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Abstract

Uncertainties in the length of active faults and the styles of deformation often hamper the evaluation of seismic potentials in a region. In the
area near Chiayi City of southwestern Taiwan, where historically there have been many strong earthquakes, complex fault and fold systems
produced by regional tectonic forces and the subsequent deformation are frequently obscured by vegetation and anthropogenic effects; and
therefore detailed deformation information has not been available for evaluation of the seismic potential. By stacking the results from Differential
Interferometry and removing the ambiguity of interferograms using GPS data, we were able to retrieve surface deformation information about the
area under consideration near Chiayi City. In our results, we found that the Meishan fault to the north of Chiayi City extended 10 km to the west of
its currently documented area and served as a geological boundary separating the northern part, where sediments were thicker, from the southern
part of the westward extension of the Meishan fault. Chiayi City was under active deformation by a double plunging fold with vertical uplift rate at
approximately 1 cm/yr. Frequent seismicity and active deformation allowed the tectonic stress to permute between strike—slip and thrust in this
area. Continuous folding of Chiayi City and episodic large earthquakes along the Meishan Fault posed a serious threat of seismic hazards in this

region, and called for continuous monitoring of the area.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Earthquake magnitudes are known to be well correlated with
the logarithms of the rupture length (Bonilla et al., 1984).
Therefore, by mapping the length of fault surface rupture, it is
possible to calculate the magnitudes for both past and likely
future earthquakes. Traditionally, the length of a fault is
generally determined by extensive field work. However, there
exist many factors that affect the precise determination of the
measured length of a fault rupture, such as natural erosion of the
fault features and tilling of the land resulting from human
activities. Since larger earthquakes occur less often, the fault
trace of a large earthquake that could cause a great seismic
potential is less likely to be preserved. Consequently, the exact
length of the fault rupture may not be precisely mapped.
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In addition to the length of surface ruptures caused by
previous earthquakes, the local deformation type of a fault and
the area near a fault may determine the extent of the seismic
hazard as well. For example, is the fault of interest locked? Is
the fault creeping and if so, how fast is it creeping? In an area
with dynamic tectonic activity such as Taiwan, a locked fault
implies that the regional tectonic force exerts stress in the area
nearby the fault as well as the fault itself. Additionally, there
could be a blind fault that is creeping actively and may induce
fault related natural hazards.

Situated on the western border of the Pacific Rim of Fire, the
island of Taiwan is under active surface deformation (Fig. 1)
and is persistently threatened by seismic hazards. Chiayi City of
southwestern Taiwan is located next to the Meishan fault
(Fig. 2), which was responsible for an earthquake with high
mortality that occurred in 1906 with M} =7.1 (Cheng & Yeh,
2006; Omori, 1907). The earthquake resulted in thousands of
deaths and many buildings were destroyed at a time when the
area was still not highly populated. Historical records also show
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Fig. 1. Tectonic setting and velocity field of Taiwan. Philippine Sea plate is moving toward the Eurasian plate at about 82 mm/yr, creating a large compressive stress
regime within the island of Taiwan. The stress is partitioned throughout the entire island as can be seen from the GPS velocity vectors. (arrows; GPS data after Yu et al.,

1997). Ellipses indicated 95% confidence.

that in 1792, there was also a strong earthquake with more than
100 fatalities near Chiayi City (Omori, 1907). A century after
the 1906 Meishan earthquake, the population and population
density in the area is now several times higher; therefore, it is
very important to evaluate the deformation type and the
potential of seismic hazard in the Chiayi City area. Such
knowledge would aid the government to implement warning
and disaster mitigation measures for possible future earthquakes
in order to minimize the pertinent damage.

Since the early 1990s, the advance of Differential Interfer-
ometry Synthetic Aperture Radar (DInSAR) technology has
made it an important geodetic tool for measuring surface

deformations of both seismically related and anthropologically
related deformation (Burgmann et al., 2000; Fruneau et al.,
2001; Massonnet & Feigl, 1998; Schmidt & Burgmann, 2003;
Zebker et al., 1994). Compared to GPS, it provides spatially
much denser mapping of the deformations and it is more
pervasive to visualize deformation by DInSAR. In addition,
SAR images of ERS satellites cover most of the Earth surface
and are archived from 1993 to present, which means that it is
possible to process data related to events that occurred in the
past on different time scales. Using these well-documented
historical datasets, one could reach, upon applying stacking or
permanent scatterer techniques, a sub-centimeter accuracy in



784 J.-Y. Yen et al. / Remote Sensing of Environment 112 (2008) 782-795

120°15'

120°00'

23°45'

23°30'

23"15'

120°30'

120°45'

Fig. 2. Topography and faults near Chiayi City, southwestern Taiwan. The study area is located in the western Coastal Plain located west of the Western Foothills where
strata were deformed and the relief is high. The two geological units are separated by the north—south trending Chukou fault. The Meishan Fault is trending

approximately east—west, protruding to the west of the deformed geological unit.

measuring surface deformation. With the previously described
features and advantages, DInSAR provides a very appealing
alternative to other geodetic techniques.

