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Geodeticallymeasured surface displacements are produced by a combination of underlyingdeformation process-
es acting at different spatial and temporal scales. A complete history of surfacemeasurements in an area can help
discriminate contributions from tectonic, hydrologic, and anthropogenic processes. In this study,we use Synthet-
ic Aperture Radar (SAR) images of the active mountain front and adjacent coastal plain of southwestern Taiwan
to generate time series of surface deformation from 1995 to 2001 and from 2005 to 2008 based on the InSAR
small baseline method. The InSAR measurements agree well with LOS motions estimated from continuous GPS
measurements of 3D displacements between 2006 and 2008. A significant range increase in line of sight (LOS)
is dominated by land subsidence in the coastal area of western and southwestern Taiwan. Subsidence rates
vary with annual periods and are highly correlated with seasonal precipitation, which are likely associated
with groundwater recharge and withdrawal. The long-term deformation is dominated by long-term tectonic
loading in SW Taiwan during the interseismic period of the earthquake cycle, including elastic strain along or
continuous creep on the active faults. Our results show the ability of InSAR to reveal spatiotemporal crustal
deformation in western Taiwan with high spatial resolution and accuracy, which is potentially important for
evaluating seismic hazards.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Taiwan is one of themost active tectonic regions in theworld driven
by the collision of the Eurasian Plate and the Philippine Sea Plate
(Fig. 1a). Spatio-temporal variations of displacements at the earth's sur-
face result from fault-related crustal deformation during inter-, co-, and
postseismic periods. With help from modern geodesy techniques, it is
possible to develop kinematic models to improve our understanding
of seismic and aseismic fault slips and to determine the seismic poten-
tial of faults (Avouac, 2015). On the other hand, substantial crustal de-
formation could also be the result of non-tectonic processes. For
example, land subsidence due to anthropogenic activities has been a
growing concern in western Taiwan (Liu et al., 2004). The pumping of
groundwater leads to a drop in hydraulic head levels in aquifers, re-
duces pore fluid pressure, accelerates compaction of sediments, and re-
sults in land subsidence (Schmidt and Bürgmann, 2003). Annual
recharge and discharge of groundwater cause the hydraulic head level
to rise and fall duringwet and dry seasons, respectively. The poroelastic
response of the aquifer leads to surface rebound and subsidence that is
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observable geodetically (e.g. Schmidt and Bürgmann, 2003; Chaussard
et al., 2014; Miller and Shirzaei, 2015). On a decadal time scale, tectonic
interseismic deformation tends to be steady, whereas periodic and
mostly vertical deformation is diagnostic of land subsidence/rebound.
As a result, geodetic measurements in space and time could potentially
separate tectonic movement from hydraulic activities.

Geodetic measurements including GPS and leveling have provided
valuable observations of crustal deformation in Taiwan (Yu et al.,
1997; Ching et al., 2007; Hsu et al., 2009; Lin et al., 2010). The GPS net-
work, with stations generally spaced less than 10 km apart, highlights
the uplift/subsidence regions as well as a generally NW–SE shortening
pattern in Taiwan (Fig. 1b and c). However, these measurements do
not provide the high spatial resolution needed to resolve surface creep
on individual faults or to accurately constrain the fault locking depth.
Synthetic aperture radar interferometry (InSAR) has been used tomon-
itor crustal deformation since the early 1990s. InSAR is a unique tool
that provides a high-resolution 2-D image of surface deformation for a
target area and has wide applications in studies of earthquake cycles,
volcanic deformation, glacier movement, land subsidence, and various
other natural and anthropogenic deformation processes (Bürgmann
et al., 2000). In western Taiwan, several studies have used InSAR to
investigate interseismic crustal deformation (e.g. Fruneau et al., 2001;
Huang et al., 2006, 2009; Wu et al., 2013), coseismic surface
deformation in Western Taiwan: Insight from SAR interferometry,
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Fig. 1. (a) Seismicity (M N 1) distribution in western Taiwan between 2000 and 2010. The color of the dots indicates the depth of seismicity, the black lines are active faults published by
Central Geology Survey (CGS), and the white dashed lines are the boundaries of major geologic units in Taiwan. The seismicity data are downloaded from the Taiwan Earthquake Center
(TEC). Faults—MSF:Meishan fault; TCF: Tsochen fault; HHF:Hsinhua fault;HJF: Houjiali fault; CSF: Chishan fault; FSF: Fengshan fault; CCF: Chaochou fault; CLPF: Chelungpu fault. Tectonic
units—WP:Western Plain;WF:Western Foothills; PP: Pingtung Plain; HR: Hsuehshan Range; CR: Central Range; CTR: Costal Range. (b) Mean vertical velocities projected to SAR satellite
look angle based on continuous GPS time series during 2005–2008. (c) Mean annual horizontal velocities projected to the satellite look direction (~N75°W). The hexagon in (b) and
(c) is the reference point. The thick gray lines in (b) and (c) are the county boarders in Taiwan. The labels indicate name of the counties mentioned in this study. (For interpretation of
the references to color in this figure legend, the reader is referred to the online version of this chapter.)
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displacements (e.g. Pathier et al., 2003; Chang et al., 2004; Huang et al.,
2013), and land subsidence (e.g. Hung et al., 2010, 2011; Tung and Hu,
2012; Hsieh et al., 2011). These studies only focus on measurements
of the mean temporal deformation pattern, and they lack observations
of temporal changes, which could provide additional information of
longer-term (e.g. decadal) and shorter-term (e.g. seasonal) variations
of deformation. In recent years, InSAR methods have been developed
to detect stable point scatterers (or persistent scatterers) from interfer-
ograms and generate time series of displacement for each point scatter-
er (Ferretti et al., 2000; Hooper, 2008).

In this study, we process InSAR data spanning western Taiwan in-
cluding (from north to south) Taichung, Changhua, Yunlin, Chiayi,
Tainan, Kaohsiung, and Pingtung counties (see Fig. 1b for location of
counties) to reveal crustal deformation in the region at high spatial res-
olution. We use an InSAR processing method building on a small base-
line (SBAS) algorithm (Berardino et al., 2002) to detect stable point
scatterers and generate time series of line of sight (LOS) displacements
between 1995–2001 and 2005–2008. To validate the accuracy of our
InSAR results, we incorporate continuous GPS (CGPS) time series re-
corded at 144 stations, during 2005–2008 (Fig. 1b and c). We convert
the three-component GPS displacement time series into the corre-
sponding InSAR LOS motions, and calculate the mean velocity and the
amplitude of seasonal displacement cycles of GPS and InSAR measure-
ments, respectively. With time series analysis, we can further investi-
gate the seasonal surface displacements and find relationships with
precipitation, groundwater table (or hydraulic head level) changes,
Please cite this article as: Huang, M.-H., et al., Fifteen years of surface
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and anthropogenic activities. These non-tectonic deformation processes
are different from steady tectonic interseismic motions, surface slip
along aseismically creeping faults and earthquake events (e.g. the
1999 Mw 7.6 Chi–Chi earthquake). We aim to separate out short- and
long-term deformations based on the high density of point scatterer
time series observations. This information is of value for water resource
management as well as for natural hazard mitigation in western
Taiwan.

