity of Taiwan is well defined
by the prevalent seismic activity in the region. The Eurasian
plate is subducting eastward beneath the Philippine Sea plate
along the Manila Trench to the south of Taiwan, whereas
the Philippine Sea plate is subducting northwestward under
the Eurasian plate along the Ryukyu Trench to the north-
east of Taiwan. In the vicinity of Taiwan, the relative plate
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Fig. 1. Epicentral distribution of the selected seismic events from the Taiwanese CWB 

catalogue. EP = Euriasian plate; PSP = Philippine Sea plate. Star indicates the epicenter of the 

1999 M7.6 Chi-Chi earthquake. 

 

Fig. 1. Epicentral distribution of the selected seismic events
from the Taiwanese CWB catalogue. EP = Euriasian plate;
PSP = Philippine Sea plate. Star indicates the epicenter of the 1999
M7.6 Chi-Chi earthquake.

convergence velocity between the Philippine Sea plate and
Eurasian plate is about 82 km per million years and approx-
imately in the direction N50◦ W (Yu et al., 1997). Tecton-
ically, most of the Taiwan region is under the NW-SE com-
pression. The rapid plate collision is responsible for the com-
plex geological setting and the rugged topography.

The collision of those two plates also causes the Tai-
wan area to be a high seismicity area and many disas-
trous earthquakes had occurred in this area in the past. For
example, the Chi-Chi earthquake with moment magnitude
(Mw) 7.6 struck central Taiwan on 21 September 1999 (or at
17:47 Coordinated Universal Time, 20 September 20) which
was the largest earthquake that occurred on the Taiwan Is-
land in the 20th century (Chang et al., 2000; Shin, 2000;
Teng et al., 2001). The earthquake initiated at (23.853◦ N,
120.816◦ E), near the small town of Chi-Chi, with a focal
depth of 8 km. This event struck the central Taiwan heavily
and resulted in serious damage (Tsai et al., 2001). Seismic
waves generated by the Chi-Chi rupturing also inflicted se-
vere damage in the Taipei basin, which is as far as 150 km
away from the epicenter. As of 13 October 1999 the officially
released casualty figures were 2333 dead and 10 002 injured.
At the end of 1999 the Ministry of Interior of Taiwan re-
ported that the death toll was 2412 and the number of injury
stood at 11 305. Thousands of houses collapsed and more
than 100 000 people were left homeless.

Based on the tectonics and seismic characteristics, the Tai-
wan region can be classified into four different seismogenic
zones (Wu and Chen, 2007): (A) Western Seismic Zone: lo-
cated within the Eurasia Plate. Most of the earthquakes in
this zone can be associated with active faults; (B) South-
western Seismic Zone: located mainly in the South China
Sea block of the Eurasian Plate. In terms of seismic activity,
this is the least active zone among the four; (C) Northeast-
ern Seismic Zone: associated with the Ryukyu subduction
system and shows high seismicity with occasional damag-
ing earthquakes; and (D) Southeastern Seismic Zone: mainly
caused by the collision of the Eurasia Plate and the Luzon is-
land arc on the Philippine Sea Plate. Most of the seismic
activity in the Taiwan region, including many large earth-
quakes, occurs in this area. For details the readers are re-
ferred to the paper of Wu and Chen (2007) and references
therein.

3 The methods

A seismic sequence can be considered as a realization of a
stochastic point process. A stochastic point process describes
events that occur at some random locations in time (Cox and
Isham, 1980) and is completely defined by the set of the event
times. A point process may be called fractal when a number
of its relevant statistics exhibit scaling with related scaling
exponents, that indicate the represented phenomenon con-
tain clusters of points over a relatively large set of timescales
(Teich et al., 1996). The standard method to investigate the
presence of clustering in a time series is the power spectral
density (PSD), which informs on how the power of the pro-
cess is concentrated at various frequency bands. The PSD
is calculated by means of the Fourier transform. If the pro-
cess has scaling properties the PSD follows a power-law be-
haviour S(f )∝f −α, with the so-called fractal exponentα

measuring the strength of the clustering. If the point process
is Poissonian, the event occurrence times are uncorrelated;
for this memoryless processα≈0. On the other side,α 6=0 is
typical of point processes with self-similar behaviour; self-
similar meaning that parts of the whole can be made to fit to
the whole in some way by scaling (Mandelbrot, 1983). Thus,
we can understand that the estimation of the fractal exponent
α for a seismic sequence plays an important role in the gen-
eral dynamical characterisation of the mechanism underlying
seismicity.

