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ABSTRACT

Using seismic activity and the Meishan earthquake sequence that occurred from 1904 to 1906, a scenario for short-term
probabilistic seismic hazards in the Chiayi region of Taiwan is assessed. The long-term earthquake occurrence rate in Taiwan
was evaluated using a smoothing kernel. The highest seismicity rate was calculated around the Chiayi region. To consider
earthquake interactions, the rate-and-state friction model was introduced to estimate the seismicity rate evolution due to the
Coulomb stress change. As imparted by the 1904 Touliu earthquake, stress changes near the 1906 Meishan and Yangshuigang
epicenters was higher than the magnitude of tidal triggering. With regard to the impact of the Meishan earthquake, the region
close to the Yangshuigang earthquake epicenter had a +0.75 bar stress increase. The results indicated significant interaction
between the three damage events. Considering the path and site effect using ground motion prediction equations, a proba-
bilistic seismic hazard in the form of a hazard evolution and a hazard map was assessed. A significant elevation in hazards
following the three earthquakes in the sequence was determined. The results illustrate a possible scenario for seismic hazards
in the Chiayi region which may take place repeatly in the future. Such scenario provides essential information on earthquake

preparation, devastation estimations, emergency sheltering, utility restoration, and structure reconstruction.
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1. INTRODUCTION

Due to the interaction between the Eurasian and Philip-
pine Sea Plates, many devastating earthquakes have taken
place in Taiwan (Wang and Shin 1998; Hsu 2003; Wu et
al. 2008; Cheng et al. 2012). The Chiayi region, located in
southwestern Taiwan with a high deformation rate (Yu et
al. 1997), has, in the past, been struck by several destructive
earthquakes. In 1792, a devastating earthquake struck the
Chiayi region which resulted in more than seven hundred
fatalities and eight thousand collapsed buildings (Cheng et
al. 2012). This earthquake can be attributed to the rupture
of the Meishan Fault (Fig. 1). Additionally, the Meishan
earthquake sequence (Fig. 1) which took place between
1904 and 1906 caused thousands of fatalities and thousands
of building collapses (Hsu 2003). The earthquake sequence
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included three major events, the November 5", 1904 M,, 6.1
Touliu earthquake, the March 16", 1906 M,, 6.9 Meishan
earthquake (the largest event), and the April 13", 1906 M,,
6.4 Yanshuigang earthquake (Prof. Shih-Nan Cheng, per-
sonal communication). Since the 1906 Meishan earthquake,
the population has greatly increased and no M,, > 6.5 event
has occurred. Therefore, it is necessary to understand seis-
mic hazards in this region.

For the purpose outlined above, it is important to ap-
ply a PSHA in terms of the probability of strong ground
motion for Taiwan, especially within the Chiayi region.
In 1999, the Global Seismic Hazard Assessment Program
(GSHAP) published a global probabilistic seismic hazard
map that included the Taiwan region (Shedlock et al. 2000).
However, the GSHAP considered earthquake catalogs from
global seismic networks rather than a detailed seismicity
catalog from the Taiwan regional seismic network. Also, a
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detailed assessment of special areas, such as those in the
Chiayi region, was not provided. Another hazards assess-
ment for Taiwan was proposed by Campbell et al. (2002)
who considered seismic catalogs and active fault parameters
for the Taiwan region. However, the ground motion predic-
tion equations (GMPEs) they considered were obtained
from the world rather than from Taiwan. Cheng et al. (2007)
evaluated seismic hazards for Taiwan and proposed a haz-
ard map by incorporating a catalog from a local network, ac-
tive fault parameters, seismogenic zones, and local GMPEs
in Taiwan. Such studies are useful for understanding seis-
mic hazards in Taiwan. However, many parameters and the
database for seismic hazard assessments have been revised
and/or updated. For example, Lin (2009) and Lin and Lee
(2008) obtained GMPEs for crust and subduction events in
the Taiwan region, respectively. Hopefully, these GMPEs
can better represent ground motion attenuation behaviors in
Taiwan. As a result, it is necessary to use these new datasets
for an analysis.

The basic concept of the traditional PSHA has recently
been called into debate. Based on traditional PSHAs (e.g.,
Cornell 1968; McGuire 1976), seismic hazards can be cal-
culated using the assumption that earthquakes occur with
a known time-independent rate. However, the case of the
2010 Darfield, New Zealand earthquake sequence has
shed light on the limitations of this assumption (Chan et al.