2. Geologic setting of Taiwan

The Taiwan Island is the result of oblique collision between the
Philippine Sea Plate and the continental margin of the Eurasian Plate
(Suppe, 1984). The Philippine Sea Plate is moving northwest at a con-
vergence rate of ~82 mm/yr (Yu et al., 1997; Lin et al., 2010). This
two-plate collision gave rise to a series of north–south trending moun-
tain ranges and active fold-and-thrust belts, and also brings about de-
structive earthquakes (Shyu et al., 2005; Lin et al., 2010; Ching et al.,
2011).

Five geologic domains are separated by major boundary fault struc-
tures. Fromwest to east, several major NS trending fault zones separate
the Coastal Plain, the Western Foothills, the Hsuehshan Range, the
Central Range, and the Coastal Range (Fig. 1a). The Coastal Plain is com-
posed of Quaternary alluvial depositsmainly from theWestern Foothills
and the Central Range. The Western Foothills are composed of shallow
marine sediments from the late Oligocene to early Pleistocene (Hsu
deformation in Western Taiwan: Insight from SAR interferometry,
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et al., 2009), which were deformed by north–south trending fold-and-
thrust structures since the early Pleistocene (Ho, 1986). The Central
Range is the main divide of the river systems in western and eastern
Taiwan, and is mainlymade ofmetamorphic units that were rapidly ex-
humed (~3–5 mm/yr), since the Pliocene (e.g., Fuller et al., 2006).

Based on the relocation ofmore than 110,000ML 1–4 earthquakes in
Taiwan, the seismicity indicates an extensive, shallowly east dippingde-
tachment beneath central Taiwan at ~10 kmdepth (Carena et al., 2002).
Several bedding-parallel thrust ramps flatten to this main detachment
underneath the Western Foothills and are capable of producing large
displacement along the thrust ramps such as in the 1999 Mw 7.6 Chi–
Chi earthquake in central Taiwan. In southwestern Taiwan, shallow seis-
micity extends toward the Tainan coastal area (Fig. 1a). South of this
seismic zone, surface fault creep is observed at the eastern margin of
the Tainan Tableland that could be due to continuous slip of the Houjiali
fault (HJF in Fig. 1a) (Fruneau et al., 2001; Huang et al., 2006, 2009). In
southern Taiwan, the Chishan fault (CSF in Fig. 1a) and the Chaochou
fault (CCF in Fig. 1a) bound the Pingtung Plain (PP in Fig. 1a) (Hu
et al., 2007). The current crustal displacement rate in the Pingtung
Plain is ~50 mm/yr southwestward relative to the stable Eurasian
Plate (Fig. 1c) (Hu et al., 2007) and is considered to be the result of
“tectonic escape” (Lacombe et al., 2001). Surface strain rate and rotation
rate analyses (e.g. Ching et al., 2007; Huang et al., 2013) around the
Chishan fault support the tectonic escape model. The detachment
underneath the Pingtung Plain is generally deeper (N15 km) than that
below central Taiwan (10–15 km) (Carena et al., 2002; Suppe personal
communication). The 2010 Mw 6.2 Jia-Shien earthquake occurred near
the transition between the different detachment depths (Huang et al.,
2013).

3. Hydrology and land subsidence in Taiwan

Anthropogenic activities involved with the utilization of groundwa-
ter have increased the magnitude of land subsidence since the 1950s
(Hsu, 1998; Tung and Hu, 2012). Due to rapid growth of economic de-
mands and population, groundwater over-pumping for agriculture
and industrial purpose has been a serious problem in Taiwan for the
last four decades. When pumping rates exceed the annual recharge
rate, the initial drop of groundwater level to new lows leads to the
unrecoverable consolidation of young sedimentary layers, and hence
causes rapid land subsidence. During fast artificial groundwater
pumping periods, the surface elevation is coupled with the hydraulic
head, but following cessation of groundwater pumping, the land surface
typically continues to subside for several years due to delayed compac-
tion, even when the hydraulic head recovered back to the pre-pumping
level (Chen et al., 2007). Smaller and recoverable surface elevation
changes are associated with poroelastic deformation from hydraulic
head variations (including annual) at depths above the previously low-
est level. Fig. S1 shows the interpolated land subsidence distribution in
western Taiwan based on annual leveling surveys, which is also seen in
CGPSmeasurements (Fig. 1b). Fromnorth to south, the recent land sub-
sidence rates in the Changhua–Yunlin counties exceeded 8 cm/yr, ~1–
3 cm/yr in the Chiayi–Tainan–Kaohsiung counties, and ~1.5 cm/yr in
the Pingtung County, during 2002–2006 (Hu et al., 2006; Hsieh et al.,
2011).

The Choushui River (Fig. 1a) flows from the Central Range toward
the Taiwan Strait, and the area of the 1800 km2 Choushui River alluvial
fan includes most of the Changhua and Yunlin counties. Due to frequent
floods and channelmigrations, sedimentary layers consistmostly of soft
clays and fine sands that have lower strength and permeability than
gravels, and coarse sands on the east side of the Coastal Plain (Liu
et al., 2004). During 1980–2000, over-pumping of groundwater has in-
duced land subsidence at more than 10 cm/yr in the Choushui river al-
luvial fan, which covers most of Changhua and Yunlin counties (Tung
and Hu, 2012) (Fig. S1). Based on InSAR observations, Tung and Hu
(2012) estimated a subsidence rate of more than 70 mm/yr during the
Please cite this article as: Huang, M.-H., et al., Fifteen years of surface
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1996–1999 time period in Yunlin County, with the rate staying about
the same during 2006–2008 (Hung et al., 2010, 2011).

The Pingtung Plain contains an area of 1210 km2 in southwestern
Taiwan (PP in Fig. 1a). The source of the late Pleistocene and the Holo-
cene unconsolidated sediments is coastal to estuarine sand and mud,
with abundant shallow marine to lagoonal shells and foraminifers (Hu
et al., 2007). In the Pingtung County, significant land subsidence due
to anthropogenic groundwater pumping occurred since the 1960s,
with InSAR-measured rates near ~20 cm/yr during 1995–2000 (Hsieh
et al., 2011). Other geodetic data such asGPS (Fig. 1b and c) and leveling
agree with InSAR measurements, and show dominant subsidence near
the coastal area. In contrast, surface uplift is observed in the Western
Foothills due to tectonic deformation.

