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Abstract. Here, we propose a time-dependent probabilistic
seismic hazard assessment and apply it to Hualien City, Tai-
wan. A declustering catalog from 1940 to 2005 was used to
build up a long-term seismicity rate model using a smooth-
ing Kernel function. We also evaluated short-term seismic-
ity rate perturbations according to the rate-and-state fric-
tion model, and the Coulomb stress changes imparted by
earthquakes from 2006 to 2010. We assessed both long-term
and short-term probabilistic seismic hazards by considering
ground motion prediction equations for crustal and subduc-
tion earthquakes. The long-term seismic hazard in Hualien
City gave a PGA (peak ground acceleration) of 0.46 g for
the 2.1 ‰ annual exceedance probability. The result is simi-
lar to the levels determined in previous studies. Seismic haz-
ards were significantly elevated following the 2007ML = 5.8
earthquake that occurred approximately 10 km from Hualien
City. This work presents an assessment of a suitable mecha-
nism for time-dependent probabilistic seismic hazard deter-
minations using an updated earthquake catalog. Using minor
model assumptions, our approach provides a suitable basis
for rapid re-evaluations and will benefit decision-makers and
public officials regarding seismic hazard mitigation.

1 Introduction

Human life and property are threatened by devastating earth-
quakes. As a result, seismic hazard mitigation is an im-
portant issue for seismologists, earthquake engineers, and
related scientists. Probabilistic seismic hazard assessments
(PSHAs), in terms of the probability of strong ground

motion, provide a key reference for the determination of seis-
mic mitigation policies (e.g., building codes and the site se-
lection of pubic structures) (McGuire, 2001). Therefore, sci-
entists in different fields are currently attempting to build
reliable systems for PSHAs on different spatial scales. For
example, on the national scale, the Headquarters for Earth-
quake Research Promotion (http://www.jishin.go.jp/main/
index-e.html) proposed a seismic hazard map for Japan.
On the regional scale, the subproject JRA2 in the project
Network of Research Infrastructures for European Seis-
mology (NERIES,http://www.neries-eu.org/), constructed
a probabilistic seismic hazard map for the Euro–Med re-
gion. On the worldwide scale, the Global Earthquake Model
(GEM, http://www.globalquakemodel.org/) integrated sev-
eral research institutes, insurance, and re-insurance enter-
prises in order to evaluate seismic hazards around the world.

Taiwan is located in the plate boundary between the
Eurasian and Philippine Sea plates and has a high earthquake
activity (Fig. 1). Some of the large earthquakes occurring in
this region may lead to a loss of property and human life.
Therefore, it is essential to find a means of seismic hazard
mitigation. Building a seismic hazard assessment system for
Taiwan is one practical approach.

Seismic hazards in Taiwan have been evaluated by
many groups. The Global Seismic Hazard Assessment Pro-
gram (GSHAP,http://www.seismo.ethz.ch/static/GSHAP/)
obtained a global probabilistic seismic hazard map that in-
cluded the Taiwan region. However, they used earthquake
catalogs from worldwide seismic networks rather than a de-
tailed seismicity catalog from Taiwan. Cheng (2002) and
Cheng et al. (2007) evaluated seismic hazards for Taiwan and
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Fig. 1.The seismicity during the following:(a) the learning period (1940–2005), and(b) the forecasting period (2006–2010). The declustering
and non-declustering earthquakes are shown with light gray and transparent colors, respectively. Earthquakes withML ≥ 5.0 andML ≥ 6.0
are shown with circle and star shapes, respectively. Red lines represent the Longitudinal Valley fault, the boundary between the Eurasian and
Philippine Sea plates. Dashed lines represent the shapes of the subduction zones. The earthquake parameters are determined by the Central
Weather Bureau Seismic Network (CWBSN).

proposed a hazard map by incorporating a catalog from a lo-
cal network, active fault parameters, and seismogenic zones
in Taiwan. In addition, they deaggregated the seismic hazards
contributed from different earthquake magnitudes and source
distance ranges. Another Taiwan seismic hazard map was
proposed by Campbell et al. (2002) using seismic catalogs,
active fault parameters, and ground motion prediction equa-
tions (GMPEs) for the world, the United States, and Taiwan.
Such studies are useful for understanding seismic hazards in
Taiwan. However, after the results were published many pa-
rameters and the database for seismic hazard assessments,
such as distribution of active faults, GMPEs, and earthquake
catalogs, were revised and/or updated. Therefore, the evalua-
tion of seismic hazards could be more precise by considering
timely information.

The concept of the traditional PSHA has recently been
called into question. One of the standard procedures for tra-
ditional PSHAs (Cornell, 1968; McGuire, 1976) is the con-
struction of return periods for characteristic earthquakes that
are independent of one another. However, it is well recog-
nized that earthquake activity varies with time through peri-
ods of seismic-quiescence and -bursts. In other words, earth-
quakes do not have regularity of occurrence time. Thus, sev-
eral studies, in respect to physics and statistics, have over-
ruled this hypothesis. Kagan and Knopoff (1978) proposed
the time-space Epidemic Type AfterShock model (ETAS). In
the ETAS model, each earthquake is regarded as a mainshock

that may trigger consequent earthquakes. A physics-based
model can explain similar phenomenon. King et al. (1994)
concluded that the Coulomb stress change imparted by earth-
quakes might control the distribution of future earthquakes.
Consequent earthquakes generally occur in regions where
Coulomb stresses are increased. On the contrary, only a
few earthquakes occur in Coulomb stress decreased regions.
The case of the 2010 Darfield, New Zealand, earthquake se-
quence determined disadvantages for the traditional PSHA
(Chan et al., 2012a). TheMw = 6.3, 21 February 2011
Christchurch earthquake is regarded as an aftershock of the
Mw = 7.1, 4 September 2010 Darfield earthquake. However,
the Christchurch earthquake caused severe damage in down-
town Christchurch. Besides, not only aftershocks may result
in consequent seismic hazards, but also next larger earth-
quakes can further expand hazards. For example, aMw = 7.4
earthquake took place off the Pacific coast of Tohoku, Japan,
on 9 March 2011 (Nettles et al., 2011). Since the epicen-
ter is away from land, the resulting damages are negligible.
Fifty-one hours after the earthquake on 11 March, an earth-
quake withMw = 9.1 took place and resulted in disasters in
Japan. Such circumstances point out the importance of an af-
tershock sequence in seismic hazard evaluations and suggest
the re-evaluation of seismic hazards immediately following a
large earthquake.

In this study, we propose an approach for the short-
term PSHA, which changes after the occurrence of a large
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earthquake. Based on a smoothing Kernel, we first eval-
uated the long-term earthquake occurrence rate. By con-
sidering earthquake interactions and seismic characteristics
in physical terms, we introduced the rate-and-state friction
model (Dieterich, 1994) in order to evaluate seismicity rate
changes due to the Coulomb stress changes imparted by pre-
vious earthquakes. We applied this approach to Hualien City,
which is located in a high seismicity region of the plate
boundary between the Eurasian and Philippine Sea plates
(Fig. 1). We evaluated the recent seismic hazard evolution of
Hualien City and checked the feasibility of this approach. We
also discussed the importance and applicability of the time-
dependent PSHA.

2 Procedures of the approach

When evaluating time-dependent PSHA, the long-term seis-
micity density rate, the short-term seismicity rate change,
and the GMPE are important factors. According to the PSHA
method proposed by Cornell (1968) and McGuire (1976), the
total frequencyνTm , with which ground motion parameterA

exceeds a specific valuez during time periodt (usually one
year) at a specific site, is estimated as follows:

νTm [A > z] =

∑
γ

MMAX∫
MMIN

P (A > z|m,xi − x)fR (xi − x|m)fM (m)

Tm

dxdm, (1)

whereγ represents the number of earthquakes with magni-
tudesm greater than selected minimum magnitudeMMIN and
smaller than selected maximum magnitudeMMAX , Tm rep-
resents the time interval of the complete catalog for the mag-
nitudem, P (A > z|m,xi − x) is the probability that given
ground motion parameterz is exceeded a specific valuez,
conditional on an earthquakem and the epicentral distance
from the target sitex to the epicenter of thei-th earth-
quakexi , fM (m) andfR (xi − x|m) are the probability den-
sity functions for earthquake magnitude and distance which
describe the relative likelihood of different earthquake sce-
narios, respectively. Below, we outline how we evaluated
the long-term seismicity density rate model acquired using
a smoothing Kernel function, the short-term seismicity rate
change model using the rate-and-state friction model, and the
seismic hazard assessment by introducing the path effect and
site amplification through GMPEs.