2012a). The M,, 6.3, February 21,2011 Christchurch, New
Zealand earthquake is regarded as an aftershock of the M,,
7.1, September 4", 2010 Darfield mainshock. However, the
Christchurch earthquake caused severe damage in down-
town Christchurch. Obviously, the Darfield earthquake
raised the seismic hazard probability for Christchurch.
Earthquakes that contribute to seismic hazards may not be
totally independent of each other. For such cases, earth-
quake interactions and time-dependent seismic hazards
should be analyzed. The Meishan earthquake sequence
could also increase the awareness of the unsuitability of
traditional PSHAs for the Chiayi region. According to the
time and space relationship, the 1904 Touliu and 1906 Yan-
shuigang earthquakes can be regarded as a foreshock and
an aftershock of the 1906 Meishan earthquake, respectively.
However, all three earthquakes caused severe disasters (Hsu
2003). Such a circumstance points to the importance of seis-
mic hazards imparted by an earthquake sequence. There-
fore, a near real-time updating or a time-dependent seismic
hazards evaluation is necessary.

In this study, we applied an assessment for short-term
probabilistic seismic hazards (Fig. 2) to a scenario in the
Chiayi region that included the Meishan earthquake se-
quence. We first evaluated the long-term seismicity rate
based on a smoothing kernel (Woo 1996) in surroundings
wherein earthquakes were independent of the Meishan
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Fig. 1. Distribution of three earthquakes with M,, = 6.0 for the Meishan earthquake sequence during 1904 and 1906. Stars indicate the epicenters of
the earthquakes. Active faults are shown as red lines. Three cities of interest (Xingang, Chiayi, and Meishan) used for seismic hazards evaluations
(Fig. 7) are shown as solid squares. The location of the study region is shown in Fig. 3.
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Fig. 2. The flow chart for the procedures of the approach used for this study.

earthquake sequence. When considering earthquake interac-
tions and seismic characteristics on physical terms, the rate-
and-state friction model (Dieterich 1994) was introduced for
evaluating the seismicity rate change due to the Coulomb
stress change (Harris 1998; Cocco and Rice 2002) imparted
by the earthquake sequence. Considering the source, path,
and site effect using GMPEs, probabilistic seismic hazards
in terms of strong ground motion could be assessed. In this
work, we discuss the spatial and temporal distribution of
seismic hazards during the Meishan earthquake sequence.

2. METHODS AND PROCEDURES

The long-term seismicity density rate, the short-term
seismicity rate evolution, and the GMPE are important fac-
tors for short-term PSHAs. In this study, the long-term seis-
micity density rate was estimated according to a smoothing
kernel function; the short-term rate change was calculated
using the rate-and-state friction model; and, the probabilis-
tic seismic hazard was assessed by introducing the source,
the path effect, and the site amplification with GMPEs (Fig.
2). The procedures of the assessment are provided in subse-
quent sections.

2.1 The Long-Term Seismicity Rate
Based on the study by Woo (1996), the long-term seis-

micity rate A(M, x) at the target site (x) can be described as a
function of the magnitude (M) as follows:

K(M, x-x,)

AM, )Z T, ¢))

where K(M, x - x;) is the kernel function as a function of
the epicentral distance between the target site (x) and the
epicenter of the i’th earthquake (x;); T), is the complete time
period for M in a catalog; N,, is the number of earthquakes
with a magnitude of M in a catalog. In order to acquire the
long-term annual seismicity rate, the kernel function was
summed over all of the events in a catalog and was divided
by the complete period of the catalog. In other words, the
behavior of seismic activity was assumed to be temporally
stationary when rate was not perturbed by an earthquake.
According to the definition of Woo (1996), the kernel func-
tion K(M, x - x;) can be described as follows:

i )

X-X,

KM, x-x,)= HM)

PL-1
ﬂHZ(M){“-

where PL is the power law index. The bandwidth function,
H(M), is defined as the distance between two events, as an
exponential function of the magnitude (M), and is repre-
sented as follows:
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H(M)=c-e"™ (3)

where ¢ and d are constants that can be obtained by regres-
sion in an earthquake catalog. Note that variations in the
seismic densities for different magnitudes can be illustrated
by the magnitude-dependent bandwidth function.