Several borehole layer-compaction monitoring wells were installed
in the Western Plain to measure soil and sand consolidation in individ-
ual sedimentary layers at different depths. During 1998–2001, themea-
surements in the Choushui River alluvial fan, reveal a 14–16 cm/yr
compaction rate in Changhua County between the land surface and
the borehole bottom, and 3–5 cm/yr in Yunlin County with ~1–2 cm re-
bound between June and August (rainy seasons) every year (Liu et al.,
2004). This effect implies that recoverable poroelastic deformation is
caused by short-term fluctuations of groundwater level, while the
long-term groundwater level drop leads to rapid and irreversible
sediment compaction.

4. Data and method

4.1. Data

4.1.1. Continuous GPS network
In western Taiwan, the Ministry of Interior, Central Geological Sur-

vey, and Academia Sinica operate a continuous GPS network with
about 10 km station spacing in western Taiwan (Ching et al., 2011). In
recent years, more than 400 continuous GPS (CGPS) stations were
installed in Taiwan and record time series of east–west, north–south,
and vertical surface deformation. The CGPS data are maintained and
processed by the GPS laboratory in the Institute of Earth Science, Acade-
mia Sinica, Taiwan. The details of the data processing and the time series
data are available at the website: http://gps.earth.sinica.edu.tw. More
than 140 stationswith daily position data are locatedwithin our SAR ac-
quisition coverage. In order to compare with InSAR results in LOS, a
combination of vertical and horizontal components, we project horizon-
tal CGPS displacements onto satellite look direction. Fig. 1b shows the
GPS-measured mean vertical velocities relative to a reference station
(labeled REF in the figure) in the Tainan tableland, during 2005–2008.
Arrows in Fig. 1c show the horizontal velocities and the red-to-blue cir-
cles in Fig. 1c show thehorizontal N–S and E–Wvelocities projected into
the SAR satellite look direction.

4.1.2. SAR images
We use SAR images from the European Remote Sensing (ERS) 1 & 2

and Envisat satellites developed by the European Space Agency (ESA),
both carry C-band (wavelength = 5.67 cm) SAR sensors (Bürgmann
et al., 2000) and monitored Earth's surface from 1991 to 2012 (ERS-1:
1991–2000; ERS-2: 1995–2011; Envisat: 2002–2012). In this study,
we use totally 40 ERS SAR acquisitions between 1995 and 2001
(Table S1), and 21 Envisat ASAR acquisitions between 2005 and 2008
(Table S2). We focus on descending orbit (north-to-south flyover) ac-
quisitions because they have a higher temporal coverage for western
Taiwan. For both ERS and Envisat datasets, acquisitions of track 232
and frames 3123–3159 (Fig. 1b) cover most of western Taiwan, and
the satellite look direction is ~N75°W and the average look angle is
~23.5° off vertical. We obtain floating scenes (frames 3123, 3141, and
3159) for the ERS datasets and continuous pass from N22.3° to N24.5°
for the Envisat dataset.
deformation in Western Taiwan: Insight from SAR interferometry,
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4.2. InSAR processing methods

For InSAR processing and time series generation, we use the code
ROI_PAC 3.0 (Rosen et al., 2004) to produce all of the interferograms.
The 90 m Shuttle Radar Topography Mission (SRTM) digital elevation
model (DEM) is used to remove the phase due to topography.
Snaphu 1.4.2 (Chen and Zebker, 2002) is used for phase unwrapping.
Section 6.1 provides a detailed discussion of the phase unwrapping
approach. For the Envisat dataset, we additionally perform the phase
local oscillator drift correction for each interferogram using the empiri-
cal model of Marinkovic and Larsen (2013) following Fattahi and
Amelung (2014). Persistent Scatterer InSAR is a method to detect stable
point scatterers based on amplitude or coherence from a number of in-
terferograms, and we can carry out the displacement in time of these
point scatterers (Ferretti et al., 2000; Berardino et al., 2002). In this
study, we generate point scatterers and their time series based on the
small baseline subset (SBAS; Berardino et al., 2002) algorithm.

4.2.1. Detecting stable scatterers
The vegetated and topographically rough terrain of Taiwan makes

conventional InSAR challenging and motivates the need for improving
processing methods. To do this we first process interferograms that
have relatively small spatial and temporal baselines. In this study,
the spatial baselines are b200 m and the temporal baselines are
b2.5 years (Fig. 2), resulting in a total of 110 interferograms processed
from 40 ERS acquisitions, and 121 interferograms from 21 Envisat ac-
quisitions. For ERS (Fig. 2a), we include the August 19, 1999 and the
September 23, 1999 pair, even the spatial baseline is more than
500 m. This is because this acquisition is only 35 days apart and it is
right before and after the Mw 7.6 Chi–Chi earthquake occurred on Sep-
tember 20, 1999. For Envisat (Fig. 2b), we do not include the April 03,
2004 acquisition because there is only one interferogram that can be
paired with this acquisition. To detect point scatterers, we estimate co-
herence of each pixel in every interferogram, and consider pixel coher-
ence higher than a certain threshold value (here we use 0.3) as stable.
For spatial phase unwrapping, we only unwrap these stable pixels in
order to reduce computation time. If the coherence of an assumed stable
pixel is higher than the threshold for more than 50% of all interfero-
grams, we then consider this pixel as a “point scatterer”. Different
from the typical persistent scatterer algorithms, we do not need to as-
sign a super master acquisition. We instead process interferograms
that have small spatial and temporal baselines, which generally have
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higher coherence and allow for more point scatterer candidates. Note
that based on this criterion a point scatterer may not exist throughout
all of the interferograms, and therefore we interpolate the phase of
this pixel in those interferograms based on nearby points within a few
kilometers using the program griddata in Matlab code. This procedure
relies on the condition that the spatial wavelength of the crustal defor-
mation signal is generally greater than tens of kilometers.

Each interferogram contains the phase-change information of each
pixel, which provides information about the surface deformation
between two acquisitions, but also includes DEMand satellite orbital er-
rors, and other noises. To distinguish surface deformation from noise,
we rely on large quantities of interferograms and treat the analysis as
an over-determined inverse problem.

