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We present precise deformation velocity maps for the two year period from September 2011 to July 2013 of the
northern Taiwan area, Taipei, by using persistent scatterer interferometry (PSI) technique for processing 18 high
resolutionX-band synthetic aperture radar (SAR) images archived fromCOSMO-SkyMed (CSK) constellation. Ac-
cording to the result, the highest subsidence rates are found in Luzou and Wuku area in which the rate is about
15mm/yr and 10mm/yr respectively in the whole dataset. However, dramatic change from serve subsidence to
uplift in surface deformation was revealed in the Taipei Basin in two different time spans: 2011/09–2012/09 and
2012/09–2013/07. This result shows good agreement with robust continuous GPS measurement and precise
leveling survey data across the central Taipei Basin. Moreover, it also represents high correlationwith groundwa-
ter table. From 8 well data in the Taipei basin, the storativity is roughly constant across most of the aquifer with
values between 0.5 × 10−4 and 1.6 × 10−3 in Jingmei Formation and 0.8 × 10−4 and 1.4 × 10−3 inWuku Forma-
tion. This high correlation indicated that one meter groundwater level change could induce about 9 and 16 mm
surface deformation change in Luzou andWuku area respectively, which is about eight times faster the long-term
tectonic deformation rate in this area. Thus, to access the activity of the Shanchiao Fault, it is important to discrim-
inate tectonic movement from anthropogenic or seasonal effect in the Taipei Basin to better understand the
geohazards and mitigation in the Taipei metropolitan area.

© 2016 Elsevier B.V. All rights reserved.
Keywords:
INSAR
Piezometry
Land subsidence
GPS
1. Introduction

Severe land subsidence has been studied in urban areas worldwide
with consequences of the exhaustion of groundwater resources, in-
crease of risks of in flooding and damage of infrastructures and build-
ings (e.g. Abidin et al., 2001; Teatini et al., 2005; Konikow and Kendy,
2005; Galloway and Hoffmann, 2007; Phien-wej et al., 2006; Hu et al.,
2006; Chen et al., 2007; Lai et al., 2010; Chaussard et al., 2013, 2014).
Based on the recent studies, over pumping of ground water could lead
to rapid subsidence at rates of up to several tens of centimeters per
year. (e.g., Bell et al., 2008; Tung and Hu, 2012; Chaussard et al., 2013,
2014). Pumping-induced subsidence is primarily due to irreversible
compaction of aquitard material composed of fine-grained silt and
clay layers, and from minor amount of presumably elastic compaction
from compression of coarse-grained conglomerate and sand deposits
enhy@earth.sinica.edu.tw
cku.edu.tw (K.-E. Ching),
H. Yang).
in aquifers (Holzer, 1984; Wilson and Gorelick, 1996; Waltham,
2002). Consequently, the elevation changes are proportional to varia-
tions of the thickness of the compaction layer and hydraulic head
(Wilson and Gorelick, 1996). Thus ground elevation change due to
pumping generally reflects the response to piezometric level drop. On
the other hand, small amounts of land uplift might occur due to the
groundwater recovery from aquifer recharged after long-term massive
groundwater extraction (Amelung et al., 1999; Lu and Danskin, 2001;
Schmidt and Bürgmann, 2003; Chen et al., 2007). This effect is consid-
ered to be originating from relaxation of elastically compressed aquifer
materials when pore-pressure regained (Allen and Mayuga, 1969;
Waltham, 2002).

In Taiwan, groundwater has been abundantly used as an alternative
to surface water in urban area and in the southwestern coastal region
where the deficiency of surface water resources was severe due to the
high water demand from aquacultural and industrial utilization in
Taiwan. Anthropogenic ground subsidence induced by heavy with-
drawal of groundwater has been monitored by precise leveling, GPS
measurement and SAR interferometry (e.g., Hou et al., 2005; Hwang
et al., 2008; Hsieh et al., 2011; Hung et al., 2010, 2011; Wang et al.,
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2011; Tung and Hu, 2012). In addition, based on the fifteen years of
PSInSAR-derived surface deformation in western Taiwan, Huang et al.
(2016) suggested that the seasonal displacement is mainly associated
with groundwater recharge and withdrawal.

