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ABSTRACT

We investigated the surface deformation of the northern Taiwan area, including the Taipei basin and its surrounding
mountainous areas of the last fifteen years using the ERS-1, ERS-2 and ENVISAT SAR images. Although the Taipei basin
now is well developed and amenable to research gathering using the Differential Interferometric Synthetic Aperture Radar
(DInSAR) technique, the mountainous areas surrounding the basin are densely covered with various vegetation throughout
different seasons inducing high noise ratio in interferograms. Therefore the DInSAR technique is ineffective for observation
of surface deformations of these areas. As a result, we developed the Persistent Scatterer (PS) InSAR technique to extract
the phase signal of the chosen PS points for this study. Our analysis result shows that the atmospheric disturbance and DEM
residual can be successfully reduced and the precise information of surface deformation can be effectively obtained by the
PSInSAR technique not only in the basin but also in the mountainous areas. Integrating the DInSAR and PSInSAR results,
we observed conspicuous deformation events in northern Taiwan including: (1) the slight uplift in the Western Foothills, the
Tatun volcanoes, the Linkou Tableland and the Taoyuan area; (2) the subsidence at the border of the Taipei basin; and (3)
relative slight uplift rebound in the center of Taipei basin. The displacements along the Shanchiao, Chinshan, and Kanchiao
Faults are large enough to be observed; the Taipei, Hsinchuang, and Nankang Faults are too small and cannot be discerned.
Further comparison between the DInSAR, PSInSAR, and their corresponding leveling data shows a very coincidental pattern
and measurably improves the authenticity of radar interferometry.
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1. INTRODUCTION

Taiwan is located between the southeastern periphery economics in Taiwan, is located in the Taipei basin at the

of the Eurasian plate and the Philippine Sea plate. These two
converging plates produced very active tectonics, which is
revealed by the high seismicity and high deformation rate
(for example, Ho 1986; Tsai 1986; Yu et al. 1997). Tai-
pei, the most densely populated area, center of politics and
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northern part of the island. North of the Taipei basin, the
Tatun volcanoes are assumed to be products of extensional
collapse during the Pleistocene (Fig. 1; Teng 1990) after the
collision between the Luzon volcanic arc and Eurasian con-
tinental margin at about 5 Ma (Figs. 1a and b). In the 1990s,
the Unzen volcano on the island of Kyushu in Japan and
the Mount Pinatubo of the middle Luzon Island erupted (for
example, Bautista 1996; Newhall et al. 1996; Spence et al.
1996; Nakada et al. 1999; Yamashina and Shimizu 1999).
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Fig. 1. (a) Morphology of the Northern Taiwan area. Shaded picture from SPOT satellite imagery (data from Center for Space and Remote Sens-
ing Research Center, National Cnetral University, 2006). The Taipei basin is nearly triangular in shape and is bordered by the Western Foothills to
the south and east, the Tatun volcanoes to the north, and the Linkou Tableland to the west. Some fault lines marked by black lines include: (1) the
Chinshan Fault; (2) Shanchiao Fault; (3) Kanchiao Fault; (4) Taipei Fault; (5) Hsinchuang Fault; and (6) Nankang Fault. After the Central Geologi-
cal Survey’s report (Lin et al. 2000) only the Chinshan and Shanchiao are active faults (in solid white line). (b) Generalised geology of the northern
Taiwan area. Adapted from the Geological Map of Taiwan (published by the Central Geological Survey) and other maps.

Whether or not, like Unzen and Mount Pinatubo, the Tatun
volcanoes might erupt is an issue that needs to be discussed.
Moreover, several faults in and around the basin have been
reported (Fig. 1). In order to understand the tectonic activity
and mitigate the potential geological hazards of Taipei ba-
sin, monitoring the surface deformation in and around this
basin should be a top priority.