4.2.2. Time series processing
An interferogram (ΔΨk) is the phase difference of two acquisitions

(Ψi andΨj). At a given location (x, y) the phase difference can be repre-
sented as,

ΔΨk x; yð Þ ¼ Ψ x; y; tið Þ−Ψ x; y; t j
� �

; i or j ¼ 1;2;…;N; k ¼ 1;2;…;M:

ð1Þ

N and M are the total number of acquisitions and interferograms,
respectively. The ΔΨk (x,y) term can be written as,

ΔΨk x; yð Þ ¼ 4π
λ

�
v x; yð Þ ti−t j

� �þ 1
2
a x; yð Þ t2i −t2j

� �
þ 1
6
Δa x; yð Þ t3i −t3j

� �

þ Di x; yð Þ−Dj x; yð Þ� �	þ 4π
λ

Bperp;k

Rx;y sin θx;y
Δh x; yð Þ

þ4π
λ

εi x; yð Þ−ε j x; yð Þ� �þ αk x; yð Þ
ð2Þ

where v(x, y), a(x, y), and Δa(x, y) respectively denote the velocity, ac-
celeration, and acceleration derivative terms and are assumed constant
throughout the time series of a given point (x,y). Δh(x, y) is the DEM
error, Bperp,k is the perpendicular spatial baseline (or orbit separation)
of interferogram k, Rx,y is the distance between target and satellite, θx,y
is the satellite look angle at (x, y), and λ is the sensor wavelength. The
D(x, y) terms represent surface motions that cannot be described by
v(x, y), a(x, y), and Δa(x, y). The ε(x, y) terms are the atmosphere-
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related phase of given acquisition (also called “Atmospheric Phase
Screen”), and αk is the remaining model residual.

We can rewrite Eq. (2) in a matrix representation as

ΔΨk x; yð Þ ¼ MNþ αk x; yð Þ; ð3Þ

with

M ¼ 4π
λ

−1 1 0 … t1−t2
t21−t22

2
t31−t32

2
Bperp;1

Rx;y sin θx;y

−1 0 1 … t1−t3
t21−t23

2
t31−t33

2
Bperp;2

Rx;y sin θx;y

0 −1 1 … t2−t3
t22−t23

2
t32−t33

6
Bperp;3

Rx;y sin θx;y… … … … … … … …

0 0 0 … ti−t j
t2i −t2j

2
t3i −t3j

6
Bperp;M

Rx;y sin θx;y

2
6666666666664

3
7777777777775

;

N ¼

D x; y; t1ð Þ þ ε x; y; t1ð Þ
D x; y; t2ð Þ þ ε x; y; t2ð Þ
D x; y; t3ð Þ þ ε x; y; t3ð Þ

…
D x; y; tNð Þ þ ε x; y; tNð Þ

v x; yð Þ
a x; yð Þ
Δa x; yð Þ
Δh x; yð Þ

2
6666666666664

3
7777777777775

:

ð4Þ

HereM stores the known information including the pair index, time
difference between acquisitions, and spatial baseline related coeffi-
cients. The −1, 1, and 0 terms are the pair permutations, and −1 or 1
represents the master or the slave acquisition, respectively. N stores
the unknown information including parameters v, a, Δa, and Δh. The
D terms are the deformation adjustments of each pixel for each acquisi-
tion, and the ε terms denote the atmospheric related phases of each
pixel for each acquisition. For a case of 50 acquisitions and 400 interfer-
ograms,Mwould be a 400 × 54matrix, andNwould be a 54 × 1matrix.
M in Eq. (3) becomes over-determined when M N N + 4, but N cannot
be solved simply by using least squares becauseM is too sparse. We in-
stead use the singular value decomposition (SVD) method to solve for
matrix N (Menke, 1989). As a result, the time series of a stable point
(x,y) is described by,

U x; y; tið Þ ¼ v x; yð Þti þ
1
2
a x; yð Þt2i þ

1
6
Δa x; yð Þt3i þ Di x; yð Þ; i ¼ 1…N: ð5Þ

Note that the non-modeledD(x,y,ti) and ε(x,y,ti) terms in each acqui-
sition in Eq. (4) cannot be separated directly, but ε(x,y,ti) is commonly
estimated by applying a high-pass filter in the temporal domain, after
applying spatial low-pass filter to individual interferograms. This is
because of the assumption that the atmospheric contribution to phase
is a random function in time but has long spatial wavelength in each in-
terferogram (Berardino et al., 2002; Mora et al., 2003). We apply a
100 × 100 m2 moving window as a low-pass filter to each interfero-
gram, and then a 1-pole high-pass filter in time series with time con-
stant of 2-acquisition interval (70 days) to estimate ε(x,y,ti) as well as
D(x,y,ti).

To estimate the seasonality and the mean velocity from the time
series (Eq. (5)), we can rewrite Eq. (5) as:

U x; y; tið Þ ¼ v x; yð Þti þ a x; yð Þ sin 2πtið Þ þ b x; yð Þ cos 2πtið Þ þ σ x; y; tið Þ;
ð6Þ

where a and b are constants that describe the coefficients of the sine/
cosine functions at location (x, y), and σ is the remaining unfitted
term at ti. v(x,y) is a linear rate fit to the time series in U that represent
mean velocity in the time series. Note that v(x,y) in Eq. (5) is a linear
coefficient of a third-order polynomial equation, and is different
Please cite this article as: Huang, M.-H., et al., Fifteen years of surface
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from v(x,y) in Eq. (6) that represents the mean velocity of the entire
time series. Eq. (6) can be rewritten as.

d ¼ G mþ σ ; ð7Þ

where

d ¼
D x; y; t1ð Þ
D x; y; t2ð Þ

:::
D x; y; tNð Þ

2
664

3
775G ¼

t1 sin 2πt1ð Þ cos 2πt1ð Þ
t2 sin 2πt2ð Þ cos 2πt2ð Þ
::: :::
tN sin 2πtNð Þ cos 2πtNð Þ

2
664

3
775;

m ¼
v x; yð Þ
a x; yð Þ
b x; yð Þ

2
4

3
5; and σ ¼

σ x; y; t1ð Þ
σ x; y; t2ð Þ

:::
σ x; y; tNð Þ

2
664

3
775:

ð8Þ

We can use least square to solve for v, a and b for point (x,y), i.e.,

mest v; a; bð Þ ¼ GTG
� �−1

GTd; ð9Þ

where GT is the transposematrix of G and (•)−1 is the inversematrix. The
amplitude of the seasonal effect is (a2 + b2)1/2, and the phase shift
(i.e., time of year of the peak seasonal uplift) is (365 / π) × tan−1(a / b).

5. Result

We process ERS (1995–2001) and Envisat (2005–2008) datasets
separately due to a data gap during 2001–2004. We then generate
time series for ERS and Envisat datasets, and themean velocity and sea-
sonality for each dataset using the method described in Section 4.2.2.
Due to the Mw 7.6 Chi–Chi earthquake in central Taiwan on September
20, 1999, themean velocity andmean seasonality estimations for frame
3123 are based on results from 1995 to right before the Chi–Chi earth-
quake. In this section we first investigate the spatial LOS deformation
patterns during 1995–2001 and 2005–2008, and then the time series
in different regions.