2.2 The Short-Term Seismicity Rate Evolution

In this study, the rate-and-state friction model (Diet-
erich 1994) was considered in order to evaluate short-term
seismicity rate evolution. For the application of this model,
the Coulomb stress change (ACFS) by earthquakes was
calculated. According to the constant apparent friction law
(Harris 1998; Cocco and Rice 2002), the general expression
for the Coulomb stress change, ACF'S, can be represented
as follows:

ACFS = AT+ /' Ac, 4)

where At is the shear stress change computed along the slip
direction on the receiver fault; 4’ is the apparent friction
coefficient; and Ao, is the normal stress change perpendicu-
lar to the receiver fault. Previous studies (e.g., Toda et al.
2011; Chan et al. 2012b; Sevilgen et al. 2012) have found
that a positive stress change enhances subsequent events. A
negative stress change, in contrast, inhibits the occurrence
of future seismicity.

One key piece of information for the ACFS calculation
is the mechanism of the receiver fault. In this study, the fo-
cal mechanisms determined by Wu et al. (2010) were used
as a reference for receiver faults. We assumed that a tem-
poral-stationary and spatial-variable receiver fault for each
calculation grid consisted of the reference focal mechanism
with the shortest epicentral distance, i.e., a temporally im-
movable fault orientation is assumed. The procedure is in
accordance with those of previous studies (Hainzl et al.
2010; Toda and Enescu 2011; Chan et al. 2012a, b).

We estimated ACFS on each 0.01° x 0.01° grid by
solving spatial variable receiver faults using the COU-
LOMB 3.3 program (Toda and Stein 2002). To minimize
the depth uncertainty for the ACFS calculation, we followed
the procedure proposed by Catalli and Chan (2012) and re-
ported the maximum ACFS among seismogenic depths for
each calculation grid.

2.3 Probabilistic Seismic Hazard Assessment

Proper GMPEs are important for PSHA applications.
For crustal events, we used the GMPEs obtained by Lin
(2009). These GMPEs are determined using the regression
of 5968 seismic records from 60 earthquakes recorded by

the seismic network of the Taiwan Strong Motion Instru-
mentation Program (TSMIP). The results indicated mag-
nitude scaling, distance scaling, and site amplification ef-
fects for ground-motion data in Taiwan. Additionally, the
GMPEs considered the focal mechanism and determined
that thrust events have the largest ground-motion, whereas
normal mechanism events display the smallest ground-mo-
tion under the same conditions (i.e., magnitude, distance,
and site effects). Additionally, the GMPEs provided the cor-
responding standard deviations. Understanding the variabil-
ity within these equations is useful for PSHA.

Previous studies (Crouse et al. 1988, and references
therein) have suggested that ground-motion attenuation be-
haviors for subduction earthquakes are distinct from those
for crustal earthquakes. In northeastern Taiwan, the Philip-
pine Sea Plate subducts to the north beneath the Eurasian
Plate; in southern Taiwan, the Eurasian Plate subducts to
the east beneath the Philippine Sea Plate (Fig. 3). Therefore,
it is necessary to consider specific GMPEs for subduction
earthquakes (i.e., for both interface and intraslab events).
Lin and Lee (2008) proposed the first GMPEs for Taiwan
subduction events and analyzed strong-motion records for
subduction earthquakes obtained using a TSMIP network
and the Strong Motion Array Taiwan Phase I (SMARTI).
The GMPESs proposed by Lin and Lee (2008) were used
in this study since they are the only GMPEs for subduction
events in Taiwan. In order to consider site amplification, the
averaged shear-velocity down to 30 m (known as Vs30),
obtained by Lee and Tsai (2008), was utilized.