In this paper, the main goal was to investigate the surface
deformation of the region near Chiayi City and to link the
observed deformation to the geological factors deduced in the
area, and then to construct a geological model for explaining
the observations. In order to achieve this goal, we analyzed the
seismic records from the Central Weather Bureau and observed
the deformation pattern using DInSAR. A total of ten radar
images of track 232 and frame 3141 in descending mode
acquired by the ERS-2 satellite were used (Fig. 3) to investigate
the surface deformation from late 1996 to late 2000. An average
deformation rate map was extracted by stacking the resulting
interferograms to better understand the spatial distribution of
deformation, and to trace the possible causes of the deformation.
GPS data (Tsai, 2004) was also used to help resolve the
ambiguity between the horizontal and vertical motions revealed
in DInSAR measurements. We also evaluated the uplift
potential using the horizontal motion measured by GPS,
where we assumed that the conservation of volume holds and
that all horizontal velocity gradients would be reflected to
vertical motion. By this simple model, it is possible to look at
whether the uplift potential and the uplift are equal to each other
and to exploit the factors causing the physical difference
between the two. It was discovered from DInSAR results that
the seismogenic Meishan Fault is apparently longer than the one

currently assumed that was derived from field work mapping,
and Chiayi is gently deforming as a doubly plunged fold with a
fold axis plunging both to the north and to the south.

2. Background
2.1. Tectonics of Taiwan

Most of the active deformation currently taking place in the
world is generally in the convergent zones such as the
subduction zone in Sumatra (Acharyya, 1998; Baroux et al.,
1998; Lee & Lawver, 1995; McCaffrey et al., 2000), continent—
continent collisions such as the Himalaya (Chen et al., 1993;
Critelli & Garzanti, 1994; Lepichon et al.,, 1992), and arc-
continent collisions as in Taiwan (Dorsey, 1988; Suppe, 1984;
Teng, 1990). Collisions between convergent plates are one of
the ways to create new landmasses. The continuous conver-
gence between plates provides energy for materials to deform
within a zone of deformation. The deformation can be
manifested in forms of seismicity or creeping. While collisions
between continental plates such as the Indian plate and Eurasian
continent can create one of the world’s largest landmasses —
the Himalaya, most current collisions occur in arc-continent
collision types of geological settings such as Taiwan.

The island of Taiwan is located on the southeastern
peripheral of the Eurasian continent between the Philippine
Sea Plate and the Eurasian Plate (Fig. 1), where the Philippine
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Fig. 3. ERS-2 radar images used in this paper. The perpendicular baselines of the image pairs were smaller than 150 m. During the processing of Differential
Interferometry, if the DEM residuals after removing the topography were 10 m at each point, the error caused by DEM residual would be less than 0.4 cm. Radar
images acquired during dry seasons were used to avoid deteriorating vegetative overburden effects of dense vegetation and farming in the study area.

Sea Plate is subducting northward in the Ryukyu trench to the
north of Taiwan, while the Eurasian Plate is subducting
eastward along the Manila trench to the south of Taiwan.
These two tectonic plates are converging at a rate, determined
geologically and geodetically, of approximately between 7 cm/
yr and 8.2 cm/yr (Seno et al., 1993; Yu et al., 1997). In general,
the shortening rate is higher in the eastern part of Taiwan and
decreases westward. In the northern part the orogeny becomes
more complex, which is reflected in the varying GPS velocity
field (Fig. 1). The extreme shortening rates around the island
cause extreme deformation across the island where the
deformation is reflected both in the geomorphology and in
seismicity. The velocity field also changes from westward
moving in the central and southern part of the island to a smaller
magnitude heading in various directions in the northern part of
Taiwan. This could be attributed to the extension caused by the
northward subducting Philippine Sea Plate and the opening of
the Okinawa Trough that extends westward to onland Taiwan
(Hall, 2002; Teng, 1996). The change of subduction polarity
along with the fast convergent rate of the two plates caused the
Luzon arc to be obducted onto the continental margin of the
Eurasian continent, which resulted in the mountain building
process that produced the island of Taiwan (Suppe, 1981, 1984;
Teng et al., 2000). The convergence of the Eurasian Plate and
the Philippine Sea Plate is partitioned throughout the island as
shown in Fig. 1.