In the past few years, Differential Interferometric Syn-
thetic Aperture Radar (DInSAR) has proved to be a pow-
erful technique for monitoring neotectonic activities and
natural hazards (see, for example, Zebker et al. 1994; Mas-
sonnet and Feigle 1998; Chang et al. 2004). High spatial
sampling rate of DInSAR technique allows studies of sur-
face deformations with sub-centimeter accuracy. The aim of
our study is to apply the space-borne DInSAR to determine
the surface deformation of Taipei basin area, and discuss
the relation between the deformation pattern and the sur-
rounding faults. Therefore we chose 18 ERS-1 and ERS-2
SAR images acquired from 1993 to 2005 to generate 10 dif-
ferential interferograms of the northern Taiwan area. Moun-
tainous areas surrounding the Taipei basin are covered with
various blooming vegetation over different seasons (see
Fig. 1a). This induces a high noise ratio in interferograms
and largely reduces the DInSAR technique’s efficiency. As
a result, in this study we applied the newly developed Per-
sistent Scatterer (PS) InSAR technique in determining the
surface deformation. The process details and results of these
two techniques will be addressed in the following sections.
Note that although the radar interferometry can be utilized
as an effective geodetic tool with high spatial sampling den-
sity (~100 pixel km™), competitive precision (< 1 cm), and
useful observation cadence (~1 pass month™), the radar im-

ages provide only the relative slant range change from the
satellite view angle. Radar interferometric results cannot be
considered as the real surface deformation and need to be
compared to other geodetic measurements such as the GPS
and precise leveling data to obtain more complete under-
standing of the regional deformation.

2. DIFFERENTIAL INTERFEROMETRY
2.1 Methodology and Data Acquisition

In order to detect surface deformation, first we applied
the DInSAR technique. This approach extracts surface in-
formation by using the phase content of the radar signal as
an additional information source derived from the complex
radar data. Because of its great potential for mapping the
movement associated with large earthquakes, the use of In-
SAR for monitoring earth deformation process has received
considerable attention (see, for example, Zebker et al. 1994;
Massonnet and Feigl 1998; Pathier et al. 2003; Chang et al.
2004). In northern Taiwan, the tectonic activity of our study
area is relatively small and cannot be easily determined.
However, for flat and well developed areas, such as the Tai-
pei basin occupying the central part of the study area (Fig. 1),
because of sensitive characteristic, the DInSAR technique is
expected to reveal slight deformation features.

In this study, all used images are acquired from Euro-
pean Space Agency ERS-1 and ERS-2 satellites. The dif-
ferential interferograms processing was done by applying
DIAPASON software using a two-pass approach. The Tai-
wanese digital elevation model (DEM of Taiwan Forestry
Bureau), which is retrieved from 1 : 5000 topographic maps
and has a grid spacing of 40 m and average elevation accu-
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racy of 1 m, was used to correct the topographic contribu-
tion. The detail processing procedure is shown in Fig. 2.

The phase difference between two radar images ac-
quired at different times creates an interference pattern
called an interferogram (Massonnet and Feigl 1998). Sen-
sors loaded on ERS-1 and ERS-2 are C-band radars. There-
fore each cycle in rainbow colors (one total phase change)
in the resulted interferogram from red to blue, represents
decrease (or increase) of 28 mm in length at the distance
satellite versus earth surface. To clearly present our results,
we proceeded the interferogram unwrapping by using the
SNAPHU software (Fig. 2). For deformations reaching over
28 mm, after this unwrapping process, we can obtain the
slant (radar line-of-sight) range displacement results.

All images used in this study belong to the scene of de-
scending track 461/frame 3105 of ERS-1 and 2 satellites. To
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Fig. 2. Processing flowchart for DInSAR analysis used in this study.
The main processes include: Raw data process, SAR image process,
differential interferometry process, image filter process, phase un-
wrapping, stacking process. The SAR image and differential inter-
ferometry process were done by DIAPASON software by using the
two-pass approach; and, the Taiwanese digital elevation model and
precise orbital models released by Delft Institute for Earth-Oriented
Space Research (DEOS) have been applied to correct for the topo-
graphic contribution.

generate 10 differential interferograms, we chose 18 images
from 10 November 1993 to 30 April 2005, of which all per-
pendicular baselines are less than 100 m (Table 1 and Fig. 3).
The short baseline provides good altitude for ambiguities,
thus the phase contribution from orbital uncertainty in our
interferograms is very small. Since the satellites on each
pass do not exactly repeat same orbit, each successive im-
age sample is a slightly different region of the Earth’s sur-
face. In order to compare the same region for deformation
analysis, the images must be matched by aligning them to
one reference image (or “master image”, see Table 1). We
used the precise orbit released by Delft Institute for Earth-
Oriented Space Research (DEOS), along with an algorithm
that compares the amplitudes of the pixels in two images, to
evaluate shift and stretch parameters and then applied them
to the repeated slave images. Its precision is better than
5 cm. It, hence, can theoretically avoid most errors caused
by the orbit (Chang et al. 2004).