5.1. LOS velocity patterns in two different time periods

Fig. 3a shows the mean LOS surface velocity of western Taiwan dur-
ing 1995–2001 and Fig. 3b for the 2005–2008 time period. The warm
and cold colors in Fig. 3 represent range decrease and increase, respec-
tively. The circles in Fig. 3b are continuous GPS stations with color
representing their mean velocity from 3D components projected into
the LOS direction using the equation,

ULOS ¼ UE cos ϕþ UN sin ϕð Þ sinθþ Uz cos θ; ð10Þ

where ULOS is displacement in LOS, and UE, UN, and UZ are GPS displace-
ment in E–W, N–S, and vertical components, respectively. θ is the satel-
lite look angle (19°–27° for ERS and Envisat) and ϕ is the satellite
heading direction. For the descending orbit geometry, range increase
is due to surface subsidence and/or westward movement; range de-
crease is due to surface uplift and/or eastward movement. For both
the ERS and Envisat datasets, most of the coherent point scatterers are
in the Western Plain, especially at locations with higher density of con-
struction. In the Changhua and Yunlin Counties, scatterers are more
sparse and unwrapping becomes more challenging here.

During 1995–2001 (Fig. 3a), significant land-subsidence related
range increase occurs in the coastal areas, especially in Changhua,
Yunlin, Chiayi, and Pingtung counties. On the other hand, range de-
crease is observed near Meishan, Tainan, and part of the Western Foot-
hills. The velocities in the LOS direction solely derived from the
horizontal GPS velocities show a smooth gradient in range-change
rate (Fig. 1c) from west to east that has a different pattern from the
InSAR result, so we interpret that the range decrease here relates to
deformation in Western Taiwan: Insight from SAR interferometry,
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Fig. 3. (a) Mean annual line of sight (LOS) velocity during 1995–1999 (before the 1999Mw 7.6 Chi–Chi earthquake; frame 3123) or 1995–2001 (frames 3141 and 3159). Positive LOS velocity
means range decrease and negativemeans increase. The red circles highlight areas with significant phase unwrapping errors due to sparse stable points (see Section 6.1 for discussion of phase
unwrapping errors). (b)Mean annual LOS velocity during 2005–2008. The circles are continuous GPS (CGPS) stations and the color in the circles indicates the CGPS derived LOS velocity in the
same time period as InSAR. (For interpretation of the references to color in this figure legend, the reader is referred to the online version of this chapter.)

6 M.-H. Huang et al. / Tectonophysics xxx (2016) xxx–xxx
tectonic surface uplift (Fig. 1b). In the northern Pingtung Plain, there is a
deformation discontinuity between frames 3141 and 3159 possibly due
to phase unwrapping error in frame 3141. This unwrapping error
is mainly due to fewer point scatterers along the Chishan fault (CSF
in Fig. 1a) that does not provide enough connecting points to unwrap
northern Pingtung Plain correctly relative to Western Plain. During
2005–2008 (Fig. 3b), the distribution of point scatterers is similar
to 1995–2001, but more point scatterers are detected on the
Choushui River alluvial fans in the Changhua and Yunlin counties
(see Fig. 1b for locations). The crustal deformation pattern is similar
to the 1995–2001 periods, but there is a higher range decrease near
Taichung City and between the Meishan fault and the Tsochen fault
(TCF in Fig. 1a). In addition, the deformation pattern in the Tainan
Tableland has changed from uplift in the tableland during 1995–
2001 to higher uplift rate east of the Houjiali Fault (see Fig. 1a for
locations).
Please cite this article as: Huang, M.-H., et al., Fifteen years of surface
Tectonophysics (2016), http://dx.doi.org/10.1016/j.tecto.2016.02.021
For frame 3123 we exclude the effect of the Mw 7.6 Chi–Chi
earthquake (Sep 20, 1999) by considering only data up to the event.
In Taichung County, there is no significant surface deformation before
the Chi–Chi earthquake and ~30 cm coseismic displacement from
Changhua coastal area to Taichung city (Pathier et al., 2003). In the
Choushui River alluvial fans, the spatial pattern of the InSAR-based
land subsidence area is in agreement with published land subsidence
areas derived from leveling measurements by the Water Resource
Agency, Department of Economics in Taiwan (Fig. S1). The land subsi-
dence rate in Changhua County is about 10 mm/yr during 1995–1999
and more than 20 mm/yr during 2005–2008. However, the subsidence
rate during 1995–1999may be underestimated comparedwith leveling
measurements (Fig. S1) because of phase unwrapping errors on low
density of scatterers. In Yunlin County, the subsidence rate in both
1995–2001 and 2005–2008 periods is more than 20 mm/yr, but the
area of land subsidence seems to be larger during 2005–2008. In
deformation in Western Taiwan: Insight from SAR interferometry,

http://dx.doi.org/10.1016/j.tecto.2016.02.021


7M.-H. Huang et al. / Tectonophysics xxx (2016) xxx–xxx
addition, the southern part of the Changbin industrial area (Fig. 3b),
which was built on manmade fill in the early 1990s, has more than
25 mm/yr subsidence rate since 2005.

In Chiayi County, there is a decrease of land subsidence rate from
~25 mm/yr during 1995–2001 to ~10 mm/yr during 2005–2008, and
the subsidence area is limited to the coastal area north of Chiayi. East
of the land subsidence area, there is 5–15mm/yr surface uplift between
theMeishan fault (MSF in Fig. 1a) and the Tsochen fault (TCF in Fig. 1a)
detected by InSAR and CGPS, and the area of uplift roughly outlines the
shallow seismicity zone in the Western Foothills (Fig. 1a). The surface
uplift rate is slightly lower in the 2005–2008 periods.

In Tainan, there is no significant land subsidence in the coastal area.
In the Western Foothills there is 5–10 mm/yr surface uplift near the
Tsochen fault. North of the Hsinhua fault (HHF in Fig. 1a), the surface
uplift rate is 5–15 mm/yr higher during 2005–2008 than during 1995–
2001. In Tainan, the uplift pattern is similar to the topographic expres-
sion of the tableland during 1995–2001, and there is land subsidence
east of theHoujiali Fault (HJF in Fig. 1a). This result agreeswith previous
a
ERS

Ref

Ref
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3159

Seasonal Amplitude (cm)

Yunlin

Changhua

Taichung

Meishan

Tainan

Kaohsiung

Pingtung

Fig. 4.Mean seasonal variation of western Taiwan during (a) 1995–1999 (before Chi–Chi earth
to-red dots indicate higher seasonality. The white hexagons are the reference points. There are
point is co-located for frames 3123 and 3141. The reference point is the same for frames 3123
higher land subsidence (Fig. 3). (For interpretation of the references to color in this figure lege
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studies (e.g. Fruneau et al., 2001; Huang et al., 2006, 2009) and long-
term geologic rate (Chen and Liu, 2000). However, in the 2005–2008
period the surface uplift extends to east of the Houjiali Fault, and the
LOS velocity is even higher than in the tableland.