Chiayi City (Fig. 2) is surrounded by several active faults
and a fold (Fuh et al., 1997; Hsu & Wey, 1983; Lin et al., 2000;
Yang et al., 2006). To the north of Chiayi City, the seismogenic

Meishan fault is striking east—west. Its eastern end is terminated
by the Jiouchiungkeng fault to the northeast of Chiayi City; and
to the east and southeast of Chiayi City, there is the Chukou
fault. The latter two faults are trending in an approximately
north—south direction and constitute the frontal thrust between
the western Coastal Plain and the Western Foothills. The
Hsiaomei anticline is located between Chiayi City and the
Jiouchiungkeng fault trending north—south, and is terminated
by the Meishan fault to the north. Because of these complex
structures in the surrounding area, and the high tectonic
shortening rates throughout the entire island, Chiayi City is
prone to seismicity and a candidate city for lurking earthquake
hazards requiring thoughtful disaster mitigation measures.

2.2. Earthquake hazard

Earthquake events and potential seismic hazards are very
important issues in convergent plate boundary zones such as the
Himalayas, Taiwan, Japan, and New Guinea. The issues
become pressing in high population density areas such as
Taiwan where the occurrence of seismicity is very frequent. The
seismic hazard for producing disasters is highly related to
geological, physiographical, and tectonics factors such as
population density, regional deformation, construction code in
the affected area and soil and rock types among others; and is
closely correlated with various intensities of earthquakes and
shocks. Despite the existence of a clear relationship between the
length of surface rupture and earthquake magnitude, there
remains uncertainty in estimating past and future earthquake
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magnitudes in an area nearby a known fault; hence, the seismic
hazard continuously poses a serious threat of creating a major
disaster for that area.

Historically, earthquakes frequently occur near Chiayi City
and its surrounding area. While no major earthquake has taken
place in the past few decades, around a dozen large earthquakes
were reported nearby since the 17th century (Omori, 1907).
Among all these recorded earthquakes, the Meishan earthquake
(1906) was the most disastrous one. It caused more than 1200
casualties and wounded more than 2400 at a time when the
population density was still relatively low. As this is an area
with a history of frequent earthquakes that also has a long
relative quiescence of massive earthquakes in recent years, it is
an urgent task to investigate the currently ongoing deformation
rate and deformation type in this area.

Many researchers have done a great deal of work to further
improve our knowledge regarding this seismic-prone region.
Omori (1907) documented the earthquakes that occurred in
1906 and other historical earthquakes that took place in the area;
Cheng and Yeh (2006) went through records and reconstructed
the 1906 Meishan earthquake; Yeh et al. (1984) and Yang et al.
(2006) focused on fault geometry and subsurface structures in
the region while others directed their attention at other
properties of faults and states of stress in Taiwan (Wang &
Chen, 2001; Wu & Rau, 1998). An important question raised in
the area is, how does the surface move, and to what extent, in
this area? Is there fault related neotectonic motion? Is there
neotectonic motion that is not related to the faults in this area?
How about anthropogenic surface deformation such as
groundwater withdrawal for irrigation in agricultural areas and
aqua-cultural regions or near urban environments? In order to
answer these questions, modern geodetic methods of satellite
geophysics such as DInSAR are most appropriate.

3. Data and methodology
3.1. DInSAR and ERS-2 data

In our study, ten descending orbital mode radar images of
track 232 and frame 3141 acquired by the ERS-2 satellite at C-
band (wavelength 5.6 cm) were used to form seven interfero-
metric pairs (Fig. 3) that allowed us to investigate the surface
deformation between late 1996 to late 2000. These interfero-
metric processing tasks were done by implementing the two-
pass method (Burgmann et al., 2000; Massonnet & Feigl, 1998)
using the Diapason software developed by Centre National
d’Etudes Spatiales (CNES) in 1996. Digital Elevation Model
(DEM from the Aerial Survey Office of Forestry Bureau,
Taiwan) of 40 m posting was used for subtracting the
topography from the resulting interferograms. In particular,
precise orbital data produced by the Delft Institute for Earth-
Oriented Space Research (DEOS) was injected in interferomet-
ric processing to further remove the orbital uncertainties. The
resulting interferograms were cleaned up by an adaptive phase
filtering algorithm (Goldstein & Werner, 1998), followed by
phase unwrapping using the SNAPHU program (Chen &
Zebker, 2000, 2001, 2002).