2.1 The long-term seismicity rate

In Eq. (1),γ
MMAX∫
MMIN

fR(xi−x|m)fM (m)
Tm

dxdm can be regarded as

the seismicity rate. We followed Woo (1996) and estimated
the long-term seismicity rate as follows:

γ

MMAX∫
MMIN

fR (xi − x|m)fM (m)

Tm

dxdm =

NM∑
i=1

K (m,xi − x)

Tm

, (2)

whereK (m,x − xi) represents the Kernel function as a func-
tion of the magnitude and the epicentral distance from the tar-
get sitex to the epicenter of thei-th earthquakexi . In order to
acquire the long-term annual seismicity rate, the Kernel func-
tion was summed over all of the events in the complete cata-
log and divided by the corresponding duration. We followed
Woo (1996) and described the Kernel functionK (m,x − xi)

as follows:

K (m,x − xi) =
PL− 1

πH 2 (m)

(
1+

(
x − xi

H (m)

)2
)−PL

, (3)

where PL denotes the power law index. The bandwidth func-
tion, H(m), is defined as the distance between two events,
as an exponential function of the magnitude,m, and can be
represented as follows:

H (m) = c · ed·m, (4)

wherec and d are constants. We obtained these constants
through a regression of the earthquake catalog. Seismicity
rate models based on the magnitude-dependent bandwidth
function can illustrate variations in the seismic densities for
different magnitudes.

2.2 The short-term seismicity rate change

In this study, using the rate-and-state friction model
(Dieterich, 1994), we evaluated the short-term seismicity rate
change. For the application of this model, we first calculated
the Coulomb stress change (1CFS) caused by source events.
Based on the constant apparent friction law (Harris, 1998;
Cocco and Rice, 2002), the general expression of the1CFS
can be represented as follows:

1CFS= 1τ + µ′1σn, (5)

where1τ is the shear stress change computed along the slip
direction on the receiver fault,µ′ is the apparent friction co-
efficient, and1σn is the normal stress change perpendicular
to the receiver fault (note that a positive1σn represents un-
clamping).

Coulomb model calculations require knowledge of the
rupture parameters for source events such as the geome-
try of the rupturing fault and the slip magnitude. Yen and
Ma (2011) determined those relationships using Taiwan data
and they were used in this study, in the following equations:

log(L) =

(
1/

2

)
logM0 − 8.08± 0.20; (6)

log(W) =

(
1/

2

)
logM0 − 8.08± 0.25; (7)

log(AD) = 1.68± 0.44, (8)
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Fig. 2. (a)The reference focal mechanisms collected by Wu et al. (2010).(b) The focal mechanisms as spatial variable receiver faults for the
1CFS calculation. Note that the actual calculation grids are denser than the spacing presented in the figure.

whereL is the rupture length in kilometers,M0 is the seis-
mic moment in Newton-meters,W is the rupture width in
kilometers, and AD is the average slip in centimeters. Al-
though the uncertainty terms are proposed in the scaling law,
they are not considered in this study for simplicity of calcu-
lations. In order to evaluate the seismic moment according
to the local magnitude for each earthquake, we followed Wu
et al. (2005) and described the relationship between the mo-
ment magnitudeMW and the local magnitudeML as follows:

MW = ML − 0.2. (9)

Another key piece of information for the1CFS calcu-
lation is the mechanism of the receiver fault. In general,
receiver faults can be represented in the following forms:
(1) optimally oriented fault planes according to a combina-
tion of the regional stress field and the stress change caused
by the source event (King et al., 1994); (2) the mechanisms of
active faults (Toda et al., 1998); and (3) the fixed focal mech-
anisms of earthquakes in subregions (Chan and Stein, 2009).
Hainzl et al. (2010) investigated the effect of more realistic
fault systems in a1CFS model and found that considering
earthquake nucleation on multiple receiver fault orientations
significantly changed the spatial stress change pattern and the
percentage of triggered events. In this study, we used the fo-
cal mechanisms determined by Wu et al. (2010) as a refer-
ence for the receiver faults of the1CFS calculation (Fig. 2a).
We assumed that a spatial variable receiver fault for each cal-
culation grid consisted of the reference focal mechanism with

the shortest epicentral distance (i.e., focal depth is not con-
sidered) (Fig. 2b). In other words, we assumed a temporally
immovable fault orientation for the study region. The proce-
dure was undertaken in accordance with applications of pre-
vious studies (Hainzl et al., 2010; Chan et al., 2012c; Toda
and Enescu, 2011).

We estimated1CFS on a 0.2◦ × 0.2◦ grid using spatial
variable receiver faults by applying the COULOMB 3.3 pro-
gram (Toda and Stein, 2002). In order to minimize the depth
uncertainty for calculations, we followed the assumptions
proposed by Catalli and Chan (2012) and reported the max-
imum 1CFS within the seismogenic depth for each calcula-
tion grid.

To quantify the impact of1CFS on the seismicity rate, we
used the rate-and-state friction model (Dieterich, 1994). We
followed Chan et al. (2010) and determined the evolution of
the seismicity rate change,1R(m,x, t), using1CFS with
then-th source event,1CFSn (x), at the site of interestx as
a function of magnitude,m, and time,t , as follows:

1R(m,x, t) = (10)

1
NM∑
i=1

K(m,xi−x)
Tm

1Rn−1(m,x)
exp

(
−

1CFSn(x)
Aσ

)
− 1

exp
(
−

t−tn
tna

)
+ 1

,

where1Rn−1 (m,x) is the short-term seismicity rate change
promptly before the occurrence of then-th source event,
Aσ is a constitutive parameter of the model as described

Nat. Hazards Earth Syst. Sci., 13, 1143–1158, 2013 www.nat-hazards-earth-syst-sci.net/13/1143/2013/
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by Dietrich (1994),tn is the occurrence time of then-th
source event, andtna is the aftershock duration. According
to this model, the evolution of seismicity rate for different
magnitudes is simply controlled by the long-term seismic-
ity rate, i.e., the evolution of the seismicity rate change is
magnitude-independent since the influences imparted by the
source events (1CFSn (x)) and tectonic loading (Aσ andtna)

are magnitude-independent. Thus, it is difficult to identify the
differences of rate changes between small and large events
through this procedure. By combining the long-term seismic-
ity rate (Eq. 2) and evolution of the seismicity rate change
using Eq. (10), the short-term seismicity rate at timet can be
represented as follows:

γ

MMAX∫
MMIN

fR (xi − x|m)fM (m, t)

Tm

dxdm

=

NM∑
i=1

K (m,xi − x)

Tm

× 1R(m,x, t) . (11)

The relationship describes the short-term seismicity rate
evolution by considering a series of source events and rep-
resents a generalization of the relationships. The period of
the seismicity rate perturbation depends on the magnitude of
1CFS and aftershock durationtna.

2.3 The probabilistic seismic hazard assessment

In addition to a reliable seismicity rate model, another item
that should be considered is proper GMPEs for a PSHA
(fR (r|m) in Eq. (1). Since Lin (2009) pointed out that global
GMPEs do not provide a representative description of the lo-
cal observations in Taiwan, for this work we only considered
GMPEs obtained from the regression of ground motion ob-
servations in Taiwan.