2.2 Analysis Results

The interferograms of each image pairs are shown in
Fig. 4. The results show that a slight deformation in Taipei
basin can be faintly observed. However, it seems to change
through time. This may be caused by both the different de-
formation behaviors and the technical uncertainty. In fact,
there are many factors that could affect the result of inter-
ferometry; in addition, the orbital error mentioned before
and the non-stationarity error can also be distinguished.
Non-stationarity errors are identified by two types. The first
type is similar to the noise with a vibration within a lim-
ited range: for example, errors from DEM, residual errors
caused by master and slave images, and errors caused by
ground targets. The second type of non-stationarity error is
similar to ground surface deformation. Distribution of this
type of error is not related to the characteristics of ground
targets. Instead, it is generally related to atmospheric condi-
tions. Although radio wave can penetrate clouds and water
vapor in the atmosphere, it attenuates during the penetration.
In some cases, this kind of error can reach or even surpass
0.4 of a fringe in an interferogram (Pathier 2003). More-
over, this kind of error is not easy to be recognized in the
interferometric result, and often brings the largest limitation
to DInSAR measurement.

In this study, in order to restrain possible error, we
pressed the observation cadence to its limit. As a result,
from the winter of 1993 to the summer of 2005, all image
pairs with a suitable baseline condition (less than 100 m)
were chosen (Table 1; Fig. 3). The interferometric results of
all image pairs are shown in Fig. 4. Because interferograms
record only relative phase changes, we cannot identify the
fringe corresponding to no deformation directly. Therefore
we designated a point with a stable reflecting signal in all in-
terferograms (in the center of the Taipei Basin) to carry out
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an unwrapping operation and then stacked all unwrapped
interferograms to obtain an average slant range displace-
ment field of the study area (Fig. 5a). The mountainous area
with low signal coherence has been masked in this stacked
map. Note, the reference point in this study is man-designat-
ed; the deformation filed shows the relative but not absolute
value.

In case the cross-track displacement is limited, short-
ening in satellite slant range direction principally represents
the land uplift and elongation can be considered as land sub-
sidence. Inside the Taipei basin, because the relative hori-
zontal displacement is very small (Rau et al. 2008), the slant
range displacement pattern shown in Fig. 5a implies that
the center of the Taipei basin is uplifted (rate in negative
with warm colors); and the margin of the basin is relatively
subsided (rate in positive with cold colors). The activity of
the Shanchiao, Kanchiao and Taipei Faults appears to be
insignificant for the deformation inside the basin.

Further, we compared our DInSAR result with precise
leveling measurements from 1992 to 2003 achieved by En-
ergy and Environment Research Laboratories, Industrial
Technology Research Institute (ITRI annual report, 2001
~ 2005). In general, to achieve a meaningful comparison,
the displacement vector (in three components) measured by
other technique needs to be projected onto the satellite slant
range direction (Chang et al. 2004). However, in this study
our comparisons are engaged without any projection pro-
cesses and additional calculations. The reasons include (1)
the leveling data only has a vertical component; (2) the in-
cident angle is small (around 23°); and (3) the relative hori-
zontal displacement in cross-track direction is very small
(Rau et al. 2008). Figure 5b shows that the DInSAR result is

very consistent with the leveling measurement. Both clearly
show that the largest subsidence occurred in western part
(near point 2) and a relative uplift in central part of the basin
(between point 5 to point 8).

Considering the irregularly distributed deformation
pattern, ground water is a possible factor for recent defor-
mation in the Taipei basin. According to some previous
studies and local reports, for example Chen et al. (2007) and
the Water Resources Agency’s annual report, 1957 to 1973,
a 40 meter water table decline has been observed causing
at least 2 m of land subsidence. Also from 1974, the de-
scending trend slowed down; from 1981, land subsidence
was almost ceased; and since 1990, some local uplift events
were reported however very small. Because the radar image
dates back only to 1993, we cannot observe this change in
the Taipei basin. Nevertheless, a slight uplift follow-up can
still be observed in Fig. 5.