3. RESULTS AND DISCUSSION
3.1 The Long-Term Seismicity Rate

Employing the smoothing kernel function, we evalu-
ated the long-term seismicity rate by analyzing an earth-
quake catalog. Since the aftershock pattern was evaluated
using the rate-and-state friction model, the catalog for the
evaluation of the long-term seismicity rate had to be de-
clustered. In other words, foreshocks and aftershocks had
to be removed from the catalog. In this study, the approach
proposed by Burkhard and Griinthal (2009) was applied for
the de-clustering process. The approach was originally de-
veloped in central Europe; however, it also performs well
for the Taiwan region (Chan et al. 2012b), as well as for
subduction environments (Suckale and Griinthal 2009). The
seismic catalog used in this study is obtained from Cheng et
al. (2010). In order to improve reliability, we considered the
catalog for a period when the seismic network recorded all
earthquakes within a certain magnitude threshold, known as
the magnitude of completeness, M,. This catalog obtained
a better record quality since 1935 due to improvement of
a local network that spans the entire island of Taiwan. The
maximum curvature approach (Wiemer and Wyss 2000)
was employed to check the temporal evolution of the M.,



Short-Term PSHA Scenario in Chiayi 675

3

Seismicity during
1940-2010

Interfacere

..............

Crustal eq.
Interface eq
Intraslab eq.

Meishan seq.

120°

25°
gion
/ik / "
e/
24°
23°
22°

121° 122°

Fig. 3. The distribution of de-clustered earthquakes with M > 5.0 from 1940 to 2010. Crustal, interface, and intraslab earthquakes are shown as
white, gray, and black circles, respectively. The three study events for the Meishan earthquake sequence are shown as stars. The solid rectangle
represents the study region. Dashed polygons illustrate the shapes of the subduction zones. The inset represents the tectonic setting surrounding
Taiwan. Note that some interface events in northeastern Taiwan take place east of the longitude of 122° are not shown in the figure.

and it was determined that the M, was smaller than 5.0 after
1940. Therefore, earthquakes with M = 5.0 between 1940
and 2010 (Fig. 3) were considered in order to establish the
long-term rate model. Note that the period for the catalog
we used is after the occurrence of the Meishan sequence.
In other words, we assumed a temporally immovable long-
term seismicity rate when stress does not perturbed by large
earthquakes.

To make use of the smoothing kernel function [Eq. (2)],
the bandwidth function in the form of ¢ and d values [Eq. (3)]
for the catalog is needed. Using a linear regression for the
catalog, we obtained ¢ and d values that were 1.643 and
0.451, respectively.

Recommended values for the power law index, PL, in
[Eq. (2)] are between 1.5 and 2.0. The boundaries corre-
spond to cubic or quadratic decays with a hypocentral dis-
tance for seismic activity (Molina et al. 2001). Chan et al.

(2010) found insignificant differences between the results
when the power law index was assumed to be between the
recommended values. Therefore, we assumed an intermedi-
ate recommended value of 1.75 for calculation.

Based on the parameters of the smoothing kernel func-
tion acquired above, the long-term seismicity rate was ob-
tained (Fig. 4). The highest seismicity rate was determined
in southwestern Taiwan near the Chiayi region correspond-
ing to frequent seismicity (Fig. 3). Other regions with high
seismicity rates were found within the southeastern and east-
ern offshore regions of Taiwan. They corresponded to the
boundary between the Eurasian and Philippine Sea Plates.
The active seismicity can be associated with a high defor-
mation rate observed by GPS stations (Yu et al. 1997).

Using the kernel function, long-term seismicity rate
could be evaluated. Based on the characteristics of this ap-
proach, the spatial distribution of the rate can be presented
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Fig. 4. The estimated long-term seismicity rate for M = 5.0. Three study events with M,, = 6.0 are shown as white stars. The solid rectangle represents
the study region. Note that the magnitude-dependent seismicity density was obtained. However, for simplicity the seismicity rate for the M = 5.0

threshold is presented instead of that for each magnitude bin.

as a function of the magnitude. Chan et al. (2012b) have
proved the forecasting ability of this approach with an ap-
plication to the Taiwan region by constructing a forecast-
ing model by considering the earthquake catalog from 1973
- 2007. To compare seismicity during 2008 - 2009, they
found a positive correlation between the two. With a veri-
fied applicability for seismicity forecasts, the approach will
be useful for subsequent seismic hazard assessments. In ad-
dition, their result confirmed a temporally immovable long-
term seismicity rate in Taiwan.