The analysis of the temporal properties of an earthquake
sequence implies that this sequence is appropriately de-
scribed, in order to apply to it statistical methods able to re-
veal the presence of clusterisation. A discrete-time process
can be derived from the stochastic point process forming its
relative counting process, where the time axis is divided into
equally spaced contiguous counting windows of durationτ

to produce a sequence of counts{Nk(τ )}, whereNk(τ ) re-
presents the number of events falling into thek-th window of
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durationτ . The durationτ of the window is called counting
time or timescale. This approach considers the fire events as
the events of interest and assumes that there is an objective
clock for the timing of the events.

A measure, related to the variability of successive counts,
useful to detect the event clustering in a point process, is the
Allan Factor (AF) (Allan, 1966), defined as the variance of
successive counts for a specified counting timeτ divided by
twice the mean number of events in that counting time

AF(τ ) =
< (Nk+1(τ )−Nk(τ ))2 >

2< Nk(τ ) >
. (1)

This measure reduces the effect of possible nonstationarity
of the point process, because it is defined in terms of the dif-
ference of successive counts. Varying the timescaleτ allows
producing a relationship between AF(τ ) andτ , useful to de-
tect scaling behavior in the sequence.

The AF of a fractal point process varies with the counting
time τ with a power-law form:

AF(τ ) = 1+

(
τ

τ1

)α

(2)

with 0<α<3 over a relatively large range of counting times
τ (Thurner et al., 1997);τ1 is the fractal onset time for the
AF and is estimated as the crossover timescale between Pois-
sonian and scaling behaviors. AF assumes values near unity
for Poisson processes.

The count-based Periodogram (PG) (Lowen and Teich,
1996), that is the periodogram of the sequence of the counts,
is another statistical measure that allows estimating the frac-
tal exponentα. This measure performs an estimate of the
power spectral density, which gives information on how the
power of the process is concentrated at various frequency
bands. The calculation of the PG by means of a count-based
approach implies the division of the total observation period
into a numberN of nonoverlapping windows of lengthTW .
The sequence of the counts is then Fourier transformed and
the PG is obtained by the squares of the coefficients of the
Fourier representation of the series of counts. For point pro-
cesses with scaling properties the PG decreases as a power-
law function of the frequencyf over a significant range of
frequencies,S(f )∝f −α. Of course, for a finite size fractal
real process the power spectral density behaves as an inverse
power-law function in a limited range of frequencies, ap-
proaching an asymptotic value at high frequencies, at which
the behaviour of the process can be considered Poissonian.
The numerical value ofα is an indicator of the presence of
clusterization in the process (Thurner et al., 1997). If the
point process is Poissonian, the occurrence times are un-
correlated; for this memoryless process, the PG is approxi-
mately flat for any frequency bands andα≈0. On the other
side,α 6=0 is typical of point processes with scaling behavior.
This method introduces a bias at higher frequencies, since
the fine time resolution information is lost as a result of the
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Fig. 2. Magnitude-time plot of the selected seismic events from the Taiwanese CWB 

catalogue. We have shifted the occurrence time of the first event as zero seconds. 

 

Fig. 2. Magnitude-time plot of the selected seismic events from the
Taiwanese CWB catalogue. We have shifted the occurrence time of
the first event as zero seconds.

minimum count-window size. But, the estimation of the ex-
ponentα principally involves lower frequencies where this
bias is negligible.

Lowen and Teich (1996) showed the correspondence be-
tween the two scaling exponents, estimated by the AF and
the PG methods, in the range 0<α<3, being identical for
an ideal fractal stochastic point process. The two methods
convey the same information, regarding the presence of cor-
related structures in the temporal fluctuations of point pro-
cesses, but in different domains, time for the AF and fre-
quency for the PG. In some cases the use of PG is necessary
for α≥3, that cannot be estimated by the AF method due to
its saturation effect (Lowen and Teich, 1996).

4 Results and discussion

The seismic data, covering the period from 1990 to 2007,
were extracted from the earthquake catalogue maintained by
the Central Weather Bureau (CWB) in Taiwan, and regard
all Taiwan. The epicenters of the earthquakes whose depth
is less than 30 km are shown in Fig. 1. Figure 2 shows the
temporal distribution in magnitude of Taiwanese crustal seis-
micity. The black horizontal line indicates the completeness
magnitude, as estimated by the Gutenberg-Richter analysis
(Fig. 3).

The results of the AF analysis are shown in Fig. 4. The
AF curve increases with the counting timeτ , indicating the
presence of correlated temporal fluctuations. In particular
several timescale regions can be approximately identified.
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Fig. 3. Gutenberg-Richter analysis performed on the Taiwanese catalogue. The selected 

seismic events span from 1990 to 2007 with a depth between 0 and 30 km. The estimated 

completeness magnitude is 2.0. 