Taipei City is the political and economic centre of Taiwan (Fig. 1a)
with a dense population of about 3 million. Massive groundwater
pumping resulted in both dry-ups of wells and severe land subsidence
during 1955–1970 (Wu, 1987). Groundwater table was gradually re-
covered and became approximately stable since late 1990s after a stop
on the use of groundwater during the early 1970s (Chia et al., 1999). Ac-
cording to recent study, Chen et al. (2007) proposed that the overall
subsidence rate due to the summation of shallow soil compaction, de-
formation within aquifer, and tectonic subsidence within the Taipei
Basin gradually decreased since 1975, and around 1989 the basin
switched to slight uplift throughout a large part of the basin based on
the contour maps created from the leveling data of 406 benchmarks.
The shallow components of soil compaction were estimated in a range
of 2–3.5 mm/yr in Wuku and central Taipei Basin. Meanwhile the
deep component from tectonic load was estimated in a range of 0.9–
1.8 mm/yr. Furthermore, while severe anthropogenic land subsidence
has been stopped in the Taipei metropolitan area, concerns on potential
earthquakes associated with possible reactivation of the active
Shanchiao Fault (Fig. 1b) is a crucial topic for assessment of geohazards
in Taipei metropolitan area (Teng et al., 2001; Huang et al., 2007; Shyu
et al., 2005).

The previous GPS network from campaign-mode survey, the GPS ve-
locity in the Taipei Basin was insignificant in comparison with western
Foothill in south-central Taiwan (Yu et al., 1997). Based on these data,
Hu et al. (2002) calculate the strain rate in Taipei area, where the subnet-
works NT1–NT4 have shown small extension rates (0.07–0.15 μstrain/
year) and small contraction rates (0.03–0.09 μstrain/year). In addition,
Fig. 1. (a) Tectonic framework of Taiwan. (b) Geological domains of Taipei region. The thin
(c) Geological cross section of the Taipei Basin (modified from Chen et al., 2007). Blue dot is th
the extension deformations in these networks mostly trend east–west
to east-northeast (Hu et al., 2002). For the period 1995–2005, 125
campaign-surveyed GPS sites in northern Taiwan had been calculated
for accommodation in deformation from collision to subduction (Rau
et al., 2008). These results suggested that across Chinshan–Shanchiao
Faults, GPS vectors showed a slight clockwise rotation of 30° (from 303°
to 332°) with magnitudes of 1.3–4.3 mm/yr from west to east.

Radar interferometry technique has proven to be capable ofmeasur-
ing surface displacement at fine space resolution of tens of meters over
wide coverage (e.g., Massonnet and Feigl, 1998; Bürgmann et al., 2000;
Pritchard and Simons, 2002; Wright, 2002). However, temporal and
spatial decorrelations of radar signal have prevented this technique
frommore frequent utilization. Besides, the accuracy of InSARmeasure-
ments may be largely reduced by atmospheric phase artifacts that are
difficult to be removed from SAR interferograms (e.g., Buckley et al.,
2003; Ding et al., 2004). Consequently persistent scatterer (PS) tech-
nique has been proposed to improve the applicability of radar interfer-
ometry when applied to detect long-term ground deformation with
tracking the signals of discrete point-wise targets (Ferretti et al., 2000,
2001; Berardino et al., 2002; Mora et al., 2003; Hooper et al., 2004;
Kampes and Hanssen, 2004; Liu et al., 2008). According to previous
studies, a surface deformationmap of northern Taiwan using SAR inter-
ferometry technique from 1993 to 2005 has been shown by Chang et al.
(2010). They suggested that the significant subsidence occurred at the
border of the Taipei Basin and a relatively slight uplift rebound in the
central basin, and displacements along the Shanchiao, Chinshan, and
Kanchiao Faults are large enough to be observed. However, part of sur-
face deformation from SAR interferometry should be related to the
groundwater recharge and withdrawal (Huang et al., 2016). In this
paper, we use the high resolution X-band SAR images from COSMO-
SkyMed (CSK) constellation with the constraints of leveling and
black lines within Taipei Basin indicate the basement depth contour of 100 m interval.
e location for stratigraphic architecture of late Quaternary deposits in Fig. 2.



Fig. 2. Stratigraphic architecture of late Quaternary deposits within Taipei Basin (modified
from Teng et al., 1999). Location see Fig. 1b (blue dot).
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continuous GPS data to monitor surface deformation in the Taipei area
and characterize the transient surface deformation due to the ground-
water recharge and withdrawal.