3.2. Stacking

In order to obtain the average deformation rate of the study
area, the unwrapped phase data was converted to annual
deformation rates along the radar line-of-sight (LOS, Fig. 4)
by dividing the time span of each image pair in days and
multiplying by 365, subsequently divided by 27 and then
multiplied by half of the wavelength of the C-band SAR used
by the ERS-2 satellite. A reference point was chosen just
inside Chiayi City and all deformation was re-calculated with
the aid of this reference point for all the results. To stack the
results together, the resulting average deformation rates
derived from each image pair were added together and divided
by the total number of image pairs. This process provides a
way to reduce the effect of possible tropospheric delays due to
atmospheric inhomogeneity and temporal variations (Wang &
Liou, 20006).

3.3. GPS analyses — uplift potential

In addition to Differential Interferometry and seismicity
distributions, we analyzed the GPS data currently available in
this region. Many researchers have conducted GPS surveys
and analyses in Taiwan (Tsai, 2004; Tsai et al., 2005; Yu et al.,
1997). Tsai (2004) used data from 116 GPS stations in
southwestern Taiwan to delineate the deformation in the
study area. Both the campaign mode and continuous GPS
were deployed between 1993 and 2003. The coseismic de-
formation caused by the 1999 Chi-Chi earthquake was
removed from the data for evaluating the long term inter-
seismic deformation rate in southwestern Taiwan. Our re-
search used a comparable observation time period, and the
study area was entirely covered by the GPS stations used in
Tsai’s research.

Since GPS has a very high resolution in the horizontal
direction but a relative high uncertainty along the vertical
component (3.2, 2.2, and 9.7 mm of RMS error in east—west,
north—south, and vertical direction in the data used in our
study), by making some simple assumptions, it is possible to
calculate the theoretical vertical velocity component from the
horizontal components. We defined this theoretical uplift rate as
Uplift Potential since this value predicted the theoretical uplift
rate if all the horizontal velocity changes were converted to
vertical motion.

Assuming that the volume conservation is without density
variations in the study area (Furbish, 1997), we may estimate
the potential for uplift by the conservation equation:

VvV =0 (1)
where V=(V,,V,,V.), and V,,V,,,V. are velocity vectors in x, y,

and z directions, respectively.
Integrating (Eq. (1)) with respect to depth (z axis), we obtain:

¢ S(u v D
/wdz:/ <u+v+w)dz:0 2)
0 0o \dx dy Oz
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where £ is the topographic height. By noting the definition of
velocity and applying the Leibniz integral rule, the following
relation holds:

P P L de
a(éVx)+5(5Vy)—E- 3)

Note that the above equation has three variables, V..V, and
& We can then use GPS data for V, and V,, and solve for &
numerically with a finite difference scheme. It is recognized that
d&/dt has the same unit as velocity, and is indeed the uplift rate

as long as the horizontal velocity gradient exists. To further
reduce the uncertainties caused by marginal and boundary
effects, we used the available GPS measured dataset over
southwestern Taiwan (Tsai, 2004) which well covers our study
area.

3.4. Ambiguity removal for DInSAR result
DInSAR is an unprecedented technique to measure the

surface movement of the target area between the two image
acquisitions and has been used in various settings for detecting
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surface deformations (Fielding et al., 2004; Mellors et al., 2004;
Rosen et al., 1996; Tomiyama et al., 2004). Differential Inter-
ferometry, as compared to GPS, measures displacements along
the slant range direction instead of horizontal or vertical
changes in distance (Fig. 4b). A decrease in range could imply
either a vertical uplift or a horizontal motion to the east (for a
descending orbital mode ERS satellite, for example). Therefore,
there is ambiguity when an interferogram indicates an increase
or decrease in slant range. In general, knowledge of the local
geological structure may allow for eliminating most of the
ambiguities, if any. However, without a priori knowledge, a
better solution is by fusing ancillary data offered by ground
truth and GPS data, as shown below.

Since the implemented DInSAR dataset is more sensitive to
vertical motion due to the small incidence angle of the ERS
radar satellite, while GPS generally offers better precision in
horizontal motion, it is possible to project the GPS horizontal
velocity field onto the radar LOS direction,

—sing HV]:[V] (4)
—singsind | | V, v
where ¢ is the angle between satellite ground track and the
north, 6 is the incident angle of the radar signal; V,, V, are the
east and north components of GPS velocity; and V,, V; are the
velocity components of projected GPS data in radar azimuthal
and line-of-sight directions; the V¥, was subsequently used to

subtract the horizontal velocity field from the stacked
interferogram.

cos¢
cos¢sinf

4. Results
4.1. Original result (before ambiguity removal)

There were two major deformation zones that stood out and
were revealed by the resulting stacked interferograms. One was
near the Meishan fault and the other was in Chiayi City.
Interferometric signals showed that there was a linear feature
trending east—west, demonstrating active deformation in this
area (Fig. 5). This east—west trending deformation zone was
sub-parallel to the Meishan Fault and was principally connected
to the western extension of the Meishan Fault. The slant range
deformation across this deformation zone amounted to
approximately 4 cm/yr. In Chiayi City a signal of deformation
was observed. This deformation map indicated that the slant
range deformation in Chiayi City was approximately 1 cm/yr
relative to its vicinity and showed a north-northeast to south-
southwest trending axis of shortening in the satellite LOS
direction.

