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SUMMARY

Application of the interferometric method to four ERS2-SAR images acquired before and after
the 1999 Chichi earthquake has allowed determination of the coseismic surface displacement
in the footwall area of the Chelungpu fault. The interferometric results revealed a relative
shortening in the round trip distance between the radar antenna and the ground of the footwall
side of Chelungpu fault, during the earthquake. This shortening progressively increased from
the west to the east and reaches the maximum amount of approximately 26 cm near the central
segment of the Chelungpu fault. Our interferometric results have been precisely examined using
adense GPS network in the investigated area. We mapped the GPS coseismic measurements into
the radar line of sight and implemented a forward simulation of SAR interferogram from this
synthesized result to control our unwrapping performance. In this study, these two observations
are compared with a 3-D dislocation model of the fault. Finally, a deformation analysis based
on our interferometric result has indicated that a segment with irregular deformation behaviour
can be distinguished in the footwall area of the Chelungpu fault. This segment may result from
either the influence of inherited basement faults or the presence of a structural terrace that
provide local opportunities for superficial deformation.
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1 INTRODUCTION

The Chichi earthquake (A, 7.6) that struck central Taiwan on 1999
September 20 (UTC) caused heavy casualties and widespread dam-
age. As a result of the unprecedented amount of high-quality near-
field data it generated (e.g. Teng et al. 2001), it is recognized as one of
the most important earthquakes to date for the study of earthquake
mechanics. In practice, this wealth of data not only allows more
precise determination of faulting models for this event, but also ad-
dresses new questions concerning surface behaviour in the near field.
Based on the dense geodetic and seismographic instrumentation in
central Taiwan, which is spanned by a network of GPS stations,
ground-motion accelerometers and broad-band seismometers, the
characteristics of coseismic deformation related to the Chichi earth-
quake has been examined in detail (Ma et al. 1999; Shin et al. 2000;
Yu et al. 2001). Integration of these measurements has shown that
major coseismic displacement and crustal deformation occurred in
the hangingwall of the Chelungpu fault, the main thrust fault reac-
tivated in the Chichi earthquake (Fig. 1). On the western side of the
fault, the footwall area showed relatively little deformation (e.g. Ma
etal. 2000; Lee et al. 2001; Rubin ez al. 2001; Yu et al. 2001) and the
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characteristics of surface movement in the footwall area were rela-
tively poorly understood. Moreover, in view of the westward propa-
gation of the deformation front in Taiwan (Suppe 1981), it may well
be that the footwall area of the Chelungpu fault is incubating a future
large thrust earthquake and warrants high attention in terms of risk
mitigation.

Because it operates at microwave frequencies, the Synthetic Aper-
ture Radar interferometry (InSAR) technique can determine surface
displacement to centimetre scales. It is considered capable of de-
tecting the spatial variation in the small displacement that occurred
in the footwall area of the Chelungpu fault. The aim of this paper
is to characterize the coseismic deformation of the footwall area in
detail. First, we used GPS data to simulate the SAR interferogram.
Secondly, we analysed four pairs of space-borne SAR images to ex-
tract the coseismic displacement using the interferometric method.
The synthetic interferogram constructed using GPS data was com-
pared to our interferometric results to control the possible orbit error
and the unwrapping uncertainty in the interferometric analysis. We
also compared our InSAR results with a 3-D elastic rebound model
of fault dislocation to derive a more thorough understanding of the
footwall deformation.
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Figure 1. (a) Geodynamic framework of Taiwan. The large black arrow shows the convergence between the Philippine Sea Plate and the Eurasian continental
margin (Yu et al. 1997). The area of Fig. 1(b) is indicated as a small rectangle in grey. The Chelungpu fault is highlighted by a thick white line. (b) The
topography and major structures of the study area. The epicentre of the Chichi main shock is marked as a black star. Its focal mechanism, determined by the

Central Weather Bureau, exhibits a thrust-dominant movement.

2 GEOLOGICAL SETTING

The recently uplifted mountain belt of Taiwan (since 5 Ma), with
active faulting and deformation, affects a broad region (Suppe 1981;
Chang & Chi 1983). The development of this mountain belt is in-
terpreted as a consequence of convergence between the Philippine
and Eurasian plates (for example, Ho 1986; Tsai 1986). Geodetic
measurements during 1990-1995 (Yu et al. 1997) detecting a steady
convergence rate greater than 8 cm yr~! between the North Luzon
arc and the Penghu islands, which belong to the Philippine Sea Plate
and Eurasian Plate, respectively (Fig. 1a).

Because the Taiwan island is under an intense compressional tec-
tonic regime, there have been more than 10 disastrous earthquakes
reported in the past century. The most recent one, the Chichi earth-
quake, occurred in central Taiwan in 1999. Studies of the Chichi
earthquake show that the main fault plane dips 29° eastwards down
to approximately 15 km in depth (Kao & Chen 2000). During this
earthquake, an approximately 80-km-long upthrust unit underwent
displacement of several metres upwards and westwards along the
Chelungpu thrust fault (Fig. 1b). A picture of the coseismic displace-
ment of the Chelungpu fault derived from near-field GPS surveys
(Yu et al. 2001) showed that the amount of slip gradually increased
from approximately 2 m in the south to approximately 8 m in the
north, in agreement with field studies along the fault trace (Hou
et al. 2000; Chen et al. 2001; Lee et al. 2001).

The Chelungpu fault extends along the western front of the Tai-
wan mountain range (Fig. 1). In terms of stratigraphy, this front
separates the rugged foothills of Miocene—Pliocene rocks to the
east from the basins, tableland and coastal plain of Quaternary al-
luvial deposits to the west. Since approximately 1 Ma, the total
contraction across the Chelungpu fault system (including adjacent
thrusts) has reached approximately 10—15 km, measured from the
latest geological balanced cross-sections (Mouthereau ez al. 2001),

although a greater degree of shortening has previously been inferred
(suggested by Suppe 1981, 1983).

The topography on the footwall of the Chelungpu fault is rel-
atively flat and the main land covers are urban areas or agricul-
tural farm lands. Thus, this area is suitable for application of the
InSAR technique. The topography of this area is caused by a re-
gional curvature of the western deformation front of Taiwan (Fig. 1),
where the Pakuashan anticline and the related Changhua thrust fault
are located. The Pakuashan anticline is mainly composed of thick
Pleistocene terrigenous sequences derived from the Central Range,
which is overlain by uplifted, weathered and tilted late Quaternary
fluvial material (Sun 1965; Liew 1988). The sigmoid shape of the
present-day Taiwan deformation front in the Pakuashan—Changhua
fold—thrust area is probably the result of Quaternary tectonic activ-
ity corresponding to the western propagation of convergent stresses
within an arc—continent collision zone (Deffontaines et al. 1997).

3 FORWARD SIMULATION
FROM GPS DATA

We projected the GPS coseismic measurements (data after Yu et al.
2001) into the range direction of the satellite and then converted
the projected value into the phase domain to simulate the radar in-
terferogram. The GPS data used in this study were collected from
several campaigns mainly conducted by (i) the Central Geological
Survey, Ministry of Economic Affairs, (ii) the Satellite Survey Di-
vision and Land Survey Bureau, Ministry of Interior and (ii) the In-
stitute of Earth Sciences, Academia Sinica. The GPS measurements
were collected within ~ 2—32 months before and 3 months after the
main shock of the Chichi earthquake. In Fig. 2, the horizontal dis-
placement of the GPS stations with respect to the Kingmen station
(Fig. 1a) represents a convergent setting with a fan-shaped distri-
bution that increases from west to east. The maximum horizontal

© 2004 RAS, GJI, 159, 9-16



120M§ 121°00°
- =

2m

Horizontal
displacement

2418

Vertical
displacement

0.02

24'00°

ChelungP"

2345

Figure 2. Coseismic displacement associated with the Chichi earthquake
measured by the GPS stations in central Taiwan. Horizontal displacements
relative to Kingmen (location see Fig. 1) are shown in vectors. The vertical
displacement field was reconstructed from interpolated GPS data between
stations (data after Yu et al. 2001).

displacement occurs immediately next to the Chelungpu fault. The
direction of horizontal displacement is subperpendicular to the prin-
cipal structures and the trend of the mountain range of the region.
The vertical displacement field reveals subsidence with a progres-
sive increase in magnitude from the west coast to the east (Fig. 2).
In general, the GPS measurements indicate an eastward subsidence
for the material lying on the footwall of the Chelungpu fault.

To simulate the interferogram of the C-band radar image, we first
projected each GPS displacement vector (in three components) onto
the slant range direction as shown in Fig. 3. This projection is equiv-
alent to constructing the inner product of the measured vector from
the GPS station and the direction of the radar line of sight, which
increases from the near range to the far range (Fig. 3). After obtain-
ing the projected displacement in the slant range direction from all
GPS measurements, a composite map covering the entire study area
was constructed by interpolating the available data points using a
continuous curvature algorithm, which can prevent undesired oscil-
lation and false local maxima and minima (Smith & Wessel 1990).
Fig. 4(a) presents the synthetic slant range displacement derived
from the scattered GPS measurements.

In the following, we create a synthetic interferogram from the
value of composite map in Fig. 4(b). Except for some cyclic fringes
in the central-western part and some boundary effects in the northern
and southern ends, this synthetic interferogram generally shows a
smooth, semi-elliptical pattern of fringes in the footwall area of
the Chelungpu fault. This represents a possible InSAR feature and
should be compared with the real interferometric results.

In Fig. 2, the GPS measurements revealed that the subsidence of
the footwall block progressively increases from west to east. How-
ever, the synthesized interferogram shows a progressive shortening
of'the distance between the ground surface and the satellite from the
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Satellite

Figure 3. Schematic of projecting measured GPS displacement onto radar
line of sight. D is the measured vector describing the motion of the GPS
station. P is the projected vector of D onto the radar line of sight. v is the
angle between the vectors D and P. ¢ and 6 are the heading azimuth and
look angle of the radar, respectively. The value of 6 varies from near-range
to far-range area, with the range 21° to 27° over an image scene.

western coast to the central segment of the Chelungpu fault (Figs 4a
and b). As a result of the (projection) geometry, the radar interfer-
ogram shows only a component of the total displacement; Fig. 4(c)
shows the geometric framework of the fault plane, the radar line of
sight and the ground displacement in the footwall. At locations next
to the rupture trace, the displacement in the footwall can be decom-
posed into horizontal movement towards the rupture plane (Dy in
Fig. 4c) and vertical subsidence (Dv). If the target moves toward the
rupture plane with a depression angle (w in Fig. 4c) smaller than the
look angle of the satellite (6), the distance between the satellite and
the target would shorten although the target is experiencing subsi-
dence relative to its previous state. In our case, the ground is moving
toward the rupture plane with depression angle less than 10°, which
smaller than the look angle of the satellite (approximately 23° at the
scene centre); the simulated slant range displacement (P) near the
Chelungpu fault reveals therefore a shortening pattern (Fig. 4c).

4 INSAR OBSERVATIONS

4.1 Method and data acquisition

Radar interferometry is a technique for extracting information on
changes in the shape of the surface of the Earth by using the phase
content of the radar signal (see, for example, Zebker et al. 1994;
Massonnet & Feil 1998). We apply this technique, using SAR images
acquired by the ERS2 satellite. The phase difference between two
images acquired at different times creates an interference pattern
called an interferogram (Massonnet & Feil 1998). The interferogram
shows the change in range from ground to satellite, that is, the
component of the displacement vector of the surface that points
toward the satellite. The adjacent two fringes of the same colour (a
phase variation of 27 radians) represent 28 mm of range change for
ERS2. Such an interferogram records crustal deformation during the
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Figure 4. (a) Near-field coseismic slant range displacement estimated from GPS measurements. Error bars (95 per cent confidence) in slant range have been
indicated for each station (data after Yu et al. 2001). (b) Synthetic interferogram from GPS measurements. Each fringe corresponds to 2.8 cm of slant range
change. (c) Cross-section perpendicular to the flight track of the satellite showing the geometric relationship between the ground displacement and the slant
range change. In general, land subsidence should cause slant range lengthening. However, in the case of the Chichi earthquake, the large amount of horizontal
displacement from west to east produces a greater range shortening and counteracts the lengthening caused by the land subsidence.

time interval between the acquisitions of two images (for example,
Burgmann et al. 2000).

The pairs of scenes that we used in our interferometric analysis
are listed in Fig. 5. We selected two scenes (1999 January 21 and
May 6) before the main shock and two scenes (1999 September 23
and October 28) after it, to extract the possible coseismic surface de-
formation. To obtain acceptable interferometric results, we need to
use image pairs with small baselines (Wright e al. 1999). However,
the images obtained immediately prior to the Chichi earthquake did
not provide a good baseline condition. Therefore, it was necessary
to consider a longer time interval before the earthquake. After the
Chichi earthquake, the baseline condition is better, especially for
the image acquired at 1999 October 28; collocated with the image
acquired at 1999 May 6, this pair provides a very small perpen-
dicular baseline (only 6 m) and a good altitude of ambiguity (of
approximately 1570 m) at the scene centre (pair-3 in Fig. 5).

In this study, we use the two-pass approach implemented by the
GAMMA software (http://www.gamma-rs.ch/) to obtain the interfer-
ogram. In the resulting interferograms, topographic fringes were
removed using the Taiwanese digital elevation model (DEM, from
the Taiwan Forestry Bureau) with a grid spacing of 40 m and av-
erage elevation accuracy of 1 m retrieved from 1:5000 topographic
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Figure 5. ERS2-SAR data pairs used in this study. The area studied is
covered by one ERS2-SAR scene (descending orbit, track 232, frame 3123).
Date of acquisition, interval time, vertical baseline offset (B | ) and altitude
of ambiguity (h,) are shown.
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Figure 6. Differential interferograms correspond with the ERS2/SAR data pairs in Fig. 5. (a) Pair-1, (b) pair-2, (c¢) pair-3, and (d) pair-4.

maps. The topographic relief at the footwall area of the Chelungpu
fault is generally small (the altitude of the highest hill is approxi-
mately 400 m). With the good altitude of ambiguity, the effect of
topography is very small and the error was well controlled. Because
the details of this technique have been described elsewhere (for ex-
ample, Massonnet & Feil 1998; Burgmann et al. 2000), we restrict
our discussion to interpreting the interferogram in terms of crustal
deformation.

4.2 Interferometric results

Four pairs of SAR data were processed from single-look complex
(SLC) images to generate the differential interferograms (Fig. 6).
In spite of our careful image selection, the radar correlation in the
hangingwall area of the Chelungpu fault still breaks down, whereas
on the relatively flat footwall area, where human activity abounds,
the image coherence is good even for image pairs that include the
earthquake event.

In the pair-1 interferogram, acquired before the main shock of
the Chichi earthquake (Fig. 5), the absence of clear interferometric
fringes suggests that there was no detectable deformation before
the earthquake (Fig. 6a). In contrast, for image pair-2 and pair-3,
selected to contain the time of the Chichi main shock (Fig. 5), con-
centric fringe patterns are clearly present in the footwall area (Figs 6b
and c). The fringes in both interferograms could be considered as
indicators of the possible coseismic displacement of this area. In

© 2004 RAS, GJI, 159, 9-16

terms of the round trip distance change between the radar antenna
and the ground, both these interferometric fringe patterns represent
a relative shortening that increases from the west coast toward the
central segment of the Chelungpu fault.

The interferogram simulated from GPS data could be applied to
control the possible orbit error in the interferometric result (for ex-
ample, Hudnut ef al. 1994; Burgmann et al. 2002; Delouis et al.
2002; Donnellan et al. 2002; Feigl et al. 2002). After a rough com-
parison, we find that our simulated interferogram (Fig. 4b) has a
very similar fringe pattern to the real InSAR results (Figs 6b and
¢). This suggests that the orbit error in these two interferograms is
negligible and that additional fine-tuning for these fringe patterns
may be unnecessary. In practice, the range change profiles shown in
Fig. 7(b) further support this view; the general slope of the simulated
interferogram (from GPS data) matches that of the interferometric
result in this study very well (see also the Discussion, Section 5).

The poor interferometric result in respect of the hangingwall of
the Chelungpu fault deserves some attention. There may be two
principal causes, which may have acted together. The first cause
could come from the dense vegetation. East of the Chelungpu fault,
the hills and mountains are covered by dense forest and fruit trees, so
it is more difficult to detect possible displacement using the C-band
SAR. The second cause is that the amount of displacement in the
hangingwall area is too large in this earthquake event (approximately
5 min general after previous field studies). Because the C-band SAR
allows measurement of movements only in the centimetre scale, the
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Figure 7. (a) Block diagram showing the tectonic setting of the Taichung area. The unwrapped interferogram of Fig. 8(b) is overlaid. Geological cross-section,
after Mouthereau et al. (2001). The epicentre of the main shock is shown as a red star. (b) Slant range displacement along profile AA’ derived from different
approaches. The blue line represents the measurements from the InNSAR method; the red line represents the GPS measurements; and the green line shows the
displacement synthesized using the elastic dislocation model. (c) The deformation gradient of profile AA” evaluated from the InSAR observations. (d) The

coherence of the images used along profile AA'.

interferometric fringes can be too complex to be distinguished when
a great vertical displacement occurs in a narrow area. Moreover, the
coherence of the radar image is almost lost in this case, making
detection very difficult.

We can estimate the amount of surface deformation using a phase
unwrapping operation. Because interferograms record only relative
changes in phase, we cannot identify the fringe corresponding to no
deformation in the interferogram. However, with the advantage of
a dense GPS network in the area investigated, we can add a reason-
able offset to all the pixels in our coseismic interferograms in the
unwrapping operation. The unwrapped interferograms of pair-2 and
pair-3 are shown in Figs 8(a) and (b), respectively. The maximum
shortening in our unwrapped InSAR result is approximately 26 cm,
which occurs around the central segment of the Chelungpu fault.

To further evaluate the effects of phase unwrapping errors in
our InSAR processing, we examined the residual between the un-
wrapped results of pair-2 and pair-3. It shows that almost the
entire footwall area exhibits a very small residual (Fig. 8c); the

averaged residual is approximately 0.17 cm, the median value is ap-
proximately 0.0003 cm and the standard deviation is approximately
2.18 cm. Some parts near the northern and southern tips have a
larger residual (Fig. 8c), which may be related to the unwrapping
uncertainty. This test suggests to us that the unwrapping error in
this study is acceptable and the deformation derived from these
two interferograms is principally related to the cause of the Chichi
earthquake.

The radar images of pair-4 were both acquired after the earth-
quake. It shows that there is one clear fringe parallel to the strike
of Chelungpu fault on the footwall (Fig. 6d); this fringe represents
the modest post-seismic deformation. For pair-4, because the co-
herence over the hangingwall area of the Chelungpu fault is better
than that of pair-2 and pair-3, some coloured fringes, concentrated
in certain small basins (indicated by two black cycles in Fig. 6d),
can be observed. We interpret these fringes as regional subsidence
or slides during the corresponding period. Further to the south-
west, there are more than two cyclic fringes corresponding to land

© 2004 RAS, GJI, 159, 9-16
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subsidence over the lower left part of this interferogram (centre in-
dicated by a white arrow). Considering the cyclic fringe pattern, we
postulate that these land subsidences occurred as dewatering took
place causing the compaction of the sediments during and after the
Chichi earthquake (Watson et al. 2002).

Carefully comparing our interferograms, we can find some inter-
esting cyclic fringes in the central-western part of the studied area
(indicated by black arrows in Figs 6b, ¢ and d). This cyclic fringe
pattern could also be observed in the GPS simulated interferogram
shown in Fig. 4(b). The coherence and continuity of the interfer-
ometric results in this area are all poor; this deformation is very
difficult to estimate using unwrapping processes. We consider that,
during and after the Chichi earthquake, the main shock may have
produced a very large deformation in this narrow area, which could
be a function of the local geological setting.

5 DISCUSSION

To better describe the detailed coseismic deformation based on our
interferometric results, we sampled the slant range displacement
data along a profile at latitude 24.125°N (profile AA’ in Fig. 7a and
the blue line in Fig. 7b). First, we compared this profile with the
GPS data (the red line in Fig. 7b) sampled from Fig. 4(a). Even
though the GPS network is dense in the area investigated, many
minor deformation patterns observed in the InSAR analysis cannot
be seen in the GPS data (compare the red and blue lines in the
Fig. 7b).

To compare our interferometric results with the elastic theory
of plate deformation, we adopted the synthetic displacement deter-
mined by a computer programme, POLY3D (Chen et al. 2003). A
detailed explanation of the mathematical expressions and the coding
algorithm of POLY3D can be found in Thomas (1993). We directly
sampled the slant range displacement data along the profile at the
same latitude in this numeric model (the green line in Fig. 7b) and
compared it with our interferometric result. In Fig. 7(b), we see that
the modelled profile matches the interferometric profile very well;
they all reflect elastic rebound of the Chelungpu fault in the footwall
area (Chen et al. 2003). Such a deformation is as would be expected
to affect the footwall block of a thrust fault during a large reverse-
type earthquake, except for the irregularly deformed segment in the
middle part of this profile.

Using the variation in slant range displacement, a segment in
the middle part of this profile may be distinguished based on its
anomalous deformation behaviour. We first calculate the deforma-
tion gradient along this profile (Fig. 7c). The deformation gradient
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is evaluated from the general slope of each 80-m window (twice the
DEM grid interval). In general, the deformation gradient along this
profile is less than 1 x 1077 (Fig. 7¢). However, over the irregularly
deformed segment located within ~10-20 km of the Chelungpu
fault, the deformation gradient curve shows an irregular character.
Note also that the coherence, signal-to-noise ratio, unwrapping error
and residual fringes resulting from errors in DEM should influence
the reliability of any detailed interpretation of these observations.

The coherence along this profile is shown in Fig. 7(d). A narrow
section east of the Changhua fault with relative low values corre-
sponds to an area of high signal-to-noise ratio. To avoid the effect
of poor data quality, areas of low coherence and low signal-to-noise
ratio have been removed from the profiles in Figs 7(b) and (c) (the
blank area east of the Changhua fault). Moreover, the residual value
between two coseismic interferometric results along this profile is
very small (of centimetre scale; Fig. 8), so the unwrapping error
should be very small. The final effect to be considered is that of
topography. The orbit baseline offset of the data pair we used in
this study is only 6 m (pair-3 in Fig. 5), of which the altitude of
ambiguity is approximately 1570 m. Because the altitude of this ir-
regularly deformed area is less than 300 m, the topographic effect for
this area should be also very small and could therefore be neglected.
Generally speaking, although some uncertainties may remain within
the interferometric results, the ground displacement determined by
our InSAR study is reliable in terms of providing information for
characterizing the deformation of the region.

From the tectonic point of view, the irregularly deformed seg-
ment probably results from either the influence of inherited base-
ment faults or the presence of a structural terrace that provide local
opportunities for superficial deformation (Fig. 7a). The most im-
portant fault in this irregularly deformed segment is the Changhua
fault, which is a blind fault and represents the deformation front of
the Western Foothills of Taiwan (Deffontaines ef al. 1997) (Figs 1
and 7a). Following the Chichi earthquake, no evident deformation
has been observed by other means, whereas with its high sampling
density, the InSAR technique has provided a more detailed insight,
which has allowed us to determine movement associated with the
earthquake.

6 CONCLUSIONS

The application of InSAR to the footwall deformation of the
Chelungpu fault during the Chichi earthquake shows that, given
suitable images and despite the difficulties in a subtropical area like
Taiwan, differential interferometry is a useful high-resolution tool
to investigate large-scale earth surface deformation. In a rather flat
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study area, where the principal land covers are urban areas or mix-
tures of non-vegetation and vegetation such as agricultural fields,
it has been shown that useful information on earthquake displace-
ment can be obtained from C-band SAR interferograms. The poor
result in the hangingwall area also illustrates the inevitable limita-
tions of C-band InSAR in steep mountainous regions with dense
vegetation. On the other hand, the very dense GPS network in the
area investigated clearly enhances the value of InSAR for disaster
or environmental monitoring.

In view of the westward propagation of the deformation front in
Taiwan, it would appear that the footwall area of the Chelungpu
fault is incubating a future large thrust, where the Pakuashan anti-
cline and the related Changhua thrust fault are located. Our inter-
ferometric results have shown that the deformation behaviour of the
Pakuashan—Changhua fold-and-thrust belt during the Chichi earth-
quake was different from that expected. This irregular deformation
behaviour could be caused by either the activity of the Changhua
fault or the compaction of Quaternary fluvial terraces.
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