2. Geological setting and data

2.1. Geological and hydrological background

From the tectonic viewpoint, Taiwan Island is situated at the plate
suture of Eurasian and Philippine Sea plate since 5 Ma (e.g., Suppe,
1981; Teng, 1990). According to GPS results, the convergence rate is
about 82 mm/yr in the NW direction (Yu et al., 1997; Lin et al., 2010).
At present, the collision process is manifested in southern and central
Taiwan as demonstrated by the intense crustal shortening and frequent
seismicity. In contrast, north-eastern Taiwan underwent post-
collisional processes and has been considered to be incorporated in
the opening of the southern Ryukyu back-arc system (Teng et al.,
2000). Opening of Okinawa Trough and the retreat of Ryukyu trench to-
gether with the ongoing collision process in north-western Taiwan re-
sults in transtensional and extensional regimes (Hu et al., 1996, 2001,
2002), as revealed by the presence of Quaternary extensional structures
(Lee and Wang, 1988; Lu et al., 1995), extensional earthquake focal
mechanisms (Kao et al., 1998) and GPS measurement (Yu et al., 1999;
Hu et al., 2002; Rau et al., 2008). The Taipei Basin is located at the north-
ern part of Taiwan, surrounded by Tatun Volcano group to the north, the
Linku Tableland to thewest, and the northwest hills of western Foothills
and Hsüehshan Range to the southeast (Fig. 1a and b). The active
Shanchiao Fault bounding the western edge of the Taipei Basin is an
east-dipping normal fault with a dip angle of about 60°. The average
late-Quaternary long-term tectonic subsidence rate was estimated by
stratigraphic offset across the fault to be 1.75 mm/yr since 0.4 Ma. This
active fault is, and should have an influence on the elevation change in
the western Taipei Basin (Chen et al., 2007).

The seismicity in the Taipei Basin is lower than the other area of
northern Taiwan (e.g. Kim et al., 2005; Wang et al., 2006; Konstantinou
et al., 2007). In addition, with the lock of cluster seismicity and seismic
profile in the Taipei Basin, it is difficult to correlate the seismicity with
recognized faults. At least there Holocene paleoseismic events with a
slip of 1–3 m were proposed at ~8500, ~9200, and ~11,100 years B.P.
from analysis of basin sediments retrieved from shallow boreholes in
the Taipei Basin (Huang et al., 2007). The dense broadband seismic
array was deployed to monitor seismicity in the Taipei Basin since June
2004 (Chen et al., 2010b). During the period of observation, three felt
earthquakes (ML = 3.8, 3.2, and 3.7) of normal faulting happened near
the eastern part of the basin. The focal depth of ~9 km was proposed to
be related to a blind fault under the Taipei Basin (Chen et al., 2010b)
and was triggered by the loading of famous Taipei 101 building (Lin,
2005). Recently Chen et al. (2014) interpreted that three felt earthquakes
are located in the junction of the shallow border of the lower fault ramp
and inverted thrust detachment of active Shanchiao Fault.

The Taipei Basin has been a dammed lake associated with the last
eruption of Tatun volcanismwhich blocked the effluence of the Tanshui
River at about 0.2 Ma (Song et al., 2000). After that, global climate
change brought marine transgression and made this place to an estua-
rine deposition at around 6 Ka. According to the deep drill data, the
triangular-shaped Taipei Basin is considered as a half-graben filled
with deformed Tertiary strata and filled with upper Pleistocene and Ho-
locene sediment since about 0.4 Ma (Wei et al., 1998; Teng et al., 2001),
and the deepest basement is close to the active Shanchiao Fault with
depth more than 670 m (Fig. 1b). The stratigraphic section cutting
through the central Taipei Basin shows that the basin sediment, domi-
nated by gravel, sand, mud and their interbred is formed by late-
Quaternary fluvial formation laying on the top of theMiocene sedimen-
tary bedrock. These unconsolidated deposits can be divided into four
lithostratigraphic units with two basin-widemarker beds, Jingmei grav-
el and Banqiao lake mud (Fig. 2). From top to bottom: (1) the Sungshan
formation, composed of estuary interbedded with sand and mud de-
posits, is an unconfined aquifer with three aquifers and three aquitards;
(2) the Jingmei formation, formed by lateritic alluvial-fan conglomer-
ates is the main aquifer of the Taipei Basin with hydraulic diffusivity
around 0.12 to 0.18 m2/s and storage coefficient ranging from 0.001 to
0.004 (Chia et al., 1999); (3) the Wuku formation, consisted of fluvial
sand and conglomerates with minor mud and lateritic conglomerates;
(4) the Banqiao formation, comprised of fluvial sand, mud and con-
glomerates, with minor pyroclastic debris and thick mud in the upper
section (Teng et al., 1999).