 

Fig. 3. Gutenberg-Richter analysis performed on the Taiwanese cat-
alogue. The selected seismic events span from 1990 to 2007 with a
depth between 0 and 30 km. The estimated completeness magnitude
is 2.0.
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Fig. 4. AF results for the Taiwanese seismicity. The AF curve is characterized by four time 

regions: a) Possonian (up to τ1 ∼ 15 min); b) transition (from τ1 to τ2 ∼ 30 min); c) scaling 

( from τ2  to τ3 ∼ 6-7 days), with α ∼ 1.3 and d) scaling (τ > τ3), with α ∼ 0.6.  

 

Fig. 4. AF results for the Taiwanese seismicity. The AF curve is
characterized by four time regions: a) Possonian (up toτ1∼15 min);
b) transition (fromτ1 to τ2∼30 min); c) scaling (fromτ2 to τ3∼6–
7 days), withα∼1.3 and d) scaling (τ>τ3), with α∼0.6.

i) The first region involves the low timescales up to
τ1∼15 min; in this region the AF assumes approximately
constant unity value, denoting Poissonian temporal fluctu-
ations involving these timescales; the timescaleτ1 can be
interpreted as the fractal onset time, above which fractal
behaviour can be detected. ii) The region betweenτ1 and
τ2∼30 min is a transition region between the Poissonian
regime and the scaling regime, which ranges betweenτ2 and
τ3∼6–7 days; the curvature in the transition region is due to
the mutual effect of the approximately flat Poissonian be-
haviour of the first region and the approximately linear be-
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Fig. 5. PG results for the daily counts of the Taiwanese seismicity. The PG curve shows 

approximately two scaling regions with a crossover (τc = 1/fc) at about 14-15 days. The low 
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Fig. 5. PG results for the daily counts of the Taiwanese seismic-
ity. The PG curve shows approximately two scaling regions with a
crossover (τc=1/fc) at about 14–15 days. The low frequency part
of the PG hasα∼0.7, while the high frequency part of PG is char-
acterized byα∼1.5.

haviour shown by the successive scaling region. iii) The
scaling region betweenτ2 andτ3; the value of the scaling ex-
ponent, estimated as the slope of the line fitting by the least
square method the curve plotted in log-log scales,α∼1.28,
indicates a high degree of clusterization of the events. iv)
The scaling region for timescales larger thanτ3 has a lower
value for the scaling exponentα, approximately 0.55, which,
anyway, indicates a rather high degree of clusterization of the
earthquakes.

The results obtained by applying the count-based peri-
odogram (PG) are shown in Fig. 5. The PG was calculated by
applying the Fourier Transform to the series of daily counts.
The PG, plotted in log-log scales, decreases almost linearly
respect to the frequency, revealing two scaling regions, sep-
arated by the frequency crossover of about 14–15 days. The
α-estimates performed by the PG are slightly different from
those obtained by means of AF, probably due to bias that the
PG method suffers. However, the estimates are consistent
among them, and also the crossovers obtained by means the
AF and the PG methods are in agreement.

The obtained results point out to a correlated behaviour
in the Taiwanese seismicity. The presence of two different
scaling regions, involving intermediate timescales and large
timescales with different values for the scaling exponents,
indicates the presence of at least two different mechanisms
underlying the dynamics of the same seismic process. Very
probably the first scaling range, up to 6–7 days or 14–15 days
(depending on the AF or PG results, respectively), could
describe aftershock temporal fluctuations, while the scaling
range, involving the larger timescales, could characterize the
temporal fluctuations of the background seismicity of Tai-
wan. Similar results were obtained by Telesca et al. (2002),
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where the Umbria-Marche (central Italy) seismicity, struck
by the M5.8 earthquake in 1997, was analysed. Also in
this case, two different scaling regions were identified, with
quite similar values for the scaling exponents and crossover
timescales.

5 Conclusions

The main results regarding the Taiwanese seismicity can be
summarized as follows: (i) it is not Poissonian, and thus un-
correlated, because the AF and the PG are not approximately
flat for any timescale; (ii) it has a twofold scaling tempo-
ral behaviour, with different values for the scaling exponent;
(iii) the higher clusterization degree involves the intermedi-
ate timescales up to a timescale of the order of days, which
is probably linked with aftershock mechanisms; (iv) similar
dynamical behaviour with that shown by the seismicity of a
different seismotectonic setting (central Italy) was observed.
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