3. PERSISTENT SCATTERER INTERFEROMETRY
3.1 Methodology and Data Acquisition

The DInSAR technique provides continuous observa-
tion for the flat area. However, for the mountainous area
around the Taipei basin, because of the low correlation, this
technique is unable to determine the phase change signal
upon which to draw any conclusions about the regional
surface deformation. For a SAR image, the value of each
pixel remains the coherent sum of the returns from many
scatterers on the ground. If these sactterers move or change
with respect to each other along with time (between satel-
lite passes), like scatterers of the vegetation or agriculture
area, the returned phase will vary in a random manner which

Table 1. Parameters of SAR image pairs used for DINSAR analysis. Date of acquisition, interval time, and perpendicular baseline (B L) are shown.

Track = 461, frame = 3105.

Pair Master image Satellite Slave image Satellite Bl (m) Days
1 19950616 ERS-1 19931110 ERS-1 24 583
2 19951208 ERS-1 19950721 ERS-1 -32 140
3 19970201 ERS-2 19951209 ERS-2 -57 420
4 19980328 ERS-2 19970308 ERS-2 -31 385
5 19990626 ERS-2 19970201 ERS-2 -55 875
6 19990904 ERS-2 19981024 ERS-2 54 315
7 20001028 ERS-2 20000122 ERS-2 -49 280
8 20010106 ERS-2 19990904 ERS-2 86 490
9 20041106 ERS-2 20030705 ERS-2 16 490
10 20050430 ERS-2 20030913 ERS-2 -78 595
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leads to decorrelation. However, if a pixel is dominated by duced, and may be small enough for extracting the underly-
only one stable scatterer that is brighter than the background ing deformation signal. Ferretti et al. (2000 and 2001) first
scatterers, the variance in the phase of the returning signal indentified this type of pixel as a Permanent Scatterer™.
due to the change of the background scatterers will be re- In order to avoid this trademarked name, now we generally
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Fig. 3. Image pairs used for DInSAR analysis in this study. All images are acquired by satellites ERS-1 and 2 in the descending orbit track 461, frame
3105. Cross axle: acquisition time; vertical axle and the number in parentheses: perpendicular baseline (B_L) in meter.
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Fig. 4. Differential interferograms of the northern Taiwan area. Time interval and perpendicular baseline are shown in Fig. 3 and Table 1. White
line: fault line; blue line: administrative boundary.
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Fig. 5. (a) Stacked unwrapped result of the interferograms in Fig. 4. Red line: fault line; blue line: administrative boundary; points 1 ~ 9: leveling
survey points of Energy and Environment Research Laboratories, Industrial Technology Research Institute. (b) Comparison between leveling mea-
surement (white points linked by black line) achieved from 1992 to 2003 by ITRI (ITRI annual report, 2001 ~ 2005) and DInSAR result (small red

points) based on images acquired from 1993 to 2005.

use persistent scatterer to call this type of pixel. Physically,
these stable scatterers might be a tree trunk or a single large
rock among the vegetation.

Methods to identify and isolate these PS pixels in in-
terferograms have been developed by several groups (e.g.,
Ferretti et al. 2001; Adam et al. 2003; Crosetto et al. 2003;
Lyons and Snadwell 2003; Werner et al. 2003; Kampes
2005). All of these methods use a functional model of how
deformation varies with time to figure PS pixels, and have
been very successful in calculating PS pixels in urban areas
undergoing (primarily) steady state or periodic deforma-
tion. In these algorithms, initial set of PS pixels with a high
signal-to-noise ratio is identified by analyzing the amplitude

variation, pixel by pixel, in a series of interferograms. Once
an initial set of amplitude-stable pixels has been identified,
each candidate pixel is tested for phase stability by examin-
ing its phase differences with nearby candidates. This ap-
proach can fail for two reasons. First, it can fail if the dis-
tance between neighboring PS pixels is too large, such that
the contribution to the unmodeled phase from the difference
in delay along the raypaths through the atmosphere exceeds
the limit for reliable unwrapping. The second limitation
is that an approximate model for the temporal variation
in deformation is needed to isolate the deformation signal
from atmospheric, topographic and other phase errors. As
the time dependence of deformation is not usually known a
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priori, it is usually assumed to be approximately constant in
rate or periodic in nature.