To illustrate the deformation trend, three profiles were
extracted from the stacked interferogram (Fig. 5, blue
diamonds), each one containing all the information about the
line with 10 pixels in width. The AA’ profile ran north—south
across the western extension of the Meishan fault and showed a
great difference of up to 4.5 cm/yr in the deformation rate
between the northern and southern tip of the profile, with the
northern end moving away in LOS direction. The east—west

profile BB’ showed a clear uplift trend in the hub of Chiayi City,
and the deformation rate decreased rapidly toward the west,
while the deformation rate in the eastern part had a sharper dip
than that of the western part of the profile. The signal to the east
of this area was lost because of low coherence due to dense
vegetation and a steeper slope. The northeast—southwestward
trending CC’ profile indicated a gentle uplift of 1.0 cm/yr in the
center of Chiayi City compared to the north and south of the
profile; the deformation rate dropped faster toward the north and
more gently to the south. The peak to the north of Chiayi City in
profile CC’ was a curious feature, however, the profile exhibited
more scattered data points near the peak compared to the data
points near Chiayi City and many of the data points were
masked because of the low coherence in the area. It is likely that
the peak was caused by the noisy signals that passed the
masking threshold.

4.2. Results after ambiguity removal

Although two deformation zones were identified near Chiayi
City in the stacked interferogram, it was not possible to perceive
whether the deformation was caused by horizontal motion,
vertical motion, or both. Therefore, we subtracted the horizontal
component from the stacked interferogram to remove this
ambiguity such that the corrected deformation map included
deformation contributed solely by vertical motion, and was
measured in radar LOS direction (Fig. 5b).

The same profiles were also extracted from the corrected
deformation map and are shown in Fig. 5a (red circles). In
profile AA’, the deformation rate across the extension of the
Meishan Fault was approximately 3.5 cm/yr along radar LOS
direction, while deformation rates in Chiayi City remained the
same. This implied that no relative horizontal motion
contributed to the deformation in Chiayi City.

4.3. Uplift potential

GPS data (GPS stations in Fig. 6a) of southwestern Taiwan
(Tsai, 2004) was used in the model described in the previous
section. The calculated result of the potential uplift rate in the
study area is shown in Fig. 6b, where the warmer colors indicate
positive uplift potential and cooler colors indicate negative
uplift potential. By our definition (described in Section 3c), the
uplift potential indicates the maximum possible uplift rate that
could happen in an area if the assumptions were met. The
discrepancy between the measured uplift rate (from either radar
interferometry or GPS) and the uplift potential may have been
caused by a localized subsidence that counterbalanced the uplift
or by another mechanism that prevented uplift.

Chiayi City appeared to be an area with positive uplift
potential. While this was not revealed in the GPS measured
uplift rate in Fig. 6a, it was captured by the DInSAR result
shown in Fig. 5. Specifically, there seemed to be two northeast—
southwestward trending fold axes near Chiayi City that
coincided with DInSAR observation mentioned in the previous
section. One is between Station S008 to the south of Chiayi City
and Station STCS to the north, and the other is between S007 to
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Fig. 6. Comparison of measured uplift rate from GPS and “predicted” uplift rate (uplift potential) according to our model using GPS data. Red lines indicated active
faults in the area. Arrows and station names indicated the GPS data points. (a) GPS measured uplift rate (data from Tsai, 2004), Ellipses indicated 95% confidence; and
(b) Uplift potential (normalized) calculated in this study. Both data exhibited higher magnitudes on the southeastern side and lower magnitudes on the northwestern
side. The uplift in Chiayi City observed by DInSAR (Fig. 5b) can be seen in uplift potential, while the uplift rate measured by GPS did not capture the deformation.



J.-Y. Yen et al. / Remote Sensing of Environment 112 (2008) 782-795 791

the southeast of Chiayi City and S070 to the northeast that
approximately coincided with the Hsiaomei anticline. In these
two areas, the uplift potential and measured uplift rates were
comparable. However, there was a discrepancy between the
uplift potential and the measured uplift rate in the area to the
west of Chiayi City to the northeast of the Station S071,
although it was uncertain what contributed to this discrepancy.
While our model only intended to estimate the uplift potential to
the first order, it also captured the tectonic features in the area.