3.2 The Short-Term Seismicity Rate Change

The ACFS calculation requires knowledge of the rup-
ture parameters for source events, such as the dimension

of the rupturing fault and the slip magnitude. We obtained
these parameters from the scaling laws proposed by Yen
and Ma (2011), as follows:

log(L)=(1/2)logM,-8.08 ®)
log(W) =(1/2)logM, - 8.08 6)
log(AD)=1.68 @)

where L is the rupture length in kilometers, M, is the seis-
mic moment; W is the rupture width in kilometers; and AD
is the average slip in centimeters. Three of the events with
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M, = 6.0 in the Meishan earthquake sequence (i.e., the
1904 Touliu 1906 Meishan, and 1906 Yangshuigang earth-
quakes) (Fig. 1) were regarded as source events for ACFS
calculations. The corresponding source parameters (i.e., oc-
currence time, hypocenter locations, moment magnitudes,
and focal mechanisms) and the rupture parameters (i.e., rup-
ture length, rupture width, and averaged displacements) are
presented in Table 1.

For the ACFS calculation, an intermediate value of
M =0.4 was considered. The value corresponds to a reason-
able range of 1 between 0.2 and 0.5, as inferred from the
characteristics of earthquake focal mechanisms in Taiwan
(Hsu et al. 2010).

The ACFSs imparted by the Meishan earthquake se-
quence were evaluated in the Chiayi region (Fig. 5). The
size of the study region is determined by the influence of
the Meishan earthquake sequence since the ACFSs in the
regions far away from the sequence were not significantly
perturbed. The results indicated remarkable increases in
the vicinity of each event. The M,, 6.9 Meishan earthquake
(Fig. 5b) caused a stress increase with a wider range and a
higher magnitude. In contrast, the M, 6.1 Touliu earthquake
(Fig. 5a) caused less significant stress perturbations. Such
a discrepancy can be attributed to the magnitude difference
between earthquakes. As imparted by the Touliu earthquake,
stress changes close to the Meishan and Yangshuigang epi-
centers were +0.07 and +0.06 bars, respectively (Fig. 5a).
The values are higher than the magnitude of tidal triggering
(+0.01 bars) (Stein 2004). Considering the stress change of
the Meishan earthquake, the epicenter of the Yangshuigang
earthquake had a +0.75 bar stress increase. The result con-
firms the mainshock-aftershock relationship between these
two events. According to the results,a ACFS = 0.01 bar can
trigger consequent earthquakes and can be a threshold for
earthquake warnings, as well as the monitoring of the Cou-
lomb stress evolution.

For modeling the spatial and temporal distribution of
aftershock sequences or triggered earthquakes, ACFS in-
corporated into the rate-and-state friction model (Dieter-
ich 1994) was proposed in order to evaluate the short-term
seismicity rate change. For application of the rate-and-state
friction model, previous studies (e.g., Toda and Stein 2003;
Toda et al. 2005; and Catalli et al. 2008) suggested that the
physically reasonable range for Ao was between 0.1 and
0.4 bars. In this study, a fixed Ao of 0.2 bars was assumed.
The aftershock duration, ¢,, was assumed to be a function of
the moment magnitude, M,,, as proposed by Burkhard and
Griinthal (2009) is represented as follows:

‘ (Mw) = o (644307+005515:1,) (8)

According to the corresponding magnitudes, the 7, for
the 1904 M,, 6.1 Touliu, the 1906 M,, 6.9 Meishan, and the

1906 M,, 6.4 Yanshuigang earthquakes were 256, 490, and
328 days, respectively.

Seismicity rate changes within the Chiayi region at
various time spots were calculated using the rate-and-state
friction model (Fig. 6). Remarkable seismicity rate increas-
es were determined in the region close to the epicenter of the
events when they just occurred. Rate decays with time are
illustrated with the rate changes at various time spots (i.e.,
from Figs. 6a to b; from Figs. 6¢ to d; and from Figs. 6e to
f). Prior to the occurrence of the 1906 Meishan earthquake
(Fig. 6b), the change of the seismicity rate at the epicenter
was insignificant. The result can be attributed to the rela-
tively small magnitude of the 1904 Touliu earthquake and
long time interval between the two earthquakes. Following
the occurrence of the Meishan earthquake (Figs. 6¢ and d),
a significant seismicity rate increase was determined in the
Chiayi region. The results indicated that a large earthquake
near the epicentral region of the Yanshuigang earthquake
could be expected. It is worth mentioning that some regions
with the highest Coulomb stress increases did not occur con-
sequent to damaging earthquakes (Fig. 5). Such results can
be ascribed to the low level of cumulative stress, far from
next rupture, or to corresponding tectonics not detected with
seismogenics.