Over the past decade, many studies have proposed GM-
PEs in order to illustrate attenuation behaviors for differ-
ent types of earthquakes in Taiwan. For crustal events, Wu
et al. (2001) selected 60 crustal events withML ≥ 5.0 and
obtained GMPEs in the form of peak ground acceleration
(PGA) and peak ground velocity (PGV) as a function of mag-
nitude, as well as the nearest distance to the rupture surface.
Liu and Tsai (2005) selected 51 events withMw between 4.0
and 7.1 and established GMPEs in terms of PGA and PGV.
In the studies mentioned above, however, attenuation behav-
iors for different structural periods were not discussed. For
this purpose, we expect to consider the GMPEs in the form
of an acceleration response spectrum (SA) for more complete
presence of attenuation behaviors. Based on SA, attenuation
characteristics are represented as response acceleration as a
function of response period. Lin (2009) selected 60 earth-
quakes from 5968 records from the Taiwan Strong Motion
Instrumentation Program (TSMIP). He determined ground-
motion attenuation relationships for PGA and SA as a func-
tion of magnitudem, which is represented as follows:

lny = C1 + F1 + C3 (8.5− m)2
+ (C4 + C5 (m − 6.3))

ln

(√
R2 + exp(H)2

)
+ C6FNM + C7FRV

+ C8 ln
(
Vs30/1130.0

)
, (12)

wherey is the response acceleration for PGA or SA ing,
R is the shortest distance to the rupture surface in kilome-
ters, FNM is 1.0 for the source with normal mechanism,
FRV is 1.0 for the source with thrust mechanism,Vs30 is
the averaged shear-velocity from the ground surface to the
depth of 30 m,F1 = C2(MW−6.3) for MW ≤ 6.3, whereas
F1 = (−H · C5)(MW − 6.3) for MW > 6.3, C1 to C8 andH

are constants and their corresponding values for PGA and
SA are listed in Table 2. Source effects in the form of differ-
ent focal mechanisms were considered. The results indicate
the largest amplitude for thrust events and the smallest one
for normal ones based on the same conditions (i.e., magni-
tude, distance, and site effects). In addition, these GMPEs
analyzed the corresponding standard deviations for PGA and
SA (σlny in Table 2). It is useful to understand the reliability
of these equations. By considering the feasibility of PSHA
in terms of SA and its reliability, we used these GMPEs for
crustal events in this study.

Many studies have pointed out that ground-motion at-
tenuation behaviors for subduction earthquakes and crustal
earthquakes are different (Crouse et al., 1988 and references
therein). In the offshore of northeast Taiwan, the Philippine
Sea Plate subducts to the north. In southern Taiwan, the
Eurasian Plate subducts to the east (Fig. 1). Therefore, it is
necessary to consider different GMPEs for subduction earth-
quakes for both interface and intraslab events for PSHAs.
Lin and Lee (2008) proposed the first GMPEs for subduc-
tion events in Taiwan and analyzed strong-motion records of
subduction earthquakes obtained by TSMIP arrays and the
Strong Motion Array in Taiwan Phase I (SMARTI) to estab-
lish the GMPEs for PGA and SA. The GMPEs are functions
of magnitudem and their form is represented as follows:

lny = C1 +C2m+C3

(
R + C4e

C5·m
)

+C6H +C7Zt, (13)

wherey is the response acceleration for PGA or SA ing,
R is the hypocentral distance in kilometers,H is the focal
depth in kilometers,Zt is the subduction zone earthquake
type (Zt = 0 for interface earthquakes, whereasZt = 1 for
intraslab earthquakes),C1 to C7 are constants and their cor-
responding values for PGA and SA are presented in Ta-
ble 3. The corresponding standard deviations are also ana-
lyzed (σlny in Table 3). For this study, we used the GMPEs
of Lin and Lee (2008) for the Taiwan subduction system.

2.4 Magnitude completeness and the declustering
process

By analyzing the earthquake catalog, the smoothing Kernel
function was used to evaluate the long-term seismicity rate.

www.nat-hazards-earth-syst-sci.net/13/1143/2013/ Nat. Hazards Earth Syst. Sci., 13, 1143–1158, 2013
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Table 1. Source parameters for source events used to calculate the seismicity rate change with the rate-and-state friction model. The earth-
quakes ofML ≥ 5.0 that occurred from 2006 to 2010 were considered. The parameters of focal mechanism are determined by the Broadband
Array in Taiwan for Seismology (BATS,http://bats.earth.sinica.edu.tw/).

No. Year Month Day Longitude Latitude ML Depth Strike Dip Rake
(◦) (◦) (km) (◦) (◦) (◦)

1 2006 3 9 120.56 23.64 5.1 13 20 46 52
2 2006 4 1 121.12 22.83 6.2 22 92 70 165
3 2006 6 5 122.05 21.38 5 46 205 28 130
4 2006 12 26 120.39 21.95 7 30 144 26 −12
5 2007 1 25 122.02 22.65 6.2 20 241 71−179
6 2007 7 23 121.72 23.67 5.8 29 32 17 91
7 2008 3 4 120.72 23.21 5.2 20 358 43 61
8 2008 12 23 120.57 22.95 5.3 18 326 41 84
9 2009 5 26 119.52 21.73 5.7 47 314 18 174

10 2009 11 5 120.72 23.79 6.2 22 230 57 145
11 2009 12 19 121.75 23.78 6.9 41 238 37 121
12 2010 2 26 122.84 23.60 5.8 44 201 34 98
13 2010 3 4 120.73 23.00 6.4 18 318 41 68
14 2010 7 9 122.66 24.66 5.8 116 216 61 20

For reliability of the results, we considered the catalog dur-
ing the period when the network recorded all of the earth-
quakes with a certain magnitude threshold (known as magni-
tude completeness,Mc). In the Taiwan region, a better seis-
mic network that spanned the entire island of Taiwan was
constructed after 1935. To check the temporal evolution of
Mc, the maximum curvature approach (Wiemer and Wyss,
2000) was employed. We determined thatMc was smaller
than 5.0 after 1940.

For construction of a short-term rate change model and
retrospective forecast, the catalog with a period is consid-
ered to test the feasibility of models (defined as “forecasting
period”). Since the rate perturbation duration for aM ≤ 7.0
earthquake could be years (Burkhard and Grünthal, 2009),
the time window from 2006 to 2010 is assumed to be the
“forecasting period”. Earthquakes withML ≥ 5.0 during the
“forecasting period” (Fig. 1b) are introduced. On the other
hand, we considered the time window from 1940 to 2005
to be the “learning period” and introduced earthquakes with
ML ≥ 5.0 during the “learning period” (Fig. 1a) to establish
the long-term rate model.

Since we modeled aftershock behavior with the rate-and-
state friction model, the catalog in the time window from
1940 to 2005 used for the evaluation of the long-term seis-
micity rate needed to be declustered. We followed the ap-
proach of Burkhard and Grünthal (2009) for declustering.
According to this approach, earthquakes are considered de-
pendent when their distance and time are within the derived
distance and time window, respectively. Distance window,
dR(Mw), as a function of moment magnitude,Mw, is rep-
resented as follows:

dR(Mw) = e(1.78+
√

0.04+1.02·Mw). (14)

The unit ofdR(Mw) is in kilometers. The earthquakes are
considered as foreshocks if the time intervals with mainshock
are smaller than time windowdTf (Mw), which is repre-
sented as follows:

dTf (Mw) =e(−4.77+
√

0.62+17.32·Mw) for Mw < 7.8; (15)

dTf (Mw) =e(6.44+0.06·Mw) for Mw ≥ 7.8. (16)

The unit ofdTf (Mw) is in days. The earthquakes are con-
sidered as aftershocks if the time intervals with mainshock
are smaller than time windowdT a(Mw), which is repre-
sented as follows:

dT a(Mw) = e(−3.95+
√

0.62+17.32·Mw) for Mw < 6.6, (17)

dT a(Mw) = e(6.44+0.06·Mw) for Mw ≥ 6.6. (18)

The unit ofdT a(Mw) is in days. Although this approach
was originally developed for conditions in central Europe,
it has been proven to be well applicable to the Italian re-
gion (Chan et al., 2010), and even for a subduction environ-
ment (Suckale and Grünthal, 2009). We used this approach
and below discuss the feasibility of its application to Taiwan.
The catalog from 1940 to 2005 for evaluating the long-term
earthquake occurrence rate is a declustered dataset, whereas
the catalog used to calculate the short-term seismicity rate
change (Table 1) is a raw one. The rate perturbations im-
parted by foreshocks, mainshocks, and aftershocks can be
calculated using those procedures mentioned above. Thus,
spatial-temporal evolution seismicity rate for a sequence can
be modeled.
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Table 2. Corresponding parameters and standard deviations (σlny) of the GMPEs for PGA and SA of various response periods for crustal
events (Eq. 12) by Lin (2009).