5. Discussion
5.1. Effect of stacking

The effect of the atmospheric phase screen (APS) for the
island of Taiwan is an important issue in radar interferometry. In
Taiwan, seasonal and daily changes in the atmospheric
meteorological condition greatly affect the microwave propa-
gation and reduce the accuracy of GPS positioning (Wang &
Liou, 2006). If the APS presents a major disturbance in one of
the radar images, then the interferogram derived from the image
pair will be affected by this amount of APS, while other image
pairs might not have the APS effect at all. This APS
phenomenon resulted in error in the interpretation of the
interferograms. Since the atmospheric conditions are different
every day, they are different during each image acquisition.
Therefore, theoretically, APS does correlate in time. By
averaging out the interferograms over time, the resulting
deformation map should exhibit less APS effect than any
individual interferogram.

5.2. Effect of removing ambiguity

The stacked interferogram revealed the surface deformation in
the region near Chiayi City. However, the ambiguity caused by
being unable to resolve the horizontal motion against the vertical
motion posed a problem for the interpretation of the interfero-
metric result. To better interpret the interferometric result, it was
essential to remove the ambiguity in the stack interferogram.
Since the Global Positioning System has a very high resolution in
the horizontal direction but a relative high uncertainty in the
vertical component, we utilized the horizontal component of GPS
data calculated by Tsai (2004), and subtracted the horizontal
component from our stacked interferometric result. The resulting
deformation map showed a similar deformation pattern compared
to the one before correcting for the horizontal component, but it
only contained the vertical component of surface deformation that
was projected onto the radar LOS direction. The deformation in
the western extension of the Meishan Fault, compared to the one
without correction, decreased in magnitude to approximately
3.5 cm/yr across this deformation lineation. This amount of
deformation indicated that in this area, the two sides of the fault
are subjected to different geological conditions. The north side of
this fault extension is subsiding against the southern side of the
lineation. This deformation does not, however, directly link to the
motion of the Meishan Fault or its western extension discovered
in this study. The vertical motion manifested by the DInSAR

technique may be attributed to the combination of differences in
the thickness of sedimentary strata and groundwater withdrawal
in the region. In Chiayi City, in contrast to the case near the
Meishan Fault, no notable difference in the magnitude of
deformation was observed. Neither profile for Chiayi City
exhibited significant differences as compared to the uncorrected
profiles. This result also indicated that there were strike—slip
motions near the Meishan fault, while very little horizontal
motion was observed in Chiayi City.

5.3. Deformation of Meishan fault and Chiayi City

The study area is bounded by the Meishan fault to the north, the
Jiouchiungkeng fault to the northeast, and the Chukou fault to the
east. The former of which is historically seismogenic and
hazardous (Cheng & Yeh, 2006; Omori, 1907), while the latter
is a major geological and geomorphologic boundary (Ho, 1986)
between the low lying Coastal plains to the west and the late
Tertiary sedimentary sequences to its east (Fig. 2). Both faults were
identified as active faults by the Central Geological Survey (Lin et
al., 2000). Nevertheless, DInSAR observations (Fig. 5) of this
study suggested that most deformation was concentrated in two
areas, Chiayi City and the western extension of the Meishan Fault.

The deformation in the western extension of the Meishan
Fault was most likely induced by groundwater extraction in the
area; however, the illegal and undesirable practice was not
limited to the north side of the Meishan Fault but was popular in
many other regions of Taiwan as well. As shown in profile CC’
of Fig. 5, if the high deformation rate shown in CC’ profile is
tectonically related, then the Meishan fault might be more
seismogenic than our general consensus claims it to be.
However, from the stacked deformation map made by
implementation of the GPS corrections (Fig. 6), it is clear that
the surface deformation is mostly vertical rather than horizontal,
which behaves very differently from that of the known right-
lateral Meishan fault. It is likely that the deformation is the result
of the subsidence caused by groundwater extraction and
sediment compaction to the northwest of the Meishan fault,
where thicker sediments are present. The reason for the
asymmetry of the deformation may be due to the differential
thickness of sediments caused by the Meishan Fault and its
underlying structure. Yeh et al. (1984) suggested that a graben-
like structure might exist in this region based on inversions of
gravity survey, which would imply that to the north of the
Meishan Fault, the accommodation for sediments could be
higher which would explain the presence of thicker sediments.
This concurred with DInSAR observations. Nevertheless, the
differential deformation across this linear feature suggests that
the Meishan fault extends westward for approximately another
10 km as compared to the currently mapped western termination.
This result is very significant in estimating the seismic potential
based on the length of the fault (Bonilla et al., 1984).