Hooper et al. (2004 and 2007) developed a new PS
method to extract the deformation signal from SAR data of
the area that contains few man-made structures and that de-
formed at variable rates during the time interval analysis.
This method largely increases the accuracy of the estimated
displacements and also makes it applicable in area with
widely varying deformation gradients. In this study, we ap-
ply Hopper’s method, the StaMPS (Stanford Method for PS,
Hooper et al. 2007), for identifying PS pixels and estimat-
ing their displacement. The detail processing procedure is
shown in Fig. 6. All images used in this study are acquired
by descending European Space Agency ENVISAT satel-
lite. In all, we chose 21 images from 22 November 2003
to 1 December 2007 to calculate the displacement field of
the northern Taiwan area (Table 2; Fig. 7). Considering the
baseline condition and time span, the master image is fixed
on 17 September 2005. The maximum perpendicular base-
line is 824 m.

3.2 Analysis Results

Figure 8 shows the unwrapped phase of PS pixels of
each image referenced to the master image. In these inter-
ferograms the Taiwanese digital elevation model mentioned
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before has been applied to remove the topographic effect;
however, the residual phase results shown in Fig. 8 still
contain errors from several other sources. Theoretically,
the residual phase, ¢, of the xth pixel in the ith topographi-
cally corrected interferogram can be written as the sum of
5 terms,

¢.u- = (I)M xit ¢a, it q)urb, it ¢e. xit Ny (1)

where ¢, is the phase change due to movement of the pixel
in the satellite line-of-sight (LOS) direction, ¢, is the phase
equivalent of the difference in atmospheric retardation be-
tween passes, ¢, is the phase due to orbit inaccuracies, ¢,
is the residual topographic phase due to error in the DEM
and 7 is the noise term due to variability in scattering from
the pixel, thermal noise and coregistration errors. Because
the PS pixels were defined where n is small enough, this
component will not be discussed below.

The phase error from uncertainty in the DEM is pro-
portional to the perpendicular component of the baseline,
B L; this error can thus be estimated and corrected by using
precise orbit data (Hooper et al. 2004) (Fig. 9a). After cor-
rection for estimated DEM error, the phase difference be-
tween neighboring PS is generally less than m, the corrected
phase values can thus be unwrapped. After unwrapping, the
atmospheric and orbit errors still remain in interferograms
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Fig. 6. Processing flowchart for PSInSAR analysis used in this study. The main processes include: Raw data process, SAR image process, differ-
ential interferometry process, PS selecting, intersection of PS and phase extracting, phase unwrapping, DEM error correcting, atmospheric filting.
The SAR image and differential interferometry process were done by DORIS software, all PS processes were done by StaMPS software developed

by Hooper et al. (2004).
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Table 2. Parameters of ENVISAT-SAR images used for PSInSAR analysis. The master image is fixed on 17 September 2005. 2004 Information of
the slave images of each pair, including date of acquisition, interval time, and perpendicular baseline (B L) with the master image are shown. Track

=461, frame = 3105.

Pair Satellite Date Orbit Bl (m) Days
1 ENVISAT 20031122 9032 -824.6 -665
2 ENVISAT 20040306 10535 -270 -560
3 ENVISAT 20040410 11036 476.8 -525
4 ENVISAT 20040515 11537 -538.6 -490
5 ENVISAT 20040619 12038 -224.2 -455
6 ENVISAT 20040724 12539 77.7 -420
7 ENVISAT 20040828 13040 -261.5 -385
8 ENVISAT 20041002 13541 -324.7 -350
9 ENVISAT 20041106 14042 -250.4 -315
10 ENVISAT 20041211 14543 -458.5 -280
11 ENVISAT 20050604 17048 -609.9 -105
12 ENVISAT 20050709 17549 617.3 -70
13 ENVISAT 20050813 18050 -628.9 -35
Master Image ENVISAT 20050917 18551 0 0
14 ENVISAT 20060902 23561 206.4 350
15 ENVISAT 20061007 24062 -735.8 385
16 ENVISAT 20070120 25565 164.2 490
17 ENVISAT 20070224 26066 -126.6 525
18 ENVISAT 20070331 26567 78.9 560
19 ENVISAT 20070714 28070 -306 665
20 ENVISAT 20071201 30074 -101.8 805
2003 | [ 2004 | [ 2005 | 2006 ' ' [ 2007 |
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Fig. 7. Image pairs used for PSINSAR analysis in this study. All images are acquired by satellitt ENVISAT in the descending orbit track 461, frame
3105. Cross axle: acquisition time; vertical axle and the number in parentheses: perpendicular baseline (B L) in meter. Considering the baseline
condition and time span, the master image is fixed on 17 September 2005. The maximum perpendicular baseline is 824 m of pair-1. Some detail
parameters in Table 2.
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Fig. 9. (a) Estimated DEM error of master image. (b) Atmospheric and orbit error of master image. (c) The unwrapped residual phase result of PS
pixels. Because the errors of (a) and (b) have been removed, this result can be considered as the slant range displacement rate between the PS and
satellite.
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and mask ¢, Unlike ¢, the spatially correlated portion of
these terms is assumed to be uncorrelated temporally. Thus,
by high-pass filtering the unwrapped data in time then low-
pass filtering in space we are able to estimate the spatially
correlated error (Ferretti et al. 2001) (Fig. 9b). Subtracting
this signal from interferograms leaves just ¢, and spatially
uncorrelated error terms that can be modeled as noise.
Figure 9c shows the unwrapped residual phase result of
PS pixels, in which the errors mentioned before have been
removed. Therefore it can reflect the line-of-sight distance
change rate between the PS and satellite. With the same
definition in color, in this figure shortening (rate in negative
value with warm colors) represents land uplift and elonga-
tion (rate in positive value with cold colors) represents land
subsidence in a slant range direction. Because the PSInSAR
provides only the relative observation, the results shown in
Fig. 9c are not the absolute displacement rate but only the
relative offset with neighboring areas. For example, the ap-
parent subsidence in Taipei basin just suggests that the rela-
tive offset between the Linkou Tableland and the Taipei ba-