Period (s) C1 C2 C3 C4 C5 H C6 C7 C8 σlny

PGA 1.011 0.382 0.000 −1.163 0.172 1.518 −0.191 0.132 −0.474 0.627
0.01 1.021 0.382 0.000 −1.163 0.172 1.518 −0.192 0.131 −0.474 0.627
0.02 1.042 0.382 0.002 −1.167 0.172 1.518 −0.194 0.131 −0.470 0.627
0.03 1.196 0.382 0.004 −1.203 0.172 1.518 −0.199 0.131 −0.474 0.640
0.04 1.383 0.382 0.009 −1.250 0.172 1.518 −0.196 0.136 −0.481 0.655
0.05 1.561 0.382 0.015 −1.296 0.172 1.518 −0.192 0.142 −0.491 0.670
0.06 1.691 0.382 0.021 −1.322 0.172 1.518 −0.198 0.150 −0.490 0.681
0.07 1.767 0.382 0.026 −1.334 0.172 1.518 −0.201 0.156 −0.492 0.691
0.08 1.869 0.382 0.027 −1.344 0.172 1.518 −0.195 0.163 −0.494 0.699
0.09 1.943 0.382 0.028 −1.344 0.172 1.518 −0.201 0.159 −0.491 0.700
0.10 2.022 0.382 0.025 −1.341 0.172 1.518 −0.182 0.161 −0.483 0.705
0.15 2.052 0.382 0.010 −1.258 0.172 1.518 −0.185 0.121 −0.480 0.691
0.20 2.033 0.382 −0.009 −1.177 0.172 1.518 −0.227 0.100 −0.435 0.676
0.25 1.989 0.382 −0.029 −1.115 0.172 1.518 −0.236 0.099 −0.410 0.679
0.30 1.883 0.382 −0.046 −1.073 0.172 1.518 −0.216 0.104 −0.436 0.686
0.35 1.746 0.382 −0.060 −1.031 0.172 1.518 −0.195 0.103 −0.451 0.692
0.40 1.682 0.382 −0.074 −1.012 0.172 1.518 −0.196 0.110 −0.473 0.695
0.45 1.614 0.382 −0.086 −0.994 0.172 1.518 −0.201 0.118 −0.493 0.699
0.50 1.529 0.382 −0.096 −0.976 0.172 1.518 −0.209 0.114 −0.504 0.699
0.60 1.308 0.382 −0.113 −0.941 0.172 1.518 −0.221 0.102 −0.555 0.704
0.70 1.138 0.382 −0.129 −0.919 0.172 1.518 −0.190 0.104 −0.604 0.710
0.80 1.076 0.382 −0.144 −0.917 0.172 1.518 −0.187 0.106 −0.632 0.718
0.90 0.994 0.382 −0.158 −0.910 0.172 1.518 −0.164 0.117 −0.658 0.723
1.00 0.864 0.382 −0.169 −0.900 0.172 1.518 −0.151 0.137 −0.692 0.728
1.50 0.315 0.382 −0.201 −0.870 0.172 1.518 −0.038 0.157 −0.758 0.738
2.00 −0.176 0.382 −0.219 −0.833 0.172 1.518 0.078 0.166−0.786 0.726
2.50 −0.410 0.382 −0.232 −0.842 0.172 1.518 0.091 0.165−0.794 0.709
3.00 −0.502 0.382 −0.243 −0.868 0.172 1.518 0.120 0.179−0.775 0.707
3.50 −0.721 0.382 −0.248 −0.869 0.172 1.518 0.121 0.163−0.767 0.708
4.00 −0.938 0.382 −0.249 −0.862 0.172 1.518 0.127 0.126−0.746 0.707
4.40 −1.041 0.382 −0.256 −0.847 0.172 1.518 0.166 0.149−0.704 0.717
5.00 −1.369 0.382 −0.254 −0.829 0.172 1.518 0.221 0.165−0.696 0.715

3 Results

3.1 The long-term seismicity rate

For determining the long-term seismicity rate we first ap-
plied the smoothing Kernel function (Eq. 2). Values for the
bandwidth function could be determined using a linear re-
gression of the catalog during the learning period (Fig. 3).
The bin interval is 0.5 units for calculating the mean distance
of the nearest event. We found that thec andd values of the
bandwidth function were 2.18 and 0.41, respectively. With
a small standard deviation of the regression (dashed lines in
Fig. 3), it suggested that the regression results fit the observa-
tion well and a reliable forecasting result could be expected.
Here, we do not discuss the impacts of different magnitude
bin intervals for regression since the purpose of this study
focuses on seismic hazard assessment. Only 192 earthquakes
with ML ≥ 5.0 in the declustered catalog (gray dots and gray
stars in Fig. 1a) are considered for determining the long-term

seismicity rate. A relatively small number of earthquakes
were used in this study. It is difficult to discuss the impacts
of different magnitude intervals for the seismicity rate model.
Molina et al. (2001) recommended that the power law index,
PL, in Eq. (2) should be between 1.5 and 2.0, correspond-
ing to the cubic or quadratic decay of seismic activity within
a hypocentral distance. Chan et al. (2010) found insignifi-
cant differences between the results when the power law in-
dex was assumed to be between the recommended values.
Therefore, we assumed an intermediate recommended value
of 1.75.

The long-term seismicity rate as a function of magnitude
was calculated using Eq. (2) according to the catalog dur-
ing the learning period (Fig. 4). Generally, higher seismic-
ity rates are determined for smaller magnitude ranges (e.g.,
Fig. 4a) than for larger ones (e.g., Fig. 4d). This phenomenon
corresponds to the Gutenberg–Richter law (Gutenberg and
Richter, 1954). However, one of the highest seismicity rates
was evaluated in southwestern Taiwan, corresponding to
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Table 3.Corresponding parameters and standard deviations (σlny) of the GMPEs for PGA and SA of various response periods for subduction
events (Eq. 13) by Lin and Lee (2008).

Period (s) C1 C2 C3 C4 C5 C6 C7 σlny

PGA −0.900 1.000 −1.900 0.992 0.526 0.004 0.310 0.628
0.010 −2.200 1.085 −1.750 0.992 0.526 0.004 0.310 0.580
0.020 −2.290 1.085 −1.730 0.992 0.526 0.004 0.310 0.573
0.030 −2.340 1.095 −1.720 0.992 0.526 0.004 0.310 0.577
0.040 −2.215 1.090 −1.730 0.992 0.526 0.004 0.310 0.581
0.050 −1.895 1.055 −1.755 0.992 0.526 0.004 0.310 0.594
0.060 −1.110 1.010 −1.836 0.992 0.526 0.004 0.310 0.612
0.090 −0.210 0.945 −1.890 0.992 0.526 0.004 0.310 0.648
0.100 −0.050 0.920 −1.880 0.992 0.526 0.004 0.310 0.654
0.120 0.055 0.935 −1.895 0.992 0.526 0.004 0.310 0.659
0.150 −0.040 0.955 −1.880 0.992 0.526 0.004 0.310 0.660
0.170 −0.340 1.020 −1.885 0.992 0.526 0.004 0.310 0.668
0.200 −0.800 1.045 −1.820 0.992 0.526 0.004 0.310 0.657
0.240 −1.575 1.120 −1.755 0.992 0.526 0.004 0.310 0.647
0.300 −3.010 1.315 −1.695 0.992 0.526 0.004 0.310 0.666
0.360 −3.680 1.380 −1.660 0.992 0.526 0.004 0.310 0.688
0.400 −4.250 1.415 −1.600 0.992 0.526 0.004 0.310 0.700
0.460 −4.730 1.430 −1.545 0.992 0.526 0.004 0.310 0.709
0.500 −5.220 1.455 −1.490 0.992 0.526 0.004 0.310 0.712
0.600 −5.700 1.470 −1.445 0.992 0.526 0.004 0.310 0.728
0.750 −6.450 1.500 −1.380 0.992 0.526 0.004 0.310 0.775
0.850 −7.250 1.565 −1.325 0.992 0.526 0.004 0.310 0.793
1.000 −8.150 1.605 −1.235 0.992 0.526 0.004 0.310 0.816
1.500 −10.300 1.800 −1.165 0.992 0.526 0.004 0.310 0.836
2.000 −11.620 1.860 −1.070 0.992 0.526 0.004 0.310 0.847
3.000 −12.630 1.890 −1.060 0.992 0.526 0.004 0.310 0.837
4.000 −13.420 1.870 −0.990 0.992 0.526 0.004 0.310 0.794
5.000 −13.750 1.835 −0.975 0.992 0.526 0.004 0.310 0.747
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Fig. 3. The bandwidth functions (solid line) and the corresponding
standard deviation (dashed lines) obtained by the linear regression
of observations (black dots).