5.4. Uplift Potential and its meaning

The dimensionless uplift potential calculated from the GPS
velocity with our model captured, to the first order, the regional
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tectonic features, which displayed a relatively high uplift rate in
the eastern half of the figure (Fig. 6). The trend in general
coincides with the uplift rates measured by GPS (Fig. 6, data
from Tsai, 2004). Comparison of the dimensionless uplift
potential with the stacked interferogram indicated that both of
them depicted the deformation within Chiayi City. This implies
that to a certain degree, the deformation near Chiayi City can be
explained by the velocity gradient exerted by the regional
tectonic force. In other words, the convergence between the
Eurasian Plate and the Philippine Sea Plate is partitioned
differently within the island of Taiwan. This differential
partition of deformation created the velocity gradient, which
in the absence of density changes will be reflected in the vertical
motion. In Chiayi City the regional tectonic force might have
led to the seismic cluster approximately 10 km in depth and
caused the differential velocity. This differential velocity further
generates surface deformation in the form of a north—south
trending fold. Carena et al. (2002) reported a 10 km deep, gently
east-dipping master detachment underneath the western part of
northwestern Taiwan. This in turn suggests that the seismicity
below Chiayi City, which had an average depth of 14 km, is also
a western extension of the master detachment in southwestern
Taiwan.

In addition to the general trend, there are areas where the
uplift potential does not agree with the observed uplift. The
most obvious area is the very western end of the Meishan Fault
where the dimensionless uplift potential exhibited a high uplift
potential but current observations in GPS and DInSAR do not
confirm that prediction. However, from the GPS data, we
observed a significant east—west shortening between the sites to
the east and to the west of this area while not much differential
velocity was observed along the north—south direction. This
local shortening can be expressed in either a change in local
material density or a change in vertical velocity if the
conservation of mass is to hold true. Hu et al. (2001a,b)
combined GPS data and with a numerical model predicted an
extrusion of material in southwestern Taiwan. While the GPS
data in the entirety of southwestern Taiwan exhibited an
increase in magnitude as the stations located farther to the south,
our study area did not show this southward increase in GPS
magnitude, and there was no extrusion-related structure
observed in this area, either. Therefore some of these short-
enings might have been converted to potential energy that was
stored in the material within the area. Furthermore, the uplift
potential in Chiayi City (Fig. 6b) coincided with the surface
deformation observed by DInSAR (Fig. 5), while the feature
could not be seen in the uplift rates measured by GPS (Fig. 6a).
We attributed this lack of observation to the spatially under-
sampling of GPS and its relatively poor precision in vertical
direction.

5.5. Tectonic models in the region

Although the GPS survey indicated a velocity gradient near
Chiayi City, a discrepancy prevailed for opposite sides of the
faults between sites to the east of Chiayi City and sites to the
west of it (Fig. 6). The discrepancy of the velocity shown in

Chiayi City is between 1 to 2 cm/yr. Aside from the geodetic
measurements, earthquake records of Taiwan were used to
illustrate the seismicity in the study area. Earthquake data from
Broadband Arrays in Taiwan for Seismology (BATS; http://bats.
earth.sinica.edu.tw/) were used to plot focal mechanisms in
Fig. 7a and the entire Central Weather Bureau catalogues were
used and earthquakes located within our study area were plotted
in Fig. 7c. In our study area (Longitude 120.25-120.75° and
latitude 23.25-23.80°) there were more than 900 earthquakes
with magnitude smaller than Mw=4.5 from 1996 to 2000, with
the hypocenters at a median depth of about 14 km below the
surface. Although the deepest earthquake occurred at about
295 km below the surface, about 88% of the earthquakes
occurred within 50 km below the surface. From inspection of
Fig. 7a it is clear that many of the earthquakes near the Meishan
fault are strike—slip dominant. The seismic records from the
CWSB in the study area showed that, during the time from 1996
to 2000 (Fig. 7b), the density of seismicity was higher
immediately beneath Chiayi City than it was in areas
surrounding it. Taking into account the uncertainty of the
determined depth of the seismic record (Cheng et al., 1996;
Wang & Shin, 1998), the seismicity seemed to congregate in a
specific horizontal zone approximately 15 km below the
surface. This indicated that the deformations in this area were
concentrated within this limited zone of deformation.

More specifically, the focal mechanisms of the earthquakes
that occurred near Chiayi City exhibited both strike—slip and
thrust characteristics, whereas most earthquakes in other places
are essentially thrust in nature (Fig. 7a). While Chiayi City is
separated from the Western Foothills by the Chukou Fault
where strata were deformed (Fig. 7b), the existence of the
Meishan Fault and the abundant seismicity to the west of the
Western Foothills provide evidence that the deformation zone is
very active directly beneath Chiayi City. From the seismicity
and the deformation map derived from DInSAR, the active
folding in Chiayi City and the seismicity clustered at the depth
of 15 km are likely correlated (Fig. 7c), whereas the Meishan
Fault and its western extension are a major boundary, separating
different geological conditions while also acting as a strike—slip
fault.