Since the 1950s, serious land subsidence occurred from the exten-
sive pumping from the aquifer in the Taipei Basin due to the demand
of accumulated populations. The groundwater level has declined ap-
proximately 50mbefore 1976 and followed by a rapid recovery starting
from the late 1970s. Following up, according to the recent study ana-
lyzed from leveling data, Chen et al. (2007) proposed that the post-
pumping phenomena indicated the subsidence rate for the Taipei
Basin as a whole generally decreased trend from 40–70 mm/yr to 0–
30 mm/yr during 1975 to 1989, and then the elevation change of the
basin gradually switched to a slight uplift from 10 to 15 mm/yr in cen-
tral Taipei and Banqiao since about 1989.

2.2. Continuous GPS and precise leveling data

Totally 14 continuous GPS station are calculated for velocity field in
study area with respect to continuous WUKU GPS station, which is



Fig. 3. (a) Continuous GPS velocity field with respect to WUKU located in stable Linko tableland. Red line represents the Shanchiao and Chinshan Faults. Black squares represent the
benchmarks of two precise leveling routes. (b) Horizontal principal strain rate and dilatation rate based on continuous GPS data.
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located at relative stable Linko tableland on thewestern Taipei Basin from
2006 to 2015. The GPS velocity ranges from 0.7 mm/yr to 3.7 mm/yr
(Fig. 3). From viewpoint of deformation rate, two deformation regimes
Fig. 4.Vertical velocity profile of twoprecise leveling routes across the Shanchiao Fault in north (
represent the vertical velocity and gray dotted line represent the location of the Shanchiao Fau
are observed; a contractional regime in southern part of the Shanchaio
Fault and an extensional regime in northern part of the study area. The
maximum NW–SE contractional principal strain rate that is about
No. 1) and central Taipei area (No. 2). Location of leveling routes is shown in Fig. 3. Red dots
lt.



Fig. 5. Radar images and baseline information used in this study. Vertical axes are
perpendicular baselines of image pairs relative to the master image on 5 April 2012;
horizontal axes are acquisition dates of radar images.
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0.37 μstrian/yr occurred in the footwall of the Shanchaio fault. The
WNW–ESE extensional principal strain rate of about 0.28 μstrian/yr oc-
curred near the Tatung Volcano.

Two precise leveling routes across the Shanchiao Fault are deployed
by Central Geological Survey for monitoring the ground deformation.
The westernmost benchmark of leveling route is used for reference
point (Fig. 4). In general, both leveling routes show no significant eleva-
tion change in the footwall of the Shanchiao Fault, except one bench-
mark on leveling route No. 1 showing a local subsidence rate of
10 mm/yr. Near the Shanchiao Fault, two leveling routes show similar
trends of increasing of land subsidence rate. In addition, the subsidence
rate mostly decreases westward to central Taipei Basin. The maximum
land subsidence rate is about 20 mm/yr and 10 mm/yr observed in
routes No. 1 and No. 2, respectively from September 2004 to September
2012.

2.3. Methodology and SAR data acquisition

Interferometric synthetic aperture radar (InSAR) technique has been
applied widely in surface displacement measurements since the first
coseismic displacement pattern of Landers earthquake published on
the cover of Nature (Massonnet et al., 1993). Its advantages of fast and
wide cover observations provide an effective tool in geodetic survey
(e.g., Massonnet and Feigl, 1998; Bürgmann et al., 2000). An advanced
InSAR technique that tracesmovements of pixels in a bunch of radar im-
ages called persistent scatterer SAR interferometry (PSInSAR) technique
has been proposed to improve the applicability of image analysis. This
technique overcomes the limitations of temporal and atmospheric bias
in conventional InSAR technique by computing only on sparsely distrib-
uted persistent scatterers (PSs). Through this process, the signals which
cannot be obtained from conventional InSAR techniquewill be retrieved
and the accuracy of displacement ratemeasurements increases from cm
to mm scale.