In Kaohsiung and Pingtung, the LOS range increase is mainly due to
horizontal motion (Fig. 1c), and the discontinuity between frames 3141
and 3159 during 1995–2001 is due to phase unwrapping errors (the red
dotted circle near frame 3159 in Fig. 3a; see Section 6.1 for more detail).
In southern Pingtung, there is a higher range increase rate (N20mm/yr)
in both periods related to land subsidence (Fig. 1a). There is a change of
surface deformation pattern across theChishan Fault (CSF in Fig. 1a) and
the Fengshan fault (FSF in Fig. 1a).

5.2. Seasonal deformation

Following Section 4.2.2, we calculate the seasonality of western
Taiwan during 1995–2001 (1995–1999 for frame 3123) (Fig. 4a) and
2005–2008 (Fig. 4b). To calculate the amplitude of seasonality we
b
Envisat

Ref

Seasonal Amplitude (cm)

quake frame: 3123) or 1995–2001 (frames 3141 and 3159) and (b) 2005–2008. Yellow-
three reference points for the ERS dataset due to three separate frames, and the reference
and 3141 in (a). Note the areas with higher seasonality correlate with area experiencing
nd, the reader is referred to the online version of this chapter.)
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choose reference points near GPS stations with minimal seasonal varia-
tions that are located in mountainous areas. For the 1995–2001 (ERS)
periods we process three frames independently so need three individu-
al reference points (Fig. 4a), whereas only one reference point needed
for the 2005–2008 (Envisat) periods (Fig. 4b). During 1995–2001
(Fig. 4a), there is a high seasonal variation in the coastal area, especially
in the costal Changhua, Yunlin, Chiayi, and Pingtung counties. The
highest amplitude (~15 mm) is along the coast between Yunlin and
Chiayi. The seasonal variation in Tainan and Kaohsiung is relatively
lower, and becomes higher again in southern Pingtung Plain. There
is also higher seasonality in eastern Taichung. During 2005–2008
(Fig. 4b), the seasonality amplitude distribution is similar with the
1995–2001 periods, and the peak amplitude is on the northwestern
coast of Chiayi County. In the Tainan Tableland, the seasonality in
2005–2009 is 5–10 mm higher than during the 1995–2001 period.

In general, the areas with a high seasonal variation correspond to
areas with significant land subsidence (blue color in Figs. 1b, 3, and
S1), such as western Changhua, Yunlin, Chiayi, northwestern Tainan,
and southern Pingtung Plain. In the Pingtung Plain (Fig. 3), an area
with N15 mm/yr range increase does not correspond to high amplitude
of seasonality, as it is associated with the southwestward tectonic es-
cape expressed in horizontal motions (Hu et al., 2007).
5.3. Comparison with CGPS

We project three-component CGPS data into LOS to verify our InSAR
result. We choose a period from 2005 through the end of 2008 because
it is the period of continuous InSAR records overlapping with CGPS
measurements as shown in Figs. 5, 6, and7. Before calculatingGPS LOSve-
locity we examine every GPS time series, and adjust occasional offsets in
the records that appear to be due to GPS antenna adjustments. We use
Eqs. (6)–(9) to extract the three components of CGPS velocities from
the time series, and then convert three-component velocities into LOS ve-
locity using Eq. (10).With considering station CHKU (Fig. 3b) close to the
InSAR reference point as the GPS reference point, we pick an InSAR point
closest and within 5 km distance from 144 CGPS stations for comparison.
Fig. 5a shows InSAR and CGPS mean LOS velocities at the same locations.
This result shows InSAR= 0.87 × CGPS, and R2 = 0.77.
a b
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Fig. 5b and c shows close-ups of Fig. 3b with relevant color scales for
the land subsidence areas in Changhua–Yunlin and Pingtung, respec-
tively. Our InSAR result agrees well with the CGPS measurements, and
additionally InSAR can further characterize the land subsidence spatial
distribution and the subsiding area. For example, in Fig. 5b our InSAR re-
sult reveals land subsidence in the regionswithout GPS station coverage
such as western Yunlin (Mailiao industrial area), which was developed
on landfill since the late 1990s. In Fig. 5c the area with highest land sub-
sidence rate is in the Linbian townwith subsidence rate as−40mm/yr.
5.4. Time series

Eq. (5) describes the displacement of each stable point at each acqui-
sition time, and thus we can plot its time series. Here we adopt a
100×100m spatialmovingwindow for a low-passfilter and a temporal
high-pass filter estimate phase to estimate atmospheric phase screen (ε
terms in Eqs. (2) and (4)). However, introducing a temporal high-pass
filter could in fact affect real signals in high temporal frequency such
as earthquake events, and therefore in the time series plots (Figs. 6
and 7) we present displacement before and after applying the low-
pass filter in blue and red dots, respectively.

Fig. 6 shows time series from selected regions with land subsidence
in western Taiwan including (from north to south) Changhua, Yunlin,
Chiayi, and Pingtung during 1995–2001 and 2005–2008 (see Fig. 3a
for locations near four CGPS stations in these areas and the reference
points). The mean velocity of the time series is based on the v(x,y)
term in Eq. (6). Generally, areas undergoing land subsidence in 1995–
2001 still show subsidence during 2005–2008. In Changhua County,
there is an accumulated subsidence up to 90 mm during 1995–1999.
In 2005, the InSAR time series shows LOS displacement lower than
GPS projected LOS displacement that could be due to temporal phase
unwrapping error of the two acquisitions from the denser network be-
tween late 2006 and 2008 as well as lower density of scatterers in
Changhua (Fig. 5b). In Yunlin area, the higher density of scatterers re-
duces phase unwrapping errors. During 1995–2001, the subsidence
rate in the Yunlin region is ~30 mm/yr, and N50 mm/yr during 2005–
2008. The subsidence rate during 1995–2001 based on our method is
less than that of Tung and Hu (2012) (~50 mm/yr during 1996–1999)
c
 - Yunlin Pingtung

Linbian

hed black line represents the one-to-one function. (b) Close-up of Fig. 3b showing land
tion of the references to color in this figure, the reader is referred to the online version of
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aswell as levelingmeasurements during 2000–2008 (Chen et al., 2011).
In the Chiayi coastal area, the subsidence rate is ~25 mm/yr during
1995–2001 and ~10 mm/yr during 2005–2008. From Fig. 3a and b we
can find a shift of the subsiding area further toward north. In the
Pingtung area, where land subsidence has been a problem for a long
time (Hsieh et al., 2011), the subsidence rate is ~20 mm/yr during
1995–2001 and ~25 mm/yr during 2005–2008. There is also a higher
seasonal variation (southern Pingtung Plain) in the time series,
with seasonal amplitudes that are up to 10 mm during 1995–2001
and ~13 mm during 2005–2008.