sin reaches about 10 mm yr! for the observing time span.
In order to obtain a reasonable displacement field and
conveniently compare other measurements, we used the
base point of “Taiwan Vertical Datum 2001” (known as
TWYVD 2001) installed by the Department of Land Admin-
istration, Ministry of the Interior in Keelung harbor as the
control point (fixed pixel) to adjust our PS result (Fig. 10).
After this adjustment, the slant range pattern shown in
Fig. 10 can be considered as the phase result of near-true
surface deformation. The most conspicuous pattern is the
subsidence inside the Taipei basin. Still, some uplifts (short-
ening in slant range direction) can also be observed in the
Linkou Tableland, the Western Foothills, the Tatun volca-
noes, and in the mountainous area between the Kanchiao
and Taipei Faults (Fig. 10). The vertical displacement rate
obtained by a recent leveling survey (2004 ~ 2005 and 2005
~ 2006) along the Tanshui River and the northern coastal
line (Lines A and B in Fig. 10; Hou 2007) provides us a
good opportunity to check our PSInSAR observation. As
the same reason mentioned before, we engaged in this com-

Fig. 10. Slant range displacement rate of the processed PSs in the northern Taiwan area. This result has been adjusted by using the base point of
“Taiwan Vertical Datum 2001” installed by the Ministry of the Interior in Keelung harbor as the control point. Topographic map in background is
the Taiwan digital elevation model from Taiwan Forestry Bureau. Shortening in slant range (rate in negative with warm colors) represents land uplift
and elongation (rate in positive with cold colors) represents land subsidence in slant range direction. Black solid lines mark the main active faults
and dashed lines are the inactive faults defined by the Central Geological Survey: (1) Chinshan Fault; (2) Shanchiao Fault; (3) Kanchiao Fault; (4)
Taipei Fault; (5) Hsinchuang Fault; and (6) Nankang Fault. Black triangular: leveling survey points after Hou (2007). White dashed lines encircled
the PS pixels that will compare with leveling data along profiles A and B in Fig. 11. Black dashed line frame XX’ defines the PS pixels that will

show in Fig. 12.
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parison without any projection processes. Figure 11 shows
that along profiles A and B the PSInSAR results fit well with
their corresponding leveling data; both show that the Chin-
shan Fault is a clear boundary, across which the displace-
ment rate clearly demonstrates the difference (eastern side
is relatively subsiding). This consistency largely enhances
our confidence on PSInSAR technique and encourages us to
derive the following discussion.