Table 1. Rupture parameters of the source events for calculating the
Coulomb stress change. The source parameters (i.e., occurrence time,
hypocenter locations, moment magnitudes, and focal mechanisms)
were obtained by Cheng et al. (personal communication). The rupture
parameters (i.e., rupture length, rupture width, and averaged displace-
ment) were determined by scaling laws (Yen and Ma 2011).

Earthquake 190‘.‘ 1?06 190.6
Touliu Meishan Yanshuigang
Year 1904 1906 1906
Month 11 3 4
Date 5 16 13
Hour 20 22 19
Minute 25 42 18
Longitude 120.25 120.53 120.40
Latitude 23.58 23.58 23.40
Depth 7 15 20
Mw 6.1 6.9 64
Strike 260 75 4
Dip 88 90 70
Rake -179 -141 56
Fault width (km) 9.89 39.36 16.60
Fault length (km) 9.89 39.36 16.60
Avg. displacement (m) 048 048 048




Chan et al.

678

‘pojuasaid dre (SIeys paysep se PIjoudp)
sayenbyyres Juanbasuod jo s101uadrds oy 03 9s0[d seSueyd ssang “sayenbyes SueSmysue X 9061 Yl (9) pue ‘UBYSIAA 906T U () ‘nIMNOL 06T U3 () Aq parredwr saSueyd ssans quiono)) YL, ¢ “Siy

00k OFO mo“.o mo“.o J.o oo_.o —o_.o- mo_.o- S0'0- O0L0- 00}~ Euaw_u wy 0€-0) \_w\nm_ S1uabowsias ay1 Buowe S4DV Xely

| | |

(deq) #'0=,1 10} 9duaNb3S URYSID|N BY3 JO JUAAS Yded Aq S4DV WA JeARR Biqelen | eyred ue PRNS S0V

.8'0¢ct 90ctH J0ch .¢'0ch .0°0ct 861

uBysIBN O

Keyd ‘q
Buebury e
AuD jo sweN

9°€2
13¢)
, nNoL 4061
-8'€¢ .95 :ovey LplL-oxey 6.1~ :9xey
0L :dig .06 :dig .88 daq
oS , .GL IS 092 :uIS
:yoaW [B90} 82IN0S BW [B90} 82IN0S :4osW [B90} 82IN0S
ove :

ayenbypes Buebinysuea 9061 8YL (o) ayenbyues ueysio 9061 dUL (q) ayenbypes niNoL $061 9YL (e)

2duanbas ueysiay dY3 JO SIUIAS 3313 aY3 Aq pariedwl 4DV



Short-Term PSHA Scenario in Chiayi 679
(@) (b)
Right after Touliu sh;ock mgg Lgﬁfgi ck
Name of City ! = !
a. Xingang ID 1906 /0
= V) Yanshuigang d,
b. Chiayi 9 My6.4 r
¢. Meishan
(d)
Right before &
Yanshuigang shock:
®
24.0°
6 months a
23.8°
23.6°
23.4°
23.2

119.8°

120.4° 120.6°

120.2°

120.0°

Rate evolution during the Meishan sequence

x1/10 x1/7.5 x1/5

x1.0

x2.5

x5 X7.5 x10

Fig. 6. The modeled short-term seismicity rate change acquired using the rate-and-state friction model at six time spots.

120.8°



680 Chan et al.

3.3 Short-Term Probabilistic Seismic Hazard Assess-
ments

3.3.1 The Temporal Evolution of Seismic Hazards

The temporal evolution of seismic hazards for some
cities within the Chiayi region from 1904 until 1908 was
evaluated (Fig. 7). Prior to the 1904 Touliu earthquake,
the annual exceedance probabilities for peak ground accel-
eration (PGA) = 0.6 g were low (between 1.9 and 2.6%o).
Following the occurrence of each earthquake, a significant
increase in the probability was obtained. Note that the high-
est hazards were expected for the city with the shortest epi-
center distance (Fig. 1). Following the 1904 Touliu earth-
quake, the highest hazard was determined in Xingang City;
following the 1906 Meishan earthquake, the highest hazard
was determined in Meishan City; and following the 1906
Yanshuigang earthquake, the highest hazard was deter-
mined in Chiayi City. The results might be associated with
the distribution of the damage and fatalities for each event
(Prof. Shih-Nan Cheng, personal communication). At the
end of 1908, the probability for strong ground motion was
expected to be similar to background levels.