frequent seismicity during the learning period (Fig. 1a), and
can be associated with a high deformation rate according
to the GPS observations (Yu et al., 1997). Another region
with a high seismicity rate was found on the southeastern
and eastern offshore regions. It corresponds to the bound-
ary between the Eurasian and Philippine Sea plates (Fig. 1).
According to the magnitude-dependent bandwidth function
(Fig. 3), the seismicity rate distributions between magnitude

bins are slightly different from each other. The highest rates
for magnitudes between 5.0 and 5.5 are evaluated in south-
western Taiwan (Fig. 4a). Those for the larger magnitudes
(ML ≥ 5.5), by contrast, are on the southeastern and eastern
offshore regions (Fig. 4b–d).

3.2 The short-term seismicity rate change

To model the distribution of aftershock sequences or trig-
gered earthquakes, we used the1CFS incorporated into the
rate-and-state friction model. We assumed that small earth-
quakes or those that occurred far in the past did not sig-
nificantly influence the current seismicity rate (Catalli et
al., 2008; Chan et al., 2010). We considered earthquakes of
ML ≥ 5.0 that occurred between 2006 and 2010 (Table 1)
as source events for the rate change calculation. The focal
mechanism and the depth of each event were determined
using the moment tensor inversion listed on the website
for the Broadband Array in Taiwan for Seismology (BATS,
http://bats.earth.sinica.edu.tw/).

For the1CFS calculation, we considered an intermediate
value ofµ′

= 0.4. The value is in good agreement with a rea-
sonable range ofµ′ between 0.2 and 0.5, as inferred from the
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Fig. 4. The distribution of the reference seismicity rate acquired for(a) 5.0≤ ML < 5.5, (b) 5.5≤ ML < 6.0, (c) 6.0≤ ML < 6.5, and
(d) 6.5≤ ML < 7.0. Declustering (black dots) and non-declustering (white dots) earthquakes occurring during the forecasting period are
superimposed.

study of earthquake focal mechanisms in Taiwan (Hsu et al.,
2010). Previous studies (Toda and Stein, 2003; Toda et al.,
2005; Catalli et al., 2008) have suggested that the physically
reasonable range forAσ is between 0.1 and 0.4 bars, for ap-
plication of the rate-and-state friction model. In this study we
assumed a fixedAσ of 0.2 bars. For aftershock duration,ta,
we first assume it to be the function of magnitude proposed
by Burkhard and Gr̈unthal (2009) and below discuss the in-
fluence of the PSHA results.

The calculated seismicity rate changes for different mo-
ments are presented in Fig. 5. The results indicate that a sig-
nificant seismicity rate increases near source events that have
just occurred and then retreats to the long-term rate gradu-
ally with time, corresponding to aftershock decays succeeded
by large earthquakes. It should be mentioned that the 2007
ML = 5.8 earthquake (event 6 in Table 1) took place approx-
imately 10 km away from Hualien City and caused a seis-
micity rate increase of 153 % near the epicenter, which is ap-
proximately 10 km away from Hualien City. By comparing
with the distribution of consequent events (both white and

gray circles in Fig. 5), it is found that most of events are lo-
cated in the region with seismicity rate increase (the area in
red or yellow). For the rate drop region (the area in blue), by
contrast, there are relatively few events occurred.

3.3 Both the long-term and short-term probabilistic
seismic hazard assessment in Hualien City

To test the feasibility of the probabilistic seismic hazard as-
sessment, we applied this approach to Hualien City, which is
located in one of high seismicity regions in Taiwan (Fig. 1).
By considering the magnitude of completeness for the cata-
log, we introduced the seismicity withML ≥ 5.0 during the
learning period (1940–2005). We introduced the GMPEs by
Lin (2009) (Eq. 12) and Lin and Lee (2008) (Eq. 13) for
crustal and subduction earthquakes, respectively. Based on
these GMPEs, the averaged shear-velocity from the ground
surface to the depth of 30 m (Vs30) is a requirement. We in-
troduced theVs30 in the TSMIP sites of HWA007-HWA019
(Lee and Tsai, 2008), which are in Hualien City. We obtained
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Fig. 5.The short-term seismicity rate change determined using the rate-and-state friction model from different periods. Source events during
2006–2010 are shown as open green stars. Declustering (gray dots) and non-declustering (white dots) earthquakes during each time sequence
are shown. The source parameters of the source events used for calculating the seismicity rate change are shown in Table 1. Note that events
3, 4, and 9 are out of the region of the figure.
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Fig. 6. Assumed aftershock durations,ta, as the Burkhard and
Grünthal (2009) relation (black line), 10 yr (dashed line), and
10 days (light-gray line); the temporal evolution of the seismic haz-
ard for the 2.1 ‰ annual exceedance probability in Hualien City
from 2006 until 2010. Variations in the seismic hazard can be at-
tributed to the seismicity rate change imparted by source events
(Fig. 5).

the averagedVs30 of 555 m s−1. Based on the information,
seismic hazards in terms of probability of strong ground mo-
tion, spectral acceleration, and hazard curve are assessed.

3.3.1 The temporal evolution of PSHA

We calculated the temporal evolution of the seismic haz-
ard in Hualien City from 2006 until 2010, corresponding to
the forecasting period for construction of the short-term rate
change model (black line in Fig. 6). We evaluated the seis-
mic hazard for the 2.1 ‰ annual exceedance probability, cor-
responding to a 10 % probability of exceedance in 50 yr of
exposure time (typical design lifetime of structures). Based
on the long-term seismicity rate forML ≥ 5.0 (Fig. 4) and
corresponding GMPEs, a long-term hazard of 0.46 g was de-
termined (black line in the beginning of 2006 in Fig. 6). Af-
terward, seismic hazard perturbations that followed the oc-
currence of source events (Table 1) were determined. Since
the 2007ML = 5.8 earthquake (event 6 in Table 1) was close
to Hualien City and caused a significant rise in the seismic-
ity rate in the vicinity (Fig. 5), such a significant rate in-
crease will also raise seismic hazards in the surrounding re-
gions following this earthquake. Such results could be asso-
ciated with a possible aftershock sequence or even a conse-
quent larger event following this event. During this period
the largest earthquake occurred at the end of 2006 (event 4 in
Table 1, which is as known as “the Pintung earthquake”) (Ma
and Liang, 2008). Since the epicenter was far from Hualien
City (farther than 200 km) its influence on the seismic hazard
for Hualien City was trivial (Fig. 6).
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Fig. 7. The acceleration response spectra in Hualien City for the
probability of 2.1 ‰ as a function of the structural period of the
two moments. The gray dashed line represents the long-term hazard
curve (the short-term rate perturbation is not considered). The black
solid line represents the hazard curve one day following the 2007
ML = 5.8 earthquake (event 6 in Table 1).