Fig. 7 shows time series for points in four regions that experience
surface uplift we infer to be of tectonic origin in (from north to south)
Taichung, Meishan, Tainan, and Kaohsiung (see Fig. 3a for locations). In
the Taichung area, there is a significant seasonal variation during 1995–
1999 and the area exhibits uplift and subsidence during summers and
winters. The1999Mw7.6 Chi–Chi earthquakeproduced~20 cmcoseismic
LOS displacement in Taichung city (Fig. 6a). In Meishan, the surface uplift
(or range decrease) rate is ~6 mm/yr during 1995–2001 and ~4 mm/yr
during 2005–2008. The CGPS (S103) time series roughly agrees with
InSAR result, but the temporal variation in theCGPSdata is less significant.
In the Tainan tableland, the surface uplift rate is ~6 mm/yr during
1995–2001 and 2005–2008. The uplift rate is relatively stable and
roughly agreeswith that observed at the CGPS station CK01 (Fig. 3b) dur-
ing 2005–2008. The uplift rate estimated here is much lower than found
in previous studies (e.g. Huang et al., 2006, 2009, Wu et al., 2013),
which selected the reference point in the land subsidence area.
Once accounting for different reference points the uplift rates are
Please cite this article as: Huang, M.-H., et al., Fifteen years of surface
Tectonophysics (2016), http://dx.doi.org/10.1016/j.tecto.2016.02.021
consistent with previous studies. The surface uplift rate in Kaohsiung is
~5 mm/yr during 1995–2001 and ~−9 mm/yr during 2005–2008, and
the subsidence rate during 2005–2008 agrees with the CGPS station
KASH.

6. Discussion

6.1. InSAR uncertainties and phase unwrapping error

Although most of the selected point scatterers compare well with
GPS measurements (Fig. 5), the remaining spatial and temporal phase
unwrapping errors are evident in the mean velocity map for the ERS
dataset (Fig. 3a) and in the 2005–2006 time series (e.g. Changhua
and Yunlin in Fig. 6b). In this section we present the detail of phase
unwrapping strategy of individual interferogram and in the time series
process, and we discuss the possible cause of phase unwrapping errors.

For individual interferogram, we first identify pixels with higher co-
herence (N0.3) as potential stable point scatterers, and then we use a
Delaunay triangulation-based nearest neighbor interpolation algorithm
to estimate phase value of every pixel. In this algorithm, the phase of an
interpolated pixel always assumes the value from its nearest neighbor
instead of mean value of neighbor pixels. In this way the phase discon-
tinuity is preserved when an interpolated pixel is surrounded by scat-
terers with phase values close to zero or 2π. We then unwrap the
phase of an interferogram by using the algorithm based on the solution
of a minimum cost flow (MCF) network developed by Chen and Zebker
(2002). After phase unwrapping we disregard the interpolated points,
deformation in Western Taiwan: Insight from SAR interferometry,
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and only keep the potential stable point scatterers (coherence N0.3)
in the interferogram. Eventuallywe consider a point as a stable scatterer
only if the coherence of this point is N0.3 at least in 50% of all
interferograms.

This strategy couldmiscalculate cycles of phase unwrapping if [1] an
isolated point scatter (or a cluster of scatterers) is too far away from its
neighbor scatterers, [2] if there is more than one phase cycle between
two scatterers, or [3] too much perturbation (ε or α terms in Eq. (2))
appears between two scatterers. One way to estimate unwrapping errors
is to add a phase unwrapping error in Eq. (2),

ΔΨk x; yð Þ ¼ 4π
λ

�
v x; yð Þ ti−t j

� �þ 1
2
a x; yð Þ t2i −t2j

� �
þ 1
6
Δa x; yð Þ t3i −t3j

� �

þ Di x; yð Þ−Dj x; yð Þ� �	þ 4π
λ

Bperp;k

Rx;y sin θx;y
Δh x; yð Þ

þ εi x; yð Þ−ε j x; yð Þ� �þ 2πLk x; yð ÞÞ þ αk x; yð Þ
ð11Þ

where Lk represents the cycle(s) of unwrapping error in the k-
interferogram, so Lk is an integer. Lk can be estimated by minimizing
total model fitting error αk(x,y). Therefore, we can modify the phase
term ΔΨk(x,y) and iterate Eq. (11) until Lk = 0. However, this
estimation is solely based on minimizing model fitting errors, and
it could overestimate the unwrapping cycles (Lk) and hence under-
estimate the deformation terms (v, a, Δa). As a result, we only iter-
ate this process once for estimating Lk.

From themean LOS velocitymap of the ERS dataset (Fig. 3a), we find
velocity discontinuity between image frames, especially in Changhua
Please cite this article as: Huang, M.-H., et al., Fifteen years of surface
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County and north of the Pingtung town (regions marked in red circles
in Fig. 3a). These two areas do not have high density of point scatterers
because the lands are mainly agriculture used, and therefore the dis-
tance between scatterers are relatively longer and could cause phase
unwrapping error especially in frame 3123. Phase unwrapping becomes
even more challenging in areas with sparse point scatterers when
the actual subsidence rates are very high. This is because deformation
between two scatterers may be more than one phase cycle (2.8 cm
for C-band ERS and Envisat), and therefore minimizing residual in
Eq. (11) would lead to underestimation of v, a, andΔa terms, which rep-
resent real deformation.

The spatial phase unwrapping is less of an issue for the Envisat
dataset, because it is a continuous frame and the coherence in interfer-
ograms is generally higher than for the ERS dataset. However, the first
two acquisitions in 2005 aremore than one year away from the third ac-
quisition, and therefore for areas with higher background velocity there
could be a higher chance of phase wrapping errors. For example, in
Changhua (Fig. 6b) the InSAR time series underestimates the long-
term mean velocity (v in Eq. (6)) due to a one-year acquisition gap
and higher background velocity (~3 cm at FUNY GPS station). This un-
derestimate is also seen in another CGPS site VR02 (dark blue circle in
Fig. 5b) in Changhua County.