The PSInSAR technique is an advanced technique in comparison
with conventional InSAR technique, which addresses the problems of
decorrelation for generating a time series of phase changes without at-
mospheric and DEM residuals effects by computing only on sparsely
distributed PSs which are pixels coherent over long time series. This
technique has been developed in the late 1990s by A. Ferretti, F. Rocca,
and C. Prati of the Technical University of Milan (POLIMI). The first algo-
rithm to find out the PS pixels was brought (Ferretti et al., 2000), and
trademarked it as the “Permanent Scatterer technique”. After that, sim-
ilar processing algorithms have since been developed by Crosetto et al.
(2003), and Mora et al. (2003). Besides, the Small Baseline subset tech-
nique developed by Berardino et al. (2002) and StaMPS (StanfordMeth-
od for Persistent Scatterers) developed by Hooper et al. (2004) are also
the same idea of the PSInSAR techniquewith different names. The appli-
cation of PSInSAR technique in the study of active faults and land subsi-
dence in Taiwan has proven to be capable of measuring ground
deformation at fine space resolution over wide coverage (Chang et al.,
2010; Peyret et al., 2011; Champenois et al., 2012; Tung and Hu, 2012;
Wu et al., 2013)

The stripmapmode of CSK SAR images provides spatial resolution of
3 m × 3 m, which is one order of magnitude better than the previous
available satellite SAR data. The higher resolution leads to an increase
of the density of the measurable targets relatively to those retrieved
from medium resolution datasets (C- and L-band). On the other hand,
the sensitivity of displacements is increased with shorter wavelengths
(~3 cm), which enhance the capability of detecting very slow displace-
ments rates. Furthermore, the more frequent revisit of the same Area of
Interest (AOI) of the present X-bandmissions providesmassive datasets
to avoid the baseline limitation and temporal decorrelation, which im-
prove the temporal resolution of deformation in time series.

Totally 18 ascendingCOSMO_Skymed constellation (Constellation of
Small Satellites forMediterranean basin observation) images were used
for processing interferograms from September 2011 to July 2013. Most
of the interferograms have an absolute normal baselines smaller than
500m (Fig. 5). Raw radar images were focused using ROI_PAC software
developed by the JPL/Caltech; Interferograms were formed using Doris
software (Kampes and Usai, 1999). The PSI was processed with
StaMPS/MTI (Stanford Method for Persistent Scatterers/Multi Temporal
InSAR). The topography phase componentwas removed by using SRTM
DEM (3 arcsec in resolution) during interferogram processing. The de-
tails of images' information are shown in Fig. 5.

3. Result and analysis

In this study, 18 radar images were used to form 17 PSI interfero-
grams. The Taipei Basin is a metropolis with dense artificial structure,
giving a good condition for processing PSs. Within the 750 km2 of the
study area, roughly 1035,000 stable targets were available (Fig. 6). The
density is 1380 points/km2, which is almost 1000 times denser than
other geodesy survey like leveling and GPS.

Continuous GPS data calculated by using GIPSY/OASIS software to
estimate the precise coordinates and 3D-velocities and then convert
the direction of motion to radar LOS (line-of-sight) component with in-
cident angle of 23° (Fig. 6). In order to understand the deformation pat-
tern in and around the Taipei Basin, the null-reference PS velocity is set
in the vicinity of the continuous WUKU GPS station, which is located at
relative stable Linko tableland on the western Taipei Basin illustrated in
Fig. 6. After referencing to a relative stable WUKU station, the contribu-
tion of deformation in the horizontal direction is reduced. Then the 3D
velocity filed of the six continuous GPS stations (LNKO, BANC, GS10,
GS11, GS12 and S101) is projected to LOS to compare with the average
LOS rate from the PSInSAR. The color shown in triangle is the LOS rate
projected from GPS velocity and that in circle is the LOS rate from
PSInSAR. The comparison of these two LOS rates are in good agreement.