3.3.2 The spectral acceleration

Seismic hazards in the form of acceleration response spectra
for Hualien City for two moments were evaluated (Fig. 7). As
inferred from the long-term seismicity rate (Fig. 4) without
considering earthquake perturbations, the long-term seismic
hazard was relatively low (the dashed curve in Fig. 7). A sig-
nificantly higher hazard of≥1.0 m s−2 was obtained for the
response period between 0.15 and 0.6 s. We obtained a signif-
icantly higher hazard one day following the 2007ML = 5.8
earthquake (event 6) that was approximately twice as high
as the long-term hazard for the entire spectrum of response
periods.

3.3.3 The hazard curve

To show the probability of annual exceedance as a function
of ground motion level for the response period of 0.2 s (SA
0.2 s), in Fig. 8 we present hazard curves. We compared haz-
ard curves for the two moments and found the influence of
the short-term seismic rate perturbation. Following the oc-
currence of event 6, more than three times a higher probabil-
ity was determined when the ground motion level was lower
than 1.0 g. In contrast, the contribution of the short-term per-
turbation was less significant for higher ground motion lev-
els. This phenomenon can be attributed to the relatively small
magnitudes of the earthquakes in the vicinity of Hualien city
(include theML = 5.8 event 6), which contribute lower prob-
ability for high ground motion levels. The temporal evolu-
tion of PSHA, spectral acceleration, and hazard curves are
scenario results and will be difficult to compare with obser-
vations.

www.nat-hazards-earth-syst-sci.net/13/1143/2013/ Nat. Hazards Earth Syst. Sci., 13, 1143–1158, 2013



1154 C.-H. Chan et al.: Time-dependent probabilistic seismic hazard assessment

Long-term seismic hazard

Short-term seismic hazard (1 day after event 6)

Hazard curves for the response period of 0.2 seconds (in g)
0.1 1 10 

100 

10-1 

10-2 

10-3 

10-4 

10-6 

Annual exeedance
probability: 2.1‰

An
nu

al
 e

xe
ed

an
ce

 p
ro

ba
bi

lit
y

Fig. 8. The probability of annual exceedance as a function of haz-
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The gray dashed line represents the long-term hazard curve (i.e., the
short-term rate perturbation was not considered). The black solid
line represents the hazard curve one day after the 2007ML = 5.8
earthquake (event 6 in Table 1).

4 Discussion

4.1 The spatial distribution of seismicity in Taiwan

In this study, we evaluated the long-term seismicity density
rate according to the distribution of the declustered catalog
during the learning period. Our results indicated the high-
est seismicity rate in southwestern Taiwan for small events
(Fig. 4a). However, there were only a fewML ≥ 6.0 events
(the stars in Fig. 1a) that could result in highb values for
southwestern Taiwan, as reported by Chan et al. (2012b). On
the southeastern and eastern offshore regions, higher rates are
expected for large earthquakes (Fig. 4b–d).

According to the non-declustering catalog (the transpar-
ent circles in Fig. 1a), moreML ≥ 5.0 earthquakes were
observed on the southeastern and eastern offshore regions.
The observations could be associated with more consequent
events triggered by mainshocks. Such clustering behavior
fulfills the observation of Zhuang et al. (2005), who calcu-
lated the ratio of the clustering seismicity rate to the total
seismicity rate and found a high ratio for this region due to
related high aftershock activities triggered by mainshocks.
Such clustering behavior may imply the importance of earth-
quake sequences in seismic hazard evaluations for this re-
gion.

4.2 A comparison to the traditional PSHA approach

The application of traditional PSHA approaches (Cornell,
1968; McGuire, 1976) requires knowledge of the properties
of the seismic source zones, which are determined by sub-
jective judgments that may be different in various studies. In

this study, the earthquake catalog was the only input for the
long-term PSHA. Despite that fact that our approach only
considered a few factors, we concluded similar hazards as
for evaluations using traditional approaches. We obtained a
background seismic hazard of 0.46 g for the peak ground ac-
celeration for a 2.1 ‰ annual exceedance probability (black
line in the beginning of 2006 shown in Fig. 6). The result
is similar to those obtained from previous studies (Cheng,
2002; Cheng et al., 2007; Campbell et al., 2002).

4.3 The feasibility of seismicity rate models

An accurate model for the seismicity density rate plays a key
role in obtaining a reliable PSHA. We evaluated the long-
term seismicity density rate and the short-term rate change
based on a smoothing Kernel, and the rate-and-state friction
model, respectively; and proposed a retrospective forecast in
order to validate their feasibility. We compared models with
the distribution of non-declustering earthquakes during the
forecasting period (denoted as “forecasting earthquakes” in
Fig. 1b) using the Molchan diagram (Molchan, 1990, 1991).
The diagram was designed for an evaluation of earthquake-
forecasting ability and is presented as the fraction of space
occupied by the expectation versus the fraction of failure to
predict. We present the “fraction of space occupied by alarm”
as the proportion of the study area having a forecasted seis-
micity rate equal to or higher than the threshold, defined as
“alarm”. The “fraction of failure to predict” indicates the pro-
portion of forecasted earthquakes that had a lower forecasted
seismicity rate than the alarm. In other words, when data
points were distributed along the diagonal line, the distribu-
tion of forecasting earthquakes was uniform or independent
of the forecasted rate. When a convex was presented it sug-
gests that the majority of forecasting earthquakes occurred
within regions with a lower forecasted rate as compared to
the entire area. On the other hand, when a concave was pre-
sented it suggests that the majority of the forecasting earth-
quakes occurred in an area with a higher forecasted rate. An
optimistic forecast result represents a condition of having the
least space occupied by alarms and the lowest percentage of
forecasting earthquakes with a failure to predict. When we
compared the seismicity rate obtained using the smoothing
Kernel function with the locations of forecasting earthquakes
(as shown in Fig. 4) in the Molchan diagram (the open cir-
cles in Fig. 9), a positive correlation between each was evi-
dent. All of the forecasting earthquakes were located within
61 % of the study area having the highest seismicity rate.
When we compared the forecasted seismicity rate evaluated
from a combination of the smoothing Kernel function and
the rate-and-state friction model (the crosses in Fig. 9) we
found somewhat better forecasting ability in comparison to
that from using solely the smoothing Kernel function. The re-
sults indicate the importance of considering a short-term rate
perturbation in order to improve the seismicity rate model.
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Fig. 9.A Molchan diagram that investigates the correlation between
seismicity rate models and non-declustering seismicity during the
forecasting period (2006–2010). Gray circles represent the correla-
tion with the long-term rate model using the smoothing Kernel func-
tion. Black crosses represent the correlation with the short-term rate
model according to a combination of the smoothing Kernel function
and the rate-and-state friction model.

4.4 The feasibility of the declustering approach

We modeled seismicity rate evolution following the occur-
rence of large events according to the rate-and-state friction
model. To ward off the reduplication of earthquake interac-
tions in the long-term rate model, we considered a decluster-
ing catalog according to the approach proposed by Burkhard
and Gr̈unthal (2009). In order to test the feasibility of the
declustering approach applied to Taiwan, we compared seis-
micity rate models with the distribution of declustering earth-
quakes during the forecasting period (as shown in Fig. 1b).
Therefore, it is expected that when consequent events are
triggered by previous earthquake(s), the model considering
short-term rate evolution represents better forecasting abil-
ity. However, the model was found to have better forecasting
ability without the consideration of a short-term rate change
in the Molchan diagram (Fig. 10). The result suggests that
earthquakes in the declustering catalog are independent of
one another, and indicates that the declustering approach by
Burkhard and Gr̈unthal (2009) is applicable for the Taiwan
catalog.