4. DISCUSSION

The drilling data shows that the Taipei basin is floored
with Tertiary basement and filled with flat-lying Quaternary
sediments. The depth of the basement increases from the

eastern margin toward its western margin, where it reaches
the maximum depth of about 670 m (Wang et al. 1995; Teng
et al. 2001). This configuration suggests that the Taipei ba-
sin may be a half-graben abutting against the Shanchiao
Fault, which is an east-dipping high angle normal fault (Lin
et al. 2000) in the western boundary of the Taipei basin.
Under this configuration, the area near the Shanchiao Fault
should have a higher subsidence rate. Even the trace of the
Shanchiao Fault cannot be clearly observed, our PSInSAR
result generally supports this expected pattern and shows
that the largest subsidence rate occurred in the Lujhou,
Hsinchuang, and Sanchong areas (Fig. 10).

Because the Tatun volcanoes were recently active, and
at around 0.2 Ma a lahar derived from the Tatun volcanoes
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blocked the outlet of the Tanshui River inundating the Tai-
pei basin and creating a lake (Teng et al. 1991). The active
deformation of Tatun volcanoes and relative faults is an is-
sue that should be discussed. In Fig. 10, the PS result shows
a clear displacement pattern for the Tatun volcanoes area:
considering the Chinshan Fault as a boundary, by compar-
ing with the southeastern side, northwestern is under rela-
tive uplifting. Near the northern coastal area, this displace-
ment is obvious, but it is very obscure in the central part
of the Chinshan Fault where this fault is partially covered
Pleistocene volcanic breccia (Lin et al. 2000) and is difficult
to be traced. In the southern part of the Chinshan Fault, this
displacement can be observed and connected with that of
the Shanchiao Fault.

Also the average altitude of volcanoes on the north-
western side of the Chinshan Fault is higher than that on
the southeastern side (Fig. 10). This topographic feature
implies that the movement along Chinshan Fault is not a
recent event but might have been active in a distant period.
However, this observation does not follow the geometry and
kinematics of the Chinshan Fault proposed in previous stud-
ies: as an east-dipping reverse fault (e.g., Lin et al. 2000).
Our preliminary explanation is that the recent displacement
occurring along the Chinshan Fault may be controlled by
the post-collision extensional tectonic regime as proposed
by Teng et al. (1991). This extensional tectonic regime re-
opened the relic of Chinshan Fault but in normal faulting
manner (east-dipping high angle normal faulting). In the
south, the activity along the Chinshan Fault can be related
to the newly generated Shanchiao Fault, which plays an im-
portant role in forming the Taipei basin.

East of the Tatun volcanoes, activity of the Kanchiao

Fault can also be observed (Fig. 10). The PSs on southeast-
ern side of Kanchiao Fault are relatively uplifted compared
with those on the northwestern side (Figs. 10 and 12). The
Kanchiao Fault has been reported as an east-dipping reverse
fault by previous studies (for example Huang et al. 1991),
the observed deformation pattern can thus be explained as
an activity of this reverse fault. But, if we consider the re-
gional tectonic regime and the movement of the Chinshan
Fault mentioned before, this displacement along Kanchiao
Fault could also be the result of west-dipping normal fault-
ing. Some further evidence supporting the normal faulting
mechanism includes: (1) the subsidence rate almost equal
anywhere in the block between Chinshan and Kanchiao
Faults without any tilting what often appears associated with
a thrust faulting (Fig. 12); (2) the movement of the Tanshui
River channel from the western border of the Taipei basin to
its center, forming a good fit with the possible southern pro-
longation of Kanchiao Fault (see the abandoned river chan-
nel west to Lujhou and Sanchong in Fig. 10); (3) normal
faulting type in most shallow earthquake focal mechanism
solutions (Yeh 1990, unpublished report). All these features
force us to believe that, even at the beginning its nature was
reversed, the west-dipping normal faulting plays an impor-
tant role in the recent movement along the site of Kanchiao
Fault.