To summarize, imposing an additional phase unwrapping error term
(Lk in Eq. (11)) could potentially detect unwrapping error, but it could
possibly underestimate the long-term velocity because the algorithm
is based on minimizing model fitting misfit. We find that in areas with
higher point scatterer density with dense and continuous acquisitions,
phase unwrapping error can be significantly reduced even in a region
with higher long-term velocity.
deformation in Western Taiwan: Insight from SAR interferometry,
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6.2. Seasonal precipitation and land subsidence in western Taiwan

Fig. 4 highlights the amplitude of seasonality in western Taiwan,
and Figs. 6 and 7 show examples of time series with seasonal variation
in time. Here we compare the time series with precipitation data in
order to find the correlation between both. We select rain gauge data
from the Central Weather Bureau (http://www.cwb.gov.tw) during
2005–2008. To compare precipitation and surface displacement, we se-
lect point scatterers close to selectedCGPS stations that have higher sea-
sonality. To highlight seasonality,we remove the long-term LOSvelocity
from the original InSAR or GPS time series (Fig. 8).

This result (Fig. 8) shows some correlation between surface defor-
mation and precipitationwith a timedelay, especially for sites in Yunlin,
Chiayi, and Pingtung. In Yunlin, Chiayi, and Pingtung areas, both InSAR
and CGPS indicate rapid uplift following by slower subsidence, and
this pattern is different frommonthly precipitation time series. This be-
havior is similar to some time series of groundwater table in central
Taiwan (Liu et al., 2004), whichmay reflect a rapid increase of hydraulic
head due to surface water (e.g. rain) infiltration and a more stable dis-
charge due to anthropogenic groundwater pumping.

The time delay between surface deformation and precipitation in
Fig. 8 shows an ~4 months lag in Yunlin (TKJS), ~3.5 months in Chiayi
(PKGM), ~2 months in Kaohsiung (KASH), and ~3 months in Pingtung
(NJOU), whereas there is no significant time delay in Changhua
(CHSG) and Tainan (GS34) (see Fig. 3b for location of theCGPS stations).
The time delay indicates a different hydraulic conductivity in different
regions in western Taiwan and may imply change of a different aquifer
system and a different sediment property in theWestern Plain. Howev-
er, we do not have a complete set of groundwater well time series data
to further investigate relationships between surface deformation and
hydraulic head change. By incorporating with hydraulic level and pre-
cipitation time series data, we will be able to estimate storativity and
hydraulic conductivity in the sedimentary layers, which is important
for groundwater monitoring and management.
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Fig. 8. Comparison of InSAR (red dots), GPS (blue dots), and precipitation data (green lines).
locations. (For interpretation of the references to color in this figure legend, the reader is refer
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6.3. Tectonic deformation in western Taiwan

Tectonic surface deformation inwestern Taiwan ismainly associated
with secular interseismic motion and co- and post-seismic deforma-
tions. The main challenge to discriminate tectonic signals from hydro-
logical deformation is that both contributions may have the similar
amplitudes and spatial patterns. The seasonal hydrologic deformation
is related to time dependent sources such as annual precipitation,
groundwater table changes, or seasonal anthropogenic water pumping.
This phenomenon is different from longer-term tectonic deformation
such as interseismic elastic strain accumulation or aseismic creep
along faults. As a result, we consider the seasonal surface variation
(Fig. 4) as an indicator to discriminate short-term (seasonal and hydro-
logical) from long-term (tectonic) deformation. Indeed, continuous
pumping from an aquifer could reduce water pressure and therefore
lead to more continuous subsidence. This process is non-periodic and
cannot be recovered in a short time period, but annual discharge
(pumping) and recharge (precipitation) of groundwater at the same lo-
cationwould also contribute seasonal subsidence and uplift such as that
shown in Fig. 8. This result implies that areaswith steady state land sub-
sidence are also likely to have higher seasonal amplitude, which is seen
inwest coastal area in Figs. 3 and 4. As a result, in this studywe separate
tectonic and hydrologic contributions based on amplitude of seasonal
variation (Fig. 4), so the longer-term (decadal) deformation is consid-
ered as dominant due to tectonics.

In both 1995–2001 and 2005–2008 time periods, there is higher
surface uplift near the Meishan fault with ~8 mm/yr uplift during
1996–2001 and ~5 mm/yr during 2005–2008, and near the Tsocheng–
Hsinhua faults with ~5 mm/yr during 1996–2001 and ~10 mm/yr
during 2005–2008 (Fig. 3). The seismicity in western Taiwan (Fig. 1a)
shows a shallow (b10 km) seismicity between the Meishan and the
Tsocheng faults. The two high surface uplift regions locate roughly
at the northern and southern ends of this area of shallow (0–10 km
depth; Fig. 1a) seismicity. The source of the seismicity and surface uplift
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Note that the long-term InSAR and GPS mean LOS velocities are removed. See Fig. 3b for
red to the online version of this chapter.)
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might be related, but the understanding of the deformationmechanism
requires more detailed seismic and structural data to constrain regional
structures. Nevertheless, it is clear that the pattern of uplift is different
from horizontal deformation revealed from CGPS (Fig. 1c) and is not
correlated with horizontal strain rate pattern (Lin et al., 2010; Ching
et al., 2011).

In the Pingtung Plain, the range increase (blue region in Fig. 3) is
mainly the result of southwestward horizontal displacement (Fig. 1a)
due to tectonic escape (Hu et al., 2007; Lin et al., 2010; Ching et al.,
2011). On a regional scale, there is surface creep across the left-lateral
sense strike-slip Fengshan fault. The surface creep of this fault was not
clear from GPS measurements (Fig. 1c; also see Hu et al., 2007) due to
sparse station distribution, and is confirmed by this study.

7. Conclusion

We investigate crustal deformation inwestern Taiwan during 1995–
2001 and 2005–2008 using InSAR and CGPS time series. Our results re-
veal regions with a satellite range increase including coastal Changhua,
Yunlin, Chiayi, and southern Pingtung counties due to land subsidence,
and the Pingtung Plain due to tectonic escape. Most of the land subsi-
dence areas are coupled with substantial (N10 mm) seasonal deforma-
tion that can be separated from tectonic deformation. Near theMeishan
fault in the Chiayi County, tectonic surface uplift and the regional shal-
low (b10 km) seismicity might be related to the same tectonic struc-
ture. In the Tainan tableland, a pop-up or back thrust structure could
explain crustal uplift in the tableland. East of the tableland there is a
change of surfacemovement from subsidence during 1996–2001 to uplift
during 2005–2008. Mean LOS velocity and seasonality of western Taiwan
revealed by InSAR outline anthropogenic water usage and tectonic defor-
mation,which are important topics for landusage andhazardmonitoring.
Our results illustrate the ability of InSAR to reveal spatio-temporal crustal
deformation with high density of spatial coverage and accuracy. Investi-
gating fault locking depth and slip in interseismic and coseismic periods
from surface deformation observation will help estimate slip budget and
thus benefits natural hazard mitigation.
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