4.5 Impacts of the aftershock duration

We evaluated the temporal evolution of the seismic hazard in
Hualien City from 2006 until 2010 by assuming aftershock
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Fig. 10. A Molchan diagram that investigates the correlation be-
tween seismicity rate models and declustering seismicity during the
forecasting period (2006–2010). Circles represent the correlation of
the rate model using the smoothing Kernel function. Crosses repre-
sent the correlation of the short-term rate model according to a com-
bination of the smoothing Kernel function and the rate-and-state
friction model.

duration, ta, as a function of the magnitude proposed by
Burkhard and Gr̈unthal (black line in Fig. 6). To discuss
the impact ofta, we assumed this parameter to be 10 yr
and 10 days and evaluated corresponding evolution of seis-
mic hazards (dashed and light-gray lines, respectively, in
Fig. 6). When a shortta is assumed, the seismic hazard per-
turbations are transient and trivial following source events;
and vice versa the assumption of a longta results in long-
lasting and significant perturbations. According to the sta-
tistical test through the Molchan diagram (Fig. 10), it sug-
gests that the aftershock duration proposed by Burkhard and
Grünthal (2009) is applicable for the Taiwan catalog. How-
ever, this parameter could be further constrained through dif-
ferent aspects, such as focal mechanisms of earthquake se-
quences, loading rates of source faults/regions (Stein and
Liu, 2009), etc.

4.6 The importance of the short-term probabilistic
seismic hazard assessment

According to a traditional PSHA (Cornell, 1968; McGuire,
1976), the seismicity rates generally represent long-term be-
havior of seismic sources and do not include short-term vari-
ations in their rates due to the time since the last large
earthquake occurrence. However, several experiences have
suggested that aftershock durations can be longer than the
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designed lifetime of structures (typically for 50 yr) and
demonstrated the importance of fault interactions for the
evaluation of seismic rate and seismic hazard. For example,
after the 2010 Darfield, New Zealand, mainshock, theMw =

6.3, 2011 Christchurch earthquake took place 5 months af-
ter the mainshock and resulted in severe damage and fatal-
ity in downtown Christchurch (Chan et al., 2012a). Another
example for longer-period perturbation is the 4 March 2010
Mw = 6.4 Jiashian, Taiwan, earthquake sequence (Chan and
Wu, 2012). A significantly high seismicity rate is found in the
southern Taiwan region, where an increase of 170 % in seis-
micity rate is modeled in the vicinity of the 26 February 2012
Mw = 6.1 Wuatai epicenter at the end of 2012. Furthermore,
Stein and Liu (2009) concluded that durations of aftershock
sequences could be sustained for from days to centuries. So,
it is important to consider short-term rate perturbation for
PSHA.

One possible approach is by consideration of determinis-
tic scenarios caused by aftershock sequence. The behaviors
of aftershock sequence can be integrated into seismic haz-
ard assessments by considering models such as the modified
Omori’s law (Utsu, 1961; Utsu et al., 1995) and Båth’s law
(Båth, 1965). In these models, however, it is difficult to eval-
uate the probability of consequent earthquakes with larger
magnitudes, such as the foreshock-mainshock sequence off
the Pacific coast of Tohoku, Japan, in 2011 (Nettles et al.,
2011).

In our approach, short-term rate change is controlled by
the rate-and-state friction model and the period of seismic-
ity rate perturbation depends on aftershock duration,tna, and
the magnitude of1CFS. It is expected that a higher hazard
would sustain for a longer period if longer aftershock dura-
tion, tna, is assumed (dashed line in Fig. 6) or/and a larger
event takes place. Additionally, based on this approach, the
foreshock–mainshock behaviors can also be modeled, i.e.,
a source event can trigger consequent events with larger
magnitudes. The feasibility of this approach has been tested
through the applications to the 2010 Jiashian, Taiwan, earth-
quake sequence (Chan and Wu, 2012), the 2010 Darfield,
New Zealand, earthquake sequence (Chan et al., 2012a), and
the 1906 Meishan, Taiwan, earthquake sequence (Chan et al.,
2013).

4.7 Possible applications of the short-term probabilistic
seismic hazard assessment

Based on the ability of updating information, the short-term
probabilistic seismic hazard assessment could be useful for
decision-makers and engineers. One possible application is
to provide probabilistic seismic hazard/risk information af-
ter the occurrence of a devastating earthquake. Our results
show that we can assess the probability as a function of time
and assuming ground motion levels (Fig. 11). Here we rep-
resent three examples of 0.6 g ground shaking for PGA, SA
1.0 s, and 0.2 s. The long-term (i.e., at the beginning of 2006)
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Fig. 11. Assumed ground shaking of 0.6 g for PGA (black line),
SA1.0 s (gray line), and 0.2 s (light-gray line), the temporal evolu-
tion of the annual exceedance probability in Hualien City from 2006
until 2010.

probabilities for PGA, SA 1.0 s and 0.2 s are 0.1, 0.5, and
0.9 %, respectively. After the occurrence of event 6 (Fig. 11),
the corresponding probabilities become 0.9, 3.6, and 7.1 %,
respectively. About six to eight times of probability is higher
than estimation before the influence. Since this approach can
be widely applied for each administrative region, when the
information of vulnerability (fragility curve) and exposure
(distribution of structures and population) is further consid-
ered, a short-term probabilistic seismic risk map can be as-
sessed. Such information is important to provide emergency
responses regarding victim sheltering and relocation.

Another possible application is the combination with de-
terministic earthquake scenarios. Scenarios are also useful
for hazard and risk mitigation purposes, in terms of building
codes and the site selection of pubic structures (McGuire,
2001). Probability of occurrence and characteristics of a sin-
gle (scenario) earthquake can be re-evaluated after a large
earthquake. In a formal way, such estimations may be done
using deaggregation and determination of dominant earth-
quakes. Our approach provides different insights for seismic
hazard. It would be useful as an alternative credible model in
the logic-tree approach for PSHA.

5 Conclusions

Traditional PSHA approaches (Cornell, 1968; McGuire,
1978) are often applied, and are required in order to ob-
tain some of the assumptions and information for seismic
source zones, which are highly subjective and time consum-
ing. Therefore, understanding the seismic hazards that result
from a large earthquake cannot be rapidly evaluated. How-
ever, using the approach proposed in this study employing
a smoothing Kernel and the rate-and-state friction model,
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PSHAs could be evaluated very quickly following the occur-
rence of a large earthquake. We demonstrated the method’s
feasibility by applying the results to Hualien City, Taiwan.
Using minor model assumptions, our approach provides a
suitable basis for rapid evaluations. The concept of a near
real-time and updating seismic hazard assessment benefit
decision-makers and public officials in seismic hazard mit-
igation.
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Båth, M.: Lateral inhomogeneities of the upper mantle, Tectono-
phy., 2, 483–514, 1965.

Burkhard, M. and Gr̈unthal, G.: Seismic source zone characteriza-
tion for the seismic hazard assessment project PEGASOS by the
Expert Group 2 (EG 1b), Swiss J. Geosci., 102, 149–188, 2009.

Campbell, K. W., Thenhaus, P. C., Barnard, T. P., and Hamp-
son, D. B.: Seismic hazard model for loss estimation and risk
management in Taiwan, Soil Dyn. Earthq. Eng., 22, 743–754,
doi:10.1016/S0267-7261(02)00095-7, 2002.

Catalli, F. and Chan, C. H.: New insights into the application of
the Coulomb model in real time, Geophys. J. Int., 188, 583–599,
doi:10.1111/j.1365-246X.2011.05276.x, 2012.

Catalli, F., Cocco, M., Console, R., and Chiaraluce, L.: Model-
ing seismicity rate changes during the 1997 Umbria-Marche se-
quence (central Italy) through a rate- and state-dependent model,
J. Geophys. Res., 113, B11301,doi:10.1029/2007JB005356,
2008.

Chan, C. H. and Stein, R. S.: Stress evolution following the 1999
Chi-Chi, Taiwan, earthquake: Consequences for afterslip, relax-
ation, aftershocks, and departures from Omori decay, Geophys.
J. Int., 177, 179–192,doi:10.1111/j.1365-246X.2008.04069.x,
2009.

Chan, C. H. and Wu, Y. M.: The burst of seismicity after the 2010
M6.4 Jiashian earthquake and its implication of short-term seis-
mic hazard in southern Taiwan, J. Asian Earth Sci., 59, 231–239,
doi:10.1016/j.jseaes.2012.08.011, 2012.