The deformation inside the Taipei basin can be ob-
served by both DInSAR and PSInSAR techniques. In
Fig. 5, the relative displacement field of DInSAR shows
that the center of the Taipei basin is under uplifting and the
margin of the basin is under subsidence. This pattern is not
obvious in the PSInSAR result shown in Fig. 10 because of
two reasons: (1) after an adjustment considering the base
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Fig. 12. Slant range displacement of PS pixels in the northern tip of Taiwan Island (in frame XX’ of Fig. 10). Clear subsidence can be observed in
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point of TWVD 2001 as the fixed pixel, the PS pixels inside
the Taipei basin are all during the subsidence; (2) the time
span for DInSAR (from the winter of 1993 to the summer
of 2005) and PSInSAR (from the end of 2003 to the end of
2007) analyses are different. After some local reports and
previous studies (e.g., Chen et al. 2007), the relative uplift
rate in the center of Taipei basin slowed down after 2000
and may have even ceased in 2003. The difference pattern
between DInSAR and PSInSAR results may just reflect this
change. Because these two results fit well with their com-
pared leveling data (for DInSAR, leveling data acquired
from 1992 to 2003 and for PSInSAR, leveling data acquired
from 2004 ~ 2006), we consider that the patterns in Figs. 5a
and 10 are all acceptable. Anyhow, in PSInSAR result we
can still observe that the central part of Taipei basin is under
relative uplift. Comparing the Hsinchuang area, the uplift
rate of the Taipei station is about 2 mm yr' (Fig. 10), which
reaches almost a half of the rate determined by DInSAR
technique shown in Fig. 5.

The deformation pattern of the Linkou Tableland and
Taoyuan area shown in Fig. 10 is smoother. The relative
displacement rate between the Linkou Tableland and the
Taoyuan area is less than 2 mm yr! during the observing
time span and does not reveal any clear relationship with the
fault distribution. In that area, there are many large indus-
trial parks with factories, which before 2000, pumped a con-
siderable amount of the ground water for industrial use and
induced large scale land subsidence in many places (Chang
et al. 2004). Therefore, the uplifting pattern in this area may
reflect a post-pumping rebound. To sum up, for the area
west to the Shanchiao Fault, the surface deformation seems
to be without any relationship with Hsinchuang and Nank-
ang Faults. Thus we infer that these two faults may be inac-
tive during our observing time span from 2003 to 2007.

5. CONCLUSION

In this study, DInSAR and PSInSAR techniques have
been applied to observe the surface deformation of the
northern Taiwan area. Each technique has its own strength
and weakness. For example, the advantage of the DInSAR
technique is that the surface deformation information can
be directly extracted by using only two images acquired
at different times; the weakness rests principally in the
weather conditions, a different weather pattern of an image
acquisition time may usually raise a considerable residual
atmospheric error. Even though we can remove most atmo-
spheric errors by stacking interferograms of different time
spans (for example, the case shown in Fig. 5a), some atmo-
spheric effects are believed to be still existed. Moreover, af-
ter stacking process, the displacement field that we obtained
is a mathematical average displacement rate; some temporal
and local events can be diluted and could not be revealed.
The other limitation for the DInSAR technique is from the

topography and covered vegetation. Both of these reduce
the coherence of radar images making phase analysis very
difficult. It is why the result shown in Fig. 5a covers only
the urbanized flat inside the Taipei basin.

Development of PSInSAR is aimed at solving the
weakness of DInSAR. This technique considers only the
stable scatterer that is brighter than the background scatterer
and thus can reduce the noise ratio in radar image and effec-
tively extract the deformation signal. Since PSInSAR tech-
nique does not use every scatterer on the ground, the resolu-
tion (density of pixels) of this technique in a mountainous
area with dense vegetation can be consequently reduced;
phase unwrapping in the PSInSAR technique is therefore a
crucial process for the area with lower PS density. Another
constraint for PSInSAR is data acquisition and observation
time span. For an effective PS calculation, at least around
twenty images are needed, the shortest observation time
period, considering the observation cadence as 1 pass per
35 days, is at least 2 years. For the emergent and temporal
event, such as the co-seismic surface deformation associ-
ated with large earthquake, the PSInSAR technique is thus
difficult to apply.

The DInSAR technique successfully revealed the dis-
placement pattern of the Taipei basin but failed in reveal-
ing a similar pattern to the surrounding mountainous area.
In order to observe the deformation of mountainous area,
we utilized the PSInSAR technique to engage this measure-
ment. Our results proved that the PS technique is capable in
measuring the deformation of mountainous areas; the defor-
mations of Tatun volcanoes, Linkou Tableland and Western
Foothills are all clearly exposed. In this study, we further
compared the DInSAR and PSInSAR results with the cor-
responding leveling data. The coincidence between these
techniques with different natures largely improved our con-
fidence on radar interferometry. We conclude that the PS
technique is capable of measuring a mountainous area with
vegetation in subtropical areas such as Taiwan orogene. We
believe that in the future, this technique will be usefully ap-
plied to other areas, especially for remotely and locally de-
veloped Western Foothills where is threatened by the active
faults and geological hazards.
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