The deformation and the seismicity near Chiayi City raise an
interesting question. Why did the deformation take place near
Chiayi City while to the north and south of Chiayi City, no
similar deformation is occurring? In addition, why did the
deformation occur to the west of the major deformation zone,
i.e. the Western Foothills? Why did it occur in the form of a
strike—slip fault near the Meishan Fault and as a thrust faulting
beneath Chiayi City, which is just less than 10 km away from
the Meishan Fault? The continuing convergence between the
Eurasian Plate and the Philippine Sea Plate has been exerting
stress across the entire island of Taiwan. The stress was mostly
absorbed in the eastern part of Taiwan which was highly
deformed. As the Luzon arc is approaching the Eurasian
continent at an angle, the deformation in Taiwan is propagating
both southward and westward (Byrne, 1998; Suppe, 1984).
While the stress remains, 62 and o3 could be disturbed by local
geological settings and could cause stress permutation. The
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Fig. 7. Earthquakes near Chiayi City and tectonic explanation of deformation pattern. From top to bottom: (a) Focal mechanisms of earthquakes near Chiayi City
(1995-2006, data from BATS). Strike—slip types of earthquakes (in blue) were closer to the Meishan Fault and reverse type of earthquakes (black) were farther away
from the fault. (b) Earthquakes near Chiayi City generally occurred at about 15 km in depth. (c) The study area exhibited two stress regimes, strike—slip stress near the
Meishan Fault and thrusting away from the Meishan fault, under the single dominant far-field stress resulting from the convergence between the Eurasian plate and the

Philippine Sea plate.

exerting stress in this area is causing the area near Chiayi City to
shorten. This can be clearly seen from the folding in Chiayi City
and the dominant thrusting seismicity caused by a blind thrust
under Chiayi City. A similar stress regime with greater scale can
be seen in the area immediately east of the Chukou Fault, where
the entire Western Foothills are shortening. However, since the

density and the depth distribution of the seismicity near Chiayi
City appeared to be very local, the congregation of seismicity
underneath Chiayi City does not seem to extend much farther to
the north and the south. Furthermore, the seismicity and the
plane on which it congregated did not appear to reach the
surface, and no fault system seemed to connect to this active
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deformation zone. Therefore, as the stress buildup continues
until the critical point, the stored energy could be released and
could be slipping along the nearby Meishan Fault, which could
be disastrous, as the Meishan Fault usually exhibits little
displacement.

6. Conclusions

From this study we found that stacked interferograms
provide an effective means for reducing the effects of the
atmospheric phase delay in the resulting deformation map,
which substantially improves its accuracy. Since the deforma-
tion map derived from DInSAR contains signals that are
ambiguous in actual vertical surface motion and horizontal
surface motion, removing the ambiguity becomes important in
an area in which both horizontal and vertical motions might
contribute significant amounts of displacement. Furthermore,
the high spatial sampling of DInSAR revealed more subtile and
small scale deformation information compared to the result
from GPS, in particular deformation in vertical direction. By
removing the ambiguity using the horizontal components of
GPS velocity field of the identical time period, the vertical
deformation velocity near Chiayi City was retrieved.

Combining the GPS and DInSAR observations with a simple
model, it was revealed that the western end of the Meishan Fault
was actively deforming, and this linear deformation was clearly
connected to the Meishan Fault. In other words, the Meishan
Fault extends another 10 km to the west of the currently
documented location. While there was no surface rupture in the
area, the underlying fault clearly served as a geological
boundary separating different deformation velocity to the
north and south of the fault, respectively. This finding
conformed with the report by Omori (1907) that to the west
of the surface rupture caused by the 1906 Meishan earthquake,
there were sand spills resulting from this earthquake, although
there was no surface rupture in this area. Coupled with DInSAR
observations, we concluded that this western extension of the
Meishan Fault should be regarded as the Meishan Fault itself.
Chiayi City was actively deforming as a double plunging fold.
This deformation appeared to be very local and did not extend
very far to the north or to the south. The continuing shortening
could store potential energy and induce a large earthquake
nearby.

The DInSAR observations in this study, the GPS mea-
surements coupled with our simple model, and the seismicity
in the area near Chiayi City all indicated that this region was
under active deformation during the time of observation.
The continuous deformation of Chiayi City along with the
historically episodic seismic hazards that occurred along the
Meishan Fault, demands that more attention be directed to the
active deformation and the implied seismic potential in this
region.
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