Chan, C. H., Sørensen, M. B., Stromeyer, D., Grünthal, G., Heid-
bach, O., Hakimhashemi, A., and Catalli, F.: Forecasting Italian
seismicity through a spatio-temporal physical model: importance
of considering time dependency and reliability of the forecast,
Ann. Geophys., 53, 129–140,doi:10.4401/ag-4761, 2010.

Chan, C. H., Wu, Y. M., and Lin, T. L.: A short term seismic haz-
ard assessment in Christchurch, New Zealand, after the M7.1,
4 September 2010 Darfield earthquake: An application of a
smoothing Kernel and rate-and-state friction model, Terr. Atmos.
Oceans Sci., 23, 231–236,doi:10.3319/TAO.2011.09.23.02(T),
2012a.

Chan, C. H., Wu, Y. M., Lin, T. L., Chen, C. C., and Tseng,
T. L.: Spatial and Temporal Evolution of b-values Before
Large Earthquakes in Taiwan, Tectonophys., 532–535, 215–222,
doi:10.1016/j.tecto.2012.02.004, 2012b.

Chan, C.-H., Wu, Y.-M., and Wang, J.-P.: Earthquake forecasting
using the rate-and-state friction model and a smoothing Kernel:
application to Taiwan, Nat. Hazards Earth Syst. Sci., 12, 3045–
3057,doi:10.5194/nhess-12-3045-2012, 2012c.

Chan, C. H., Wu, Y. M., Cheng, C. T., Lin, P. S., and Wu, Y. C.: Sce-
nario for a short-term probabilistic seismic hazards assessment
(PSHA) in Chiayi, Taiwan, Terr. Atmo. Ocea. Sci., accepted,
2013.

Cheng, C. T.: Uncertainty analysis and de-aggregation of seismic
hazard in Taiwan, Ph.D. Dissertation, Institute of Geophysics,
National Central University, Chung-Li, Taiwan, 2002 (in Chi-
nese).

Cheng, C. T., Chiou, S. J., Lee, C. T., and Tsai, Y.-B.: Study on
probabilistic seismic hazard maps of Taiwan after Chi-Chi earth-
quake, J. GeoEngineering, 2, 19–28, 2007.

Cocco, M. and Rice, J. R: Pore pressure and poroelasticity effects in
Coulomb stress analysis of earthquake interactions, J. Geophys.
Res., 107, 2030,doi:10.1029/2000JB000138, 2002.

Cornell, C. A.: Engineering Seismicriskanalysis, Bull. Seismol.
Soc. Am., 58, 1583–1606, 1968.

Crouse, C. B., Vyas, Y. K., and Schell, B. A.: Ground motion from
subduction-zone earthquakes, Bull. Seismol. Soc. Am., 78, 1–25,
1988.

Dieterich, J. H.: A constitutive law for rate of earthquake production
and its application to earthquake clustering, J. Geophys. Res., 99,
2601–2618, 1994.

Gutenberg, B. and Richter, C.: Seismicity of the Earth and Associ-
ated Phenomena, 2nd Edn., Princeton Univ. Press, Princeton, NJ,
310 pp., 1954.

Harris, R. A.: Introduction to special section: Stress triggers, stress
shadows, and implications for seismic hazard, J. Geophys. Res.,
103, 24347–24358, 1998.

Hainzl, S., Zoeller, G., and Wang, R.: Impact of the receiver
fault distribution on aftershock activity, J. Geophys. Res, 115,
B05315,doi:10.1029/2008JB006224, 2010.

Hsu, Y. J., Rivera, L., Wu, Y. M., Chang, C. H., and Kanamori,
H.: Spatial heterogeneity of tectonic stress and friction in the
crust: new evidence from earthquake focal mechanisms in Tai-
wan, Geophys. J. Int., 182, 329–342, 2010.

Kagan, Y. and Knopoff, L.: Statistical study of the occurrence of
shallow earthquakes, Geophys. J. Int., 55, 67–86, 1978.

King, G. C. P., Stein, R. S., and Lin, J.: Static stress changes and the
triggering of earthquakes, Bull. Seismol. Soc. Am., 84, 935–953,
1994.

Lee, C. T. and Tsai, B. R.: Mapping Vs30 in Taiwan, Terr. Atmos.
Oceans Sci., 19, 671–682,doi:10.3319/TAO.2008.19.6.671(PT),
2008.

Lin, P. S.: Ground-motion attenuation relationship and path-effect
study using Taiwan Data set, Ph.D. Dissertation, Institute of Geo-
physics, National Central University, Chung-Li, Taiwan, 2009 (in
Chinese).

Lin, P. S. and Lee, C. T.: Ground-motion attenuation relation-
ships for subduction-zone earthquakes in northeastern Taiwan,
Bull. Seismol. Soc. Am., 98, 220–240,doi:10.1785/0120060002,
2008.

www.nat-hazards-earth-syst-sci.net/13/1143/2013/ Nat. Hazards Earth Syst. Sci., 13, 1143–1158, 2013

http://dx.doi.org/10.1016/S0267-7261(02)00095-7
http://dx.doi.org/10.1111/j.1365-246X.2011.05276.x
http://dx.doi.org/10.1029/2007JB005356
http://dx.doi.org/10.1111/j.1365-246X.2008.04069.x
http://dx.doi.org/10.1016/j.jseaes.2012.08.011
http://dx.doi.org/10.4401/ag-4761
http://dx.doi.org/10.3319/TAO.2011.09.23.02(T)
http://dx.doi.org/10.1016/j.tecto.2012.02.004
http://dx.doi.org/10.5194/nhess-12-3045-2012
http://dx.doi.org/10.1029/2000JB000138
http://dx.doi.org/10.1029/2008JB006224
http://dx.doi.org/10.3319/TAO.2008.19.6.671(PT)
http://dx.doi.org/10.1785/0120060002


1158 C.-H. Chan et al.: Time-dependent probabilistic seismic hazard assessment

Liu, K. S. and Tsai, Y. B.: Attenuation Relationships of Peak
Ground Acceleration and Velocity for Crustal Earthquakes in
Taiwan, Bull. Seism. Soc. Am., 95, 1045–1058, 2005.

Ma, K. F. and Liang, W. T.: Preface to the 2006 Pingtung earth-
quake doublet special issue, Terr. Atmos. Ocean. Sci., 19, I–III,
doi:10.3319/TAO.2008.19.6.I(PT), 2008.

McGuire, R.: FORTRAN computer program for seismic risk analy-
sis, US Geol. Surv., Open-File Rept. 76–67, 90 pp., 1976.

McGuire, R.: Deterministic vs. probabilistic earthquake hazard and
risks, Soil Dynam. Earthq. Eng., 21, 377–384, 2001.

Molina, S., Lindholm, C. D., and Bungum, H.: Probabilistic seismic
hazard analysis: zoning free versus zoning methodology, Boll.
Geofis. Teor. Appl., 42, 19–39, 2001.

Molchan, G. M.: Strategies in strong earthquake prediction, Phys.
Earth Planet. Int., 61, 84–98, 1990.

Molchan, G. M.: Structure of optimal strategies in earthquake pre-
diction, Tectonophys, 193, 267–276, 1991.

Nettles, M., Ekstroem, G., and Koss, H. C.: Centroid-moment-
tensor analysis of the 2011 off the Pacific coast of Tohoku Earth-
quake and its larger foreshocks and aftershocks, Earth Planet.
Space Lett., 63, 519–523, 2011.

Stein, S. and Liu, M.: Long aftershock sequences within continents
and implications for earthquake hazard assessment, Nature, 462,
87–89,doi:10.1038/nature08502, 2009.

Suckale, J. and Grünthal, G.: A probabilistic seismic hazard model
for Vanuatu, Bull. Seismol. Soc. Am., 99, 2108–2126, 2009.

Toda, S. and Enescu, B.: Rate/state Coulomb stress transfer model
for the CSEP Japan seismicity forecast, Earth Planet. Space, 63,
171–185,doi:10.5047/eps.2011.01.004, 2011.

Toda, S. and Stein, R. S.: Response of the San Andreas Fault
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