The most significant signal is slight subsidence on the Luzhou and
Wuku area with LOS deformation rate away from satellite 10 mm/yr
and 5 mm/yr respectively. The subsidence areas are located close to
the Shanchiao Fault. Another conspicuous pattern can be observed on
the Beitou spring area, the LOS velocity rate of 10–15 mm/yr, indicating
an active uplift occurred in this area. Unfortunately, no geodetic mea-
surements and continuous GPS station were deployed in this area,
thus we can't characterize the implication of this uplift so far. Only
two continuous GPS stations (GS10 and GS11) showing inconsistent
LOS deformation rate with that from PSInSAR, this inconsistence
might be attributed by phase unwrapping error due to cross the river.
Most of the PS points show consistent deformation ratewith continuous



Fig. 6. Slant range displacement rate of the processed PSs in the northern Taiwan area overlapped on the hill-shaded background. Shortening in slant range (rate in positive with warm
colors) represents land uplift and elongation (rate in negative with cold colors) represents land subsidence in slant range direction. Red dashed lines mark the active Shanchiao Fault (Lin
et al., 2000). Colored triangles represent transferred GPS velocity from 3D to LOS direction and colored circles represent average velocities of PS points within 100m of the GPS station in
LOS direction. Rectangle is the location of Fig. 9.
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GPS stations, the velocity differences between average PSs and continu-
ous GPS station are less than 4 mm/yr. The good agreement indicates
the reliability of our PSInSAR result.

Different deformation patterns have been revealed from previous
studies by using precise leveling and C-band SAR data analysis
(e.g., Chen et al., 2007; Chang et al., 2010). The deformation within
the Taipei Basin varied from severe subsides to light uplift during
1975 and 2003 (Chen et al., 2007). Based on the study of PSInSAR and
precise leveling, relatively subsidence in the Taipei Basinwere observed
from 2004 to 2007 (Chang et al., 2010). It is interesting to note that the
dramatic changes of surface deformation in study area are observed
whenever the whole dataset was separated into two sub-datasets to
fit the survey period of precise leveling from 2011/9–2012/9 and
2012/9–2013/7 (Figs. 7 and 8). LOS rate from PSInSAR demonstrates
that the significant land subsidence occurred in the hanging wall of
the Shanchiao Fault related to the continuous GPS station WUKU locat-
ed on the footwall of the fault in the period of 2011/9–2012/9 (Fig. 7a).
The relatively maximum LOS rate can be up to about 5.5 cm/yr in the
Taipei Basin. A good consistence shows between LOS rates of PSInSAR
and the projection of 3D components of 6 continuous GPS (Fig. 7a). In-
dependent precise leveling carried out in the same period also the sim-
ilar trends on both hanging wall and footwall of the Shanchiao Fault
(Fig. 7b). The maximum subsidence rate related to WUKU station is
about 3 cm/yr located on the hanging wall of the Shanchiao Fault.
Surprisingly the deformation patterns on the hanging wall of the
Shanchiao Fault switch to trend of uplifting related to WUKU station
in the period of 2012/9–2013/7 (Fig. 8a). The relatively maximum LOS
rate can be up to about 5 cm/yr in the Taipei Basin. The comparison of
LOS rates fromPSInSAR andprojected continuousGPS rate is in good ac-
cordance. Independent precise leveling carried out in the same period
also the similar trends on both hanging wall and footwall of the
Shanchiao Fault (Fig. 8b). The maximum uplift rate is about 3 cm/yr re-
lated toWUKU station. The difference of LOS rate from PSInSAR and up-
lift rate from precise leveling are resulted from the time period
inconsistent between leveling survey (~1 year) and SAR acquisitions
(~10 months). We will discuss this change of deformation pattern of
two periods in Discussion.

4. Discussion

4.1. Characterizing Shanchiao Fault trace form PSInSAR velocity field

High erosion rate in Taiwan and the cover of alluviumdepositsmake
it difficult to find the active fault trace buried under the ground. Previ-
ous study of topographic mapping from LiDAR-derived DEM and real-
time kinematics GPS survey had characterized the geomorphology of
Shanchiao Fault zone revealed by a series of fault-related scarps ar-
ranged in an en échelon array (Chen et al., 2006). However the surface



Fig. 7. (a) Slant range displacement rate of time span 2011/9–2012/9. (b) Comparison between the leveling data and PSInSAR result along the