3.3.2 Seismic Hazard Maps

The temporal evolution of seismic hazards in the three
cities surrounding the Chiayi region is presented (Fig. 7).
The results indicated a significant higher probability for
strong ground motion following the three earthquakes of the
Meishan sequence. In this section, the spatial distributions
of seismic hazards are evaluated further. Seismic hazard

maps at four time spots were obtained (Fig. 8). A relatively
low hazard was determined along the western coast region
prior to earthquake perturbation (Fig. 8a). On the other
hand, hazards were higher in the east within the study re-
gion. The pattern corresponded to the results of previous
studies (Campbell et al. 2002; Cheng et al. 2007). Follow-
ing the occurrence of each earthquake (Figs. 7b to d), sig-
nificantly higher hazards were evaluated in the vicinity of
the epicenter. A lower hazard was expected following the
1904 M,, 6.1 Touliu earthquake than after the 1906 M,, 6.9
Meishan earthquake. The discrepancy could be attributed to
the magnitude difference of the ACFS imparted by the two
earthquakes (Figs. 5a and b). Such results could provide es-
sential information for emergency response for victim shel-
tering and relocation immediately following a devastating
earthquake.

4. CONCLUSIONS

In this study, we assessed short-term probabilistic seis-
mic hazards during the period of the Meishan earthquake
sequence. Our results indicated the migration of seismic
hazards during the sequence. According to the Coulomb
stress changes imparted by the three events of the Meishan
earthquake sequence (Fig. 5), stress interactions confirmed
inter-dependency. The seismicity rate evolution was illus-
trated using the rate-and-state friction model (Fig. 6), and
displayed a remarkable rate increase in the region close
to the epicenters immediately following each earthquake.
Short-term seismic hazards can be estimated by consider-
ing seismicity rate evolution and ground motion prediction

Meishan shock M,6.9 »| 4 Yanshuigang
o) shock . . .
© M,, 6.4 Evolution of seismic hazard
! Touliu in Chiayi during 1904-1909
g 10% shock
5 ] M,, 6.1 Hazard in Different cities
2 M — Xingang
] — Chiayi
.8 .
s — Meishan
3
2 1%
(] ]
e}
[0]
[0
x
(0]
©
>
c
c
<C
0.1% T T T T T T T T T
1904 1905 1906 1907 1908 1909

Time (year)

Fig. 7. The temporal evolution of the annual exceedance probability in three study cities (the squares in Fig. 1) for PGA = 0.6 g. Variations in the
seismic hazards are attributed to the seismicity rate change imparted by the three study events (Fig. 6).
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Fig. 8. The seismic hazard maps (a) before Touliu, (b) immediately following Touliu, (¢c) immediately following Meishan, and (d) immediately fol-
lowing Yanshuigang. The stars represent the epicenters of the three earthquakes. The solid squares represent the cities of interest, used for seismic

hazards evaluations in Fig. 7.

equations. The results suggested that a significant increase
in hazards followed the three earthquakes of the sequence,
especially in cities adjacent to earthquakes (Fig. 7).
According to the results of the seismic hazard evolu-
tion (Fig. 7), the seismic hazard in cities of interest can be
forecast in near real time mode. Spatial distributions of the
hazards are represented according to seismic hazard maps
(Fig. 8) and could be of benefit not only to decision-makers
but also to public officials for seismic hazard mitigation.
For example, results from the scenario illustrate the possible

evolution of seismic activity and seismic hazards during an
earthquake sequence within the Chiayi region. They can
provide essential information for the long-term preparation
for seismic hazard responses prior to the occurrence of a
catastrophic earthquake. Additionally, the rapid re-evalua-
tion for short-term seismic hazards immediately following
devastating earthquakes could be beneficial for devastation
estimations, emergency sheltering, utility restoration, and/
or structural reconstruction subsequent to a devastating
earthquake.
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