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Abstract

The differential SAR interferometry technique (interferometric synthetic aperture radar, InSAR) is applied on the
Chelungpu fault surface rupture zone of the September 20, 1999, Taiwan, Chi-Chi earthquake using six ERS-2 images
covering the period from February 1999 to January 2000. As compared with available geodetic data, InSAR
measurements result in more extensive analysis because of high spatial sampling and centimetric accuracy. However,
coseismic displacements can be evaluated only on the footwall of the fault. The analysis of interferograms shows the
existence of a linear trend in phase difference mainly caused by orbital errors, which we removed from interferograms
using GPS data. The corrected interferograms provide a precise map of the InSAR component of the coseismic
displacement, showing a continuous decrease over the footwall from a maximum of 36.7 cm at the fault east of
Taichung city to a value of about 5 cm at the coastline 30 km further west. The map analysis reveals that the
Changhua fault (whose surface trace is located about 20 km west of the Chelungpu one) and the Tuntzuchio fault
influence the displacement field. We interpret this in terms of minor reactivation of these faults triggered by the
earthquake. A 1.7 cm uncertainty, estimated from the GPS data, is proposed to quantify the precision of the map.
Beyond this single value, we highlight the interest of having several coseismic interferograms to evaluate the reliability
of the map in a more comprehensive way. Comparisons with displacements inferred from models of slip distribution
inverted without InSAR data highlight the advantage of carrying out a joint inversion including our results as new
constraints.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

On 21 September 1999, the M =7.6 Chi-Chi
earthquake occurred in central western Taiwan.
This earthquake was related to an out-of-se-
quence reactivation of a major north—south-trend-
ing thrust of the Taiwanese Foothills, the Che-
lungpu fault [1,2] (Fig. 1). The deformation
front of the fold-and-thrust belt of the Foothills
is located 15-20 km west of the Chelungpu fault
at the Changhua fault [3]. Rupture that developed
over the Chelungpu fault plane reached the
Earth’s surface, causing a spectacular 90-km-
long scarp between the hangingwall to the east
and the footwall to the west [4]. Because of both
the density and the quality of Taiwanese strong
motion and Global Positioning System (GPS) net-
works, the Chi-Chi earthquake was among the
best instrumentally recorded earthquakes. Several

analyses have been presented to quantify the
earthquake surface displacements from GPS mea-
surements [5,6], strong motion records [7], SPOT
satellite optical images [8] and field measurements
along the fault trace [9,10]. These results have
been used to model the distribution of slip on
the fault surface [11-14]. However, between the
different resulting models, discrepancies remain
in terms of geometry, slip distribution and pre-
dicted coseismic displacements.

Aiming to better constrain the coseismic dis-
placement field of the Chi-Chi earthquake and
consequently the models, this study uses data pro-
vided by interferometric synthetic aperture radar
(InSAR). The InSAR technique is a complement
to other geodetic methods because of its dense
spatial sampling over a large surface, its precision
and its high sensitivity to vertical displacement. In
this paper, we first describe how we implement the

[4y]
. o
& ©
B e TAIWAN E
. pel
=
) /7\, 0
R4
ERS-2 .
Frame 3123 -
- | Track 232 °

Double couple
focal mechanism

Epicenter of Chi-Chi
earthquake

@
W
-%,

- £

Surface rupture of
Chelungpu Fault

Changhua Fault
= Tuntzuchiao Fault
Urban area of Taichung

~— River

120.2°

1
119.8° 120.0°

120.4°

Fig. 1. Location of the footwall of the Chelungpu fault. Inset: The grey rectangle indicates the ERS SAR image frame used in
this study; the black rectangle shows the location of the main figure. Main figure: in the background, shaded DEM of the epi-
centre area; the black rectangle shows the location of Figs. 3 and 4. The white arrows correspond to orbit track and viewing di-

rections of the ERS satellite.
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InSAR technique. Then, analysis of the resulting
interferograms focuses on retrieving quantitative
information about the permanent surface coseis-
mic displacements. Corrections and processing are
applied to the interferograms in order to obtain a
map of InSAR coseismic displacements that per-
mits geophysical analysis and interpretation, par-
ticularly on the behaviour of the Changhua and
Tuntzuchio faults at the time of the Chi-Chi
earthquake. Finally, we discuss the validity of
the resulting map and we compare the results
with two existing slip models of the Chelungpu
fault.

2. InSAR: method and data
2.1. Method

For this study, we apply the InSAR technique
in the two-pass approach using the DIAPASON
software [15]. The method, also called differential
InSAR, requires at least two SAR images of the
same area acquired at two different times in sim-
ilar conditions, topographic information on the
studied area and satellite orbit information for
both acquisitions. See Massonnet et al. [16] and
Massonnet and Feigl [17] for details on require-
ments and limits of the method. As the main re-
sult, an image called an interferogram is pro-
duced, as a map of the phase difference A® of
both SAR images, so that for each pixel:

AD = ADy + AD, + AP + AD oo + AD . + AD,
(1)

where A@y is related to the displacement of the
surface between the two acquisitions, A®, is re-
lated to the difference of atmospheric states, A®,
is related to errors in the topographic model,
A®,. depends on errors in orbital information,
A®y. represents phase changes caused by geomet-
ric and temporal decorrelation, and A@, gathers
phase changes due to thermal noise, SAR image
processing errors and misregistration errors of
both SAR images [18-20]. For a comprehensive
review of these different terms see Hanssen [21].

For each pixel of an interferogram, A® can record
the displacement of the corresponding cell of res-
olution: A@jy is proportional to the component of
the full displacement vector along the radar line
of sight. Hereafter, this component is called SRD
(slant range displacement). We adopt the follow-
ing convention: a positive SRD is from ground to
satellite. An SRD that is A/2 (1 being the radar
wavelength) corresponds to a A@y equalling 27w
radians.

Due to phase ambiguity, values of A® are given
modulo 2w. Phase ambiguity prevents access to
absolute value, so that a A@ value from only
one pixel is useless. However, such a value makes
sense while measuring changes in A® by compar-
ison with other pixels. Measuring changes in A®
requires several conditions that limit interfero-
gram analysis, especially low A®y, and A®, con-
tributions and a not too high gradient of A® [17].
A®y. and A, terms induce changes in A® that
are not coherent from one pixel to another. Once
coherent changes in A® on the interferogram have
been identified, the analysis of interferograms
consists in estimating the part of the different con-
tributions of A®. For our purpose, which is to
extract SRD information from interferograms,
the main goal is to estimate A@y values.

2.2. The data

We selected six SAR images in order to obtain
several coseismic interferograms that we can com-
pare. The SAR image selections have been based
on two major criteria: making their baselines (dis-
tance between two orbit trajectories) as short as
possible, which results in smaller A®, and A®y.
contributions, and having the shortest time inter-
val between acquisitions in order to reduce the
temporal decorrelation effects.

Regarding the choice of the SAR sensor, no
JERS images being available since 1998, we re-
tained ERS (European remote sensing satellite)
data because they offered more possibilities than
Radarsat to obtain several coseismic couples
meeting the requirements. In addition, a previous
study [22] had demonstrated the feasibility of In-
SAR measurements with ERS data in the Foot-
hills of southwestern Taiwan. Finally, we used
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Fig. 2. ERS data list. List of the 15 interferograms processed
from the six ERS2 SAR images. Orbit number and date of
acquisition of each image (A,B,C...) are given. Each grey bar
corresponds to an interferogram with its name used in this
paper, its time span and its height of ambiguity (%, in
metres).

only images from the SAR sensor of ERS-2 oper-
ating at 5.3 GHz (1=5.6 cm), as no ERS-1 im-
ages covered the earthquake period. We chose
images in descending orbit, because the shortest
time interval (about 3 years) available in ascend-
ing mode was too long.

In order to capture the coseismic SRD, we se-
lected three images acquired before and three im-
ages after the earthquake (Fig. 2). All of these
images cover the same zone (Track 232, frame
3129, see location in Fig. 1) corresponding to
the fault zone. The other data we used are a 40
mXx40 m grid spacing DEM (digital elevation
model) with a vertical accuracy of about 5 m,
and precise orbits of ERS-2 determined by the
Delft Institute for Earth-Oriented Space Research
[23].

3. Interferogram analysis

3.1. Detection of coseismic displacements and
perturbations

Among the 15 resulting interferograms, three
span a preseismic period, nine a coseismic one,

120.8°

Fig. 3. Coseismic interferogram of the Chi-Chi earthquake.
Filtered interferogram AD (25 Feb. 99-23 Sept. 99) showing
coseismic displacement. To first order, each cycle of colour
(a fringe) from blue to red corresponds to 2.8 cm of relative
displacement toward the satellite. White thick line, Chelung-
pu fault trace; black line, coastline; black segment, location
of profile PP’ (see Fig. 4). Inset: Geometry of acquisition.
The red vector represents the coseismic displacement; the
black vector corresponds to the SRD measured by InSAR
(projection of the red vector on the radar line of sight). The
three components of the unit vector from ground to satellite,
at the centre of the studied area, expressed in local terrestrial
reference are: up=0.924, east=0.375, north=—0.079. These
components vary gently over the interferogram, the incidence
angle ranging from 20.5 to 24.9° on the studied area.
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and three a postseismic one (Fig. 2). The coher-
ence of these different interferograms is princi-
pally a function of the baseline and of the time
interval: the smaller these parameters are, the bet-
ter the coherence is. In all coseismic interfero-
grams, there is coherent information only in the
footwall area (Fig. 3). Even in pre- or postseismic
interferograms, most of the hangingwall domain
lacks coherence (Fig. 4b). The footwall is largely
urbanised, which favours numerous stable scatter-
ers having a low temporal decorrelation, whereas
the hangingwall is essentially covered by dense
vegetation, causing rapid temporal phase decorre-
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lation. Two other factors accentuate this contrast:
(1) as shown by GPS [6], the displacement gra-
dients close to the fault are much larger in the
hangingwall than in the footwall and could exceed
the upper limit of the phase gradient discernible
by ERS InSAR (about 1073 [21]); (2) the defor-
mation and earthquake destruction in the hang-
ingwall contribute to phase decorrelation in the
affected cells of resolution.

In the footwall, coseismic interferograms show
a similar pattern formed by a dozen fringes as
illustrated in Fig. 3. As these fringes are present
in all coseismic interferograms and because they

23.8°
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Fig. 4. Perturbations affecting the InSAR measure of the coseismic displacements. (a) Profile PP’ (location in Fig. 3) of un-
wrapped and uncorrected coseismic interferograms, showing large-scale perturbation. (b) Pre-seismic filtered interferogram AB
showing large fringes mainly related to orbital errors and locally disturbed by medium-scale perturbations. White arrows show lo-
cation of non-coseismic displacement: 1 and 4, perturbations at river beds; 2 and 3, subsiding areas located west of Pakuashan
(see Section 3.2). (c) Profile PP’ of unwrapped coseismic interferograms after linear trend correction by GPS.
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are consistently correlated with the fault trace, we
interpret the major part of these changes in A® as
being A@, changes related to coseismic displace-
ment of the ground surface. Thus, in first approx-
imation, the fringes can be read as contour lines
(with a spacing of A/2, that is 2.8 cm) of a contour
map of coseismic SRD. Under this hypothesis,
there is an increase in SRD towards the fault
trace relative to a point at the coastline chosen
as reference. The highest SRD values are close
to the fault, in the fault trace concavity east of
the city of Taichung. Taking into account the ra-
dar line of sight direction (Fig. 3), interferograms
give constraints on three-dimensional coseismic
displacements. Additional sources of information
on the coseismic displacements, such as GPS data,
locally help to remove ambiguity on full vector
displacement and improve the interpretation.
Note that in the particular case of our InSAR
observation of the Chi-Chi earthquake the coseis-
mic interferograms indicate positive SRD
although the GPS indicates a downward displace-
ment of the footwall. As illustrated in Fig. 3, this
situation results from a greater horizontal dis-
placement moving the ground closer to the satel-
lite than the vertical displacement moving the
ground away from the satellite.

Fig. 4a, which illustrates the different SRDs
inferred from the nine coseismic interferograms
assuming A@=A@y on coherent pixels, shows
that this hypothesis needs to be refined. The dis-
crepancies in SRD indicate that, although the
main part of the changes in A@ in coseismic in-
terferograms can be interpreted as coseismic dis-
placements, the resulting fringes are also more or
less influenced by other factors, as mentioned in
Eq. 1, as well as by non-coseismic displacements
(coseismic interferograms cover a time period
larger than the coseismic event period). Hereafter
we call perturbations the changes in A® that are
not caused by coseismic displacements.

In the absence of perturbation, coseismic inter-
ferograms should be identical and pre- and post-
seismic ones should not show any coherent
change in A®. In fact, we observed perturbations
in interferograms that can be decomposed into
three main types. The first kind of perturbations
affects the whole interferogram (hereafter large-

scale perturbation) and consists of a relatively
constant gradient of A® for a given interfero-
gram. In pre- and postseismic interferograms
(AB, BC, DE and EF), where they are best ex-
pressed, such large-scale perturbations are repre-
sented by large and roughly parallel fringes (Fig.
4b). In coseismic interferograms, they are super-
imposed on the coseismic signal, inducing large
trend variations (Fig. 4a). The second kind of
perturbation consists of kilometre- to hecto-
metre-scale smooth variations of A@ (hereafter
medium-scale perturbations) that give an irregular
aspect to the interferogram and disturb the large-
scale fringe in pre- and postseismic interferograms
(Fig. 4a,b). The third kind of perturbation (here-
after small-scale perturbation) corresponds to rap-
id change from one pixel to the nearest pixel, well
expressed in lower-coherence area and resulting in
a ‘noisy’ aspect in the interferograms.

3.2. Origin of perturbations

The small-scale perturbations are mainly re-
lated to A@y. and A®, terms. Considering large-
scale perturbations, their fringe pattern (Fig. 4b)
is typical of residual orbital fringes related to er-
rors in positioning of orbit trajectories. We can-
not exclude, however, a large-scale atmospheric
effect, or a combination of both of these origins.
The variability with time in direction and magni-
tude of these perturbations indicates that large-
scale displacements (tectonic or not) cannot con-
tribute much to these gradients. This observation
also discards a perturbation due to large-scale
DEM errors (A®y), because it is expected always
to have the same direction whatever the interfero-
gram considered and to have a magnitude propor-
tional to the baseline.

If we interpret these phase gradients as only
caused by errors on the baseline values, the high-
est gradient will correspond to an error of about
I m. Note that such errors are larger than those
expected with a 95% likelihood for DEOS precise
orbit that we used [21]. We also compute preseis-
mic interferograms with other orbital data: the
DLR precise orbits [24]. The resulting interfero-
grams present a slightly higher A® gradient and it
is noteworthy that the orientation of fringes re-



E. Pathier et al. | Earth and Planetary Science Letters 212 (2003) 73-88 79

sembles those obtained with DEOS orbits. This
observation argues for an orbital error origin, be-
cause if these fringes were mainly caused by large-
scale atmospheric perturbation in interferograms
processed with DEOS orbits, parallelism between
such fringes and those introduced by the DLR
orbit error would be unlikely. On the other
hand, such parallelism can result from similar cal-
culation methods for the two kinds of orbits. This
leads us to assume that the major part of the
large-scale phase gradient is due to orbital errors
(these errors also cause perturbations correlated
with the relief; however, in our case, their low
values make these effects negligible).

Regarding the medium-scale perturbations in
pre- and postseismic interferograms, we exclude
a significant influence of A®, because medium-
scale perturbations are not correlated with the
baseline. Direct observations of interferograms
show that most of the perturbations are changing
in space from one interferogram to another. Thus,
we suppose an atmospheric main origin for most
of them. These perturbations are not visibly cor-
related with the relief on the footwall. The topog-
raphy of the footwall ranges from 0 m near the
coast to 450 m at Pakuashan, and 60% of coher-
ent points have elevation less than 100 m, which is
moderate compared to relief where correlation be-
tween atmospheric effect and topography have
been found in other studies [25]. Note that we
do not propose to evaluate the correlation be-
tween A@ and the topography using the GPS
data as control because of the number of GPS
points available and their altitude distribution:
18 of the 28 stations that we used are below
100 m elevation and the highest station (TECS)
has an elevation of only 245 m. We finally con-
sider in first approximation that most of the me-
dium-scale perturbations are randomly variable in
magnitude and location from one interferogram
to another. We extrapolate this assumption,
made on pre- and postseismic interferograms, to
coseismic interferograms, where perturbations
and coseismic effects are mixed, which makes
such an analysis difficult.

However, to a lesser extent, other kinds of me-
dium-scale perturbations are constant in location
(Fig. 4b). Slight changes in A® that are exactly

located at river beds could be linked to the local
variation of the water vapour content in the at-
mosphere due to the presence of the rivers. These
changes in A® could also be interpreted as non-
coseismic subsiding displacements. We also in-
criminate non-coseismic displacement (subsi-
dence) to explain systematic changes in all of
the pre- and postseismic interferograms at two
locations west of the Pakuashan hills (Fig. 4b).
Other non-coseismic displacements can affect the
interferograms. Such displacements involve pre-
seismic secular motion (recorded by the GPS),
displacements caused by postseismic slip on the
fault or by aftershocks. Postseismic subsidence
or rebound phenomena could be notably caused
by the widespread coseismic change in pore water
pressure recorded by the network of hydrologic
monitoring wells [26]. However, as they cannot
be detected by direct observation of the interfero-
grams, the magnitudes of such displacements are
small compared to the perturbations caused by
the atmospheric effects.

4. Interferogram correction from GPS data
4.1. The GPS data

As we have no sufficient information about or-
bital error or atmospheric effect, we cannot deter-
mine how far the coseismic interferograms are
affected by the perturbations in the absence of
an a priori knowledge of the coseismic displace-
ments. External information is needed in order to
achieve the coseismic displacement estimation.

GPS data can give such information about the
coseismic displacements. This information is
punctual and gives an absolute displacement,
whereas InSAR covers large areas and indicates
relative displacement. The comparison with GPS
data requires unambiguous phase information,
which we obtain by unwrapping all the interfero-
grams using a semi-automatic method based on
‘residu-branch-cut’ algorithm [27] with possible
manual intervention to connect isolated un-
wrapped areas when the automatic process fails.
The number of pixels unwrapped in an interfero-
gram (see Table 2) depends of its quality. To fa-
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Fig. 5. GPS data and comparison with corrected InSAR data. (a) Map of the coseismic displacements at GPS stations from Yu
et al. [6]; stations in faint grey are not used in this study, the two underlined stations (southwest corner) have been discarded
from the selection (see text). (b) Residuals of the interferogram corrections: the black lines are the GPS error bars at each station
sorted by latitude. The squares, circles and triangles indicate the difference (in cm) between the coseismic displacements along the

radar line of sight (SRD) inferred from GPS data at each station and the SRD from each corrected interferogram.

cilitate unwrapping, we apply a filter that smooths
the small-scale perturbations [28]. The spatial dis-
tribution of the available GPS stations in the
footwall from Yu et al. [6] (Fig. 5a) allows us to
constrain the large-scale perturbations, but is too
sparse to constrain the medium-scale perturba-
tions. Among the 59 stations in the footwall,
54 are in the InSAR-studied area. We used only
28 of these 54 stations because the other 26 are
located outside all unwrapped areas of our coseis-
mic interferograms. In addition, two GPS stations
(M918 and M909, see location in Fig. 5a) are
discarded because they reveal large differences
with respect to the corrected interferograms
(about —12 and —18 cm, respectively) and seem
poorly representative of the regional displacement
with respect to the neighbouring stations. The un-
certainties given for these two stations resemble
those of other stations, so that local site effects
that would have affected these two stations may
account for the discrepancy. Amongst the 28 se-
lected stations, 12 stations always have their cor-

responding pixel unwrapped in all of the inter-
ferograms (Table 1).

Yu et al. [6] corrected the data for preseismic
secular motions by fitting the velocity of 24 sta-
tions (surveyed from 1992 to 1999), by a first-or-
der trend surface. They also made postseismic
corrections, but at the stations that we selected
they indicate that there are no postseismic dis-
placements. As our interferograms are not exactly
coseismic, we adapt the preseismic corrections
made on GPS data for each interferogram accord-
ing to the date of its preseismic image, assuming a
preseismic secular motion constant with time (Ta-
ble 1). According to this method, the amount of
preseismic SRD is maximal in the interferograms
using image A. In this case, taking into account
the 28 selected stations, the standard deviation of
preseismic SRD is 0.18 cm and the average value
is 0.1 cm. The extreme values are at stations
TECS (—0.5 cm) and M049 (0.5 cm). The pertur-
bations caused by preseismic displacement are mi-
nor relative to those observed that are mainly due
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Table 1
GPS data used for interferogram corrections
Station Latitude Longitude  East* North* Up? East® North® Up® Cost AXxY Bxd cx¢ He

@) ©)
A247 120.408 24.020 21.3 —6.2 1.7 0397 —0.083 0914 105 104 104 105 9
AF04 120.534 23.871 323 —6.7 =52 0379 —0.080 0.922 8.0 7.7 7.8 79 4
AF07 120.525 23.985 37.9 —14.8 —53 0383 —0.081 0920 10.8 105 106 10.7 1
AF09 120.514 24.037 332 —10.7 —33 0.385 —0.081 0919 106 103 104 105 7
AF14 120.643 24.015 79.2 —-284 —104 0.370 —0.078 0926 219 218 218 219 2
AF15 120.648 24.094 72.6 —-353 —10.1 0.372 —0.079 0925 204 203 203 204 9
AF16 120.668 24.036 96.2 —399 —143 0368 —0.078  0.927 253 252 252 252 4
AF17 120.632 24.156 59.1 —32.1 -74 0375 -0.079 0924 179 178 17.8 178 9
AF18 120.527 24.216 31 —15.8 —24 0388 —0.082 0918 11.1 11 11 1.1 9
AF19 120.569 24.073 45.7 —18.8 —49 0.380 —0.080 0921 144 142 142 143 9
AF21 120.572 24.216 37.9 —222 —3.6 0.383 —0.081 0920 13.0 129 13 13 9
AF26 120.651 24.221 55.8 —38.3 —6.7 0375 —0.079 0924 177 177 177 17.7 9
G090 120.562 24.312 26 —20.2 —3.3 0.387 —0.081 0919 8.7 8.6 8.6 86 7
G091 120.589 24.379 21.2 —19.1 —0.8 0.386 —0.081 0919 9.0 8.9 8.9 9 5
G092 120.628 24.421 19.4 —19.8 0.8 0382 —0.081  0.921 9.7 9.7 9.7 9.7 4
G103 120.718 24.260 66.3 =592 —10 0.368 —0.078 0927 19.8 19.8 19.8 198 9
MO049 120.446 23.979 26 —8.1 —8.6 0.391 —0.082 0917 3.0 25 2.7 28 2
M326 120.575 24.254 353 —22.6 —34 0384 —0.081 0920 123 122 122 122 9
M428 120.622 24.327 30.9 —=27.1 —4.2 0.381 —0.080 0921 10.1 102 102 10.1 4
M486 120.475 24.090 29 —-12.3 —=55 0.391 —0.082 0917 7.3 6.9 7.1 72 9
M805 120.681 24.171 79.8 —474 —11.5 0370 —0.078 0926 22.6 225 226 226 9
M08 120.686 24.111 93.7 —=51.7 —133 0368 —0.078 0.927 262 26.1 26.1 262 9
M904 120.607 24.299 33.8 —25.5 —-29 0.382 —0.080 0921 123 124 124 123 1
M906 120.522 24.256 27.9 —18.1 0.1 039 —0.082 0917 125 122 12.3 124 8
M907 120.633 24.068 67 —-29.5 —139 0.373 —0.079 0925 144 143 144 144 4
M9I16 120.712 24.332 429 —43 —-8.6 0.371 —0.078 0925 113 113 11.3 113 5
TECS 120.655 24.356 31.7 —28.2 —04 0.378 —0.080 0922 139 144 142 14 2
WNTS 120.584 24.138 46.8 —22.3 —23 0.380 —0.080 0921 175 17.6 176 175 4

4 Components (cm) of the coseismic displacement from [6] corrected for preseismic secular motion.

b Unit vector from ground to satellite at the station.
¢ Coseismic displacement along the SRD (cm) at the station.

4 SRD (cm) integrating the coseismic displacement and the preseismic secular motion for an interferogram XX (with X=A, B or

Q).

¢ Number of coseismic interferograms where a given station corresponds to a coherent pixel.

to atmospheric effect. We do not correct the in-
terferograms from the preseismic SRD, because of
the difficulty to estimate a velocity trend surface
that is controlled only by four GPS stations in
our interferograms and because of high uncertain-
ties of the preseismic SRD reconstructed from
GPS data relative to their magnitudes.

4.2. Model and method

For each interferogram, we model the large-
scale perturbation by a phase ramp characterised
by two constant gradients along east-west and
north—south direction, which implies that these

large-scale perturbations for an interferogram cor-
respond to equally spaced parallel fringes. Our
approach is similar to that of Murakami et al.
[29]: we compute the difference between each un-
wrapped interferogram and the GPS measure-
ments to perform a least-squares adjustment. In
this least-squares adjustment the model is ex-
pressed by:

Vi=Gp_w Xi+GnsYi+C (2)

where V; is the difference between the interfero-
gram and GPS at the ith GPS station, X; and Y;
are the coordinates of the corresponding pixel of
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Table 2

Coseismic interferogram information

Name Unwrapped? E-WP N-sP GPS stations® GPS rms diff.d SRD map rms diff.€
(7o) (107) (107) (cm) (cm)

AD 0.73 —0.02 —0.08 15 1.35 0.31

AE 0.72 —0.10 —0.06 21 1.67 0.62

AF 0.56 0.00 —0.02 16 1.5 0.59

BD 0.95 —0.19 —0.35 21 1.34 0.35

BE 1 —0.32 —0.33 24 1.72 0.31

BF 0.78 —0.21 —0.27 19 1.76 0.33

CD 0.69 —0.11 —0.09 21 2.02 0.58

CE 0.63 —0.21 —0.05 17 1.67 0.57

CF 0.7 —0.10 —0.02 18 1.69 0.41

4 Proportion of unwrapped pixels with respect to interferogram BE (626 817 unwrapped pixels).

® E-W and N-S gradients of large-scale perturbation (10~ or cm/km).

¢ Number of GPS stations used to calculate the gradients.

d

rected coseismic interferogram.

Rms difference between the displacements along the radar line of sight (SRD) at GPS stations and the SRD given by a cor-

¢ Rms differences between the SRD map (average of interferograms AD, BE et CF) and the SRD of a given coseismic interfero-

gram.

the ith GPS station, Gg_w and Gn_g represent the
two gradients of phase ramp and C is the constant
between the interferogram and GPS data. To
compute the V; value, we transform the three
components of the GPS displacement vector into
an SRD value, taking into account the local unit
vector from ground to satellite given in Table 1.
The adjusted phase ramp is then subtracted from
the interferogram, resulting in a corrected inter-
ferogram. Relative changes in A® in interfero-
gram are measured only to within an additive
constant, which is estimated by the parameter C
in Eq. 2. Then, a constant correction is also ap-
plied changing from relative to absolute un-
wrapped interferograms. This method assumes
that errors on GPS data do not introduce a sys-
tematic bias.

Theoretically, the GPS data could be used for
more complex modelling of the A@ perturbation
(e.g. by polynomial or spline methods). We justify
our model for two main reasons. First, we assume
that large-scale perturbations are mainly caused
by orbital errors. In such a case, this model,
which has already been used successfully [30], is
acceptable if there are few residual orbital fringes
and if the study area is only a portion of an ERS
scene. In this study, these conditions are fulfilled,
as illustrated by the pre- and postseismic inter-
ferograms (Fig. 4b). Second, considering the num-

ber of available GPS data, this simple model lim-
its the possible influences of GPS data errors on
interferogram corrections. The results of the ad-
justment are listed in Table 2.

5. InSAR coseismic displacement map

Comparison between Fig. 4a,c illustrates the
results of the corrections that remove the large-
scale perturbations. The differences between co-
seismic SRD calculated from GPS measurements
and SRD obtained from corrected interferograms
at each GPS station are given in Fig. 5b. It shows
that differences are less than *4.5 cm and mainly
lie within the error bars of the GPS data. The
root mean square (rms) differences for each inter-
ferogram range from 1.35 to 2.02 cm (Table 2).
Taking into account the nine coseismic interfero-
grams the rms difference is 1.66 cm. The absence
of significant large-scale residual perturbations in
the corrected interferogram supports the phase
ramp model that we adopted. In the corrected
interferograms, medium- and small-scale pertur-
bations remain, which are principally related to
the atmospheric effect and cannot be modelled
with GPS data. The dispersion of the corrected
A® values is expressed in Fig. 6a: it shows for
each pixel the standard deviation of the nine A®
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Fig. 6. Standard deviation of corrected coseismic interferograms and map of coseismic SRD. (a) Standard deviation ¢ (cm) of
the corrected coseismic interferograms. Black thick line, Chelungpu fault; light grey line, rivers. ¢ is calculated only where the
nine coseismic interferograms have been unwrapped. (b) Map of coseismic SRD that is the mean of the corrected interferograms
AD, BE and CF. Thin black lines are iso-contours of SRD in cm. The white arrows correspond to orbit track and viewing direc-
tions of the satellite. The map shows a continuous seaward decrease in SRD, with a maximum at the concavity of the Chelungpu
fault trace near the city of Taichung. The global trend is a seaward decrease in SRD gradient (spaces between iso-contours are

wider).

values available for this pixel (only the pixels that
have been unwrapped in all of the nine coseismic
interferograms are thus considered). These values
are quite constant over the available pixels, except
for river anomalies where standard deviations
reach 1.38 cm. The mean standard deviation is
0.4 cm.

To reconstruct the coseismic SRD map (Fig.
6b), we average the coseismic interferograms, ex-
pecting that this averaging should reduce the
main unmodelled perturbations. This assumes a
random distribution of the perturbations, as one
can reasonably expect considering the observed
atmospheric perturbations. Rather than using
the nine available coseismic interferograms, we
consider a combination of independent interfero-

grams. The six SAR images allow us to choose
amongst three possible combinations of three in-
dependent interferograms. The most coherent
combination is obtained with AD, BE and CF
interferograms. This method yields more reliable
points than that using the nine interferograms.
The rms differences between each coseismic inter-
ferograms and the coseismic SRD map range be-
tween 0.3 and 0.6 cm (Table 2), showing good
consistency between the coseismic interferograms.
We propose to use the rms difference between
GPS and all the coseismic interferograms, which
is 1.7 cm, as an uncertainty for the map (see dis-
cussion in Section 6.1).

The map of the coseismic SRD shows displace-
ments ranging from 36.7 cm (in the westward-
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concave bend of the Chelungpu fault near Tai-
chung) to 4.9 cm near the coast of the Taiwan
Strait. There is a seaward continuous decrease in
SRD (Figs. 4c and 6b). Considering the gradient
of SRD, the global trend is a decrease of the
gradient from the fault trace to the coastline
(Fig. 7). Looking in detail at the displacement
gradient, we locally observe a quasi-systematic
re-increase of the gradient from east to west,
which contrasts with the global decrease towards
the west. This anomaly (arrows 1 in Fig. 7) fol-
lows a line that exactly corresponds to the Chan-
ghua fault trace. This observation is significant
with respect to the uncertainties of the map.
One may question the origin of this anomaly, as
the profiles P;P’, P,P’ and P4P’ in Fig. 7 show
that the gradient anomaly is (as the fault) corre-
lated with a topographic feature. However, we
observed a similar change in gradient in profile

P;P’, which crosses the Changhua fault in a flat
plain area: an artefact that would be correlated
with the relief is thus ruled out. We consequently
interpret this anomaly as related to the Changhua
fault, whose surface trace is located 10-20 km
further west of the Chelungpu fault. To explain
this anomaly, we propose that a minor reactiva-
tion of the Changhua fault zone may have oc-
curred in response to the Chi-Chi earthquake, a
phenomenon similar to that reported by Genrich
et al. [31] in California (see also [32,44], who make
reference to other triggered slip). This triggered
reactivation does not necessarily reveal fault slip
reaching the surface; it may reflect surface flexur-
ing in a relatively narrow zone, related to deeper
reactivation of the Changhua thrust ramp. In any
case, such a displacement along the Changhua
fault would account for the change in coseismic
displacement field that induced the SRD gradient

SRD . §
(cm) PP ,
AD AE AF BD BE BF CD CE CF Map Relief|
VA 4 4 4 SV 2 4 P
height (m}{ height (m]
300 4 - 300
200 o 1 200
1
i o
o = 0
25(km) 5 10 15 20 25 30 35
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300 - 300
200 - » a 200
M
_ 0 4
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Fig. 7. Effect of the Changhua fault on the coseismic displacement field. (a) Map of gradient of coseismic SRD (with low-pass fil-
ter). It shows a global trend: a decrease (from red to dark blue) from east to west. The Changhua fault (dark grey dashed line)
exactly fits an anomaly in this trend indicated by the white arrows 1. This anomaly, characterised by a re-increase in SRD from

east to west, separates a blue-green area to the east from a re

d-yellow-green area to the west, contrasting with the global trend.

White arrows 2 indicate an anomaly that corresponds to the Tuntzuchio fault (compare with Fig. 1). White arrows 3 indicate an-
other, similar anomaly that could correspond to an unknown fault. (b—e) Four profiles (location in panel a) of the corrected co-
seismic interferograms, of the SRD map (black line) and of the relief (thin blue line) illustrating the anomaly 1. The black arrows
show the location of the re-increase in SRD gradient. The profile P3P’, which crosses a flat area, also shows the anomaly exclud-

ing an artefact linked to the relief.



E. Pathier et al. | Earth and Planetary Science Letters 212 (2003) 73-88 85

anomaly that we observed. Similar observations
and analyses can be made regarding two other
anomalies indicated by arrows 2 and 3 in Fig. 7.
Anomaly 2 exactly fits the surface rupture of the
Tuntzuchio fault caused by the major 1935 earth-
quake [33] (see location in Fig. 1). Anomaly 3,
west of the Changhua fault, does not correspond
to an identified fault; however, following the two
other correlations it is possible that this anomaly
also corresponds to a fault.

6. Discussion and conclusion
6.1. Reliability of results

To quantify the reliability of our coseismic
SRD map, we have proposed to attribute an un-
certainty value of 1.7 cm to the map, using the
rms difference between the SRD calculated from
GPS data and the SRD of the nine coseismic in-
terferograms. This value is greater than the usual
estimation of the uncertainty corresponding to the
rms difference between GPS data and the SRD
map, which is 1.2 cm in our study. These two
estimates are affected by the GPS errors, which
can be more than 3 cm in SRD, causing an over-
estimate of the map uncertainty. The mean stan-
dard deviation of the coseismic interferograms
(Fig. 6a), which is also an indicator of the uncer-
tainty of the SRD map, is 0.4 cm. Then, the un-
certainty evaluated from GPS data may be over-
estimated; however, the standard deviation of
coseismic interferograms depends on nine mea-
sures that are not completely independent and
does not take into account possible systematic
errors in coseismic interferograms. Moreover,
GPS data are not really independent of the
SRD map, because they are used to evaluate the
phase ramp gradients and the constants of the
interferograms (parameters Gg_w, Gn-s and C,
respectively, in Eq. 2). Thus, GPS data could in-
troduce systematic errors in the SRD map that
are not taken into account by the previous meth-
ods. Finally, as a precaution, we retained the 1.7
cm uncertainty given by the first method that is
likely an upper bound throughout the map.

If such a single value is statistically representa-

tive of the uncertainty of the coseismic SRD map,
it does not express the spatial variation of the
uncertainty across the map. The map of standard
deviation (Fig. 6a) is more informative to assess
these variations than to consider the changes,
from one GPS station to another, of the difference
between GPS data and the SRD map. Fig. 6a
shows that the highest values of the standard de-
viation map are distributed over areas of several
kilometres, for example at a river bed north of
Taichung or close to the fault. Regarding the dif-
ferent sources of errors of the coseismic SRD
map, atmospheric effects and non-coseismic dis-
placements are the main errors that can explain
this spatial distribution. Changes in atmospheric
state are not evenly distributed and can result in
areas where variability between interferograms is
high. Non-coseismic displacements can also pro-
duce a similar pattern in the spatial distribution.
To distinguish between atmospheric effects and
non-coseismic displacements, we need to analyse
the temporal evolution between interferograms:
atmospheric perturbations are expected to have
no continuous evolution with time. For instance,
regarding the variability close to the fault trace,
both origins can be suspected. The area is located
along a height change in the topography that can
favour atmospheric variation. Regarding non-co-
seismic displacements, significant postseismic dis-
placements are observed in the hangingwall by
GPS [34,35], and also by InSAR (small hanging-
wall areas in postseismic interferograms show
fringes that are consistent with deformation re-
vealed by the GPS analysis). These displacements
are related to a postseismic slip on the fault [34].
Thus, postseimic displacements on the footwall
are possible near the fault trace. Yu et al. [6]
did not apply any postseismic correction in the
footwall. However, the GPS network coverage is
low close to fault. The analysis of the temporal
evolution between interferograms shows that the
SRDs do not follow the logic of postseismic dis-
placements and that their variations have rather
an atmospheric origin. If the postseismic displace-
ments suspected in this part of the footwall
exist, they are too small relative to the atmo-
spheric effects to be detected by our InSAR anal-
ysis. The SRD temporal analyses made at the
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gradient anomalies (see Fig. 7) lead to similar
conclusions.

This discussion illustrates the limit of an esti-
mate of the uncertainty only based on GPS data
and shows the importance of having several co-
seismic interferograms to better determine the
spatial distribution of the uncertainties on the co-
seismic SRD map. Moreover, several coseismic
interferograms allow analysis of the temporal evo-
lution of the perturbations and, for instance, the
revealing of non-coseismic displacements that are
disregarded by the GPS network. This is particu-
larly important as the shortest coseismic interfero-
gram is not necessarily the best in quality.

6.2. Comparison with modelling of the distribution
of slip on the fault plane

Complementing information obtained from
seismicity, geodetic data have notably been used
to constrain the distribution of slip on the fault
surface of the Chi-Chi earthquake. Discrepancies
exist between the different published slip distribu-
tion models of the fault owing to different geom-
etries of the fault, different inversion methods and
data sets. Regarding the data, most of the models
are determined by the inversion of both GPS and
strong motion data [7,13,14,36]. Ma et al. [11]
also include teleseismic data, whereas Johnson et
al. [12] use only GPS data and Chi et al. [37] only
strong motion data. Dominguez et al. [8] combine
GPS data with horizontal coseismic displacement
inferred from correlation of SPOT satellite im-
ages.

InSAR results can be integrated as new geo-
detic constraints on the fault geometry and slip
distribution [30,38-40]. Although the coseismic
SRD map simply gives one-dimensional con-
straints on the coseismic displacement, it provides
a much larger spatial coverage than the GPS net-
work. To check the interest of such InSAR inte-
gration, we compare our results with two models
of slip distribution, from Dominguez et al. [§] and
Wang et al. [13]. These models are inverted with
Okada’s method in homogeneous elastic half-
space [41,42]; we use the Range-Change pro-
gramme [43] to reconstruct the predicted coseis-
mic SRD. Although both these models are glob-

ally consistent in trend with our results, they tend
to overestimate the displacements. For instance,
regarding the model from Dominguez et al. [§],
the rms difference between the model and the co-
seismic SRD map is 29 cm. Even excluding a 5
km wide strip along the fault trace, where the
largest discrepancies may be expected (notably
because of the approximate geometry of the fault
used in the model), the rms difference remains as
large as 15 cm. Moreover, it is noteworthy that
the deformation pattern observed is smoother
than those in the models. Model comparison
with InSAR results is particularly interesting as
it gives more precise information than comparison
with GPS data on the spatial distribution of the
model errors. In this way, we determined that the
model of Dominguez et al. [8] significantly over-
estimates the coseismic SRD in the area between
Pakuashan and the fault trace, which may result
from approximations in modelling the local fault
geometry. Concerning the regional overestimate
of the coseismic displacement by the models, Ji
et al. [14] noted that a layered-Earth model is
better than the half-space model for generating
static response. They indicated that for a thrust,
the fault response generated by the half-space
Earth model is, by 30% or more, larger than
that obtained with the layered model in the foot-
wall. Furthermore, because the largest coseismic
displacements occur on the hangingwall, the in-
versions are certainly more influenced by the
hangingwall data than by the footwall ones.

Considering a joint inversion including our re-
sults, the asymmetrical spatial distribution of In-
SAR measurement in the footwall only deserves
consideration because it can introduce a bias on
modelling [38]. Another problem, related to data
uncertainty, is the weighting of the data from dif-
ferent sources, which may also introduce bias in
the modelling [30].

Taking into account these precautions, our re-
sults provide new constraints to improve the
present-day knowledge on the Chi-Chi earth-
quake through modelling, especially in terms of
coseismic slip distribution or fault geometry.
Our valuable records of coseismic displacement
caused by the Chi-Chi earthquake are available
in most of the footwall domain of the reactivated
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Chelungpu fault. The use of InSAR combined
with the GPS information enables us to produce
a map of the coseismic displacement on the foot-
wall with centimetre accuracy, and with high res-
olution especially in the Taichung area. This re-
sult allows us to detect the influence of the
Changhua and Tuntzuchio faults on the coseismic
displacement of the Chi-Chi earthquake, that we
suppose to be caused by slight slip along these
faults triggered by the Chi-Chi earthquake. Based
on these observations, we also suppose the pres-
ence of another fault west of the Changhua fault
where a similar anomaly of the coseismic displace-
ment occurs. Thus, not only does the InSAR tech-
nique provide a powerful tool to extrapolate the
results of geodetic analyses, but it also has high
potential to reveal features that other methods fail
to reveal because of their punctual character (GPS
network or strong motion network) or limitation
in accuracy (correlation of SPOT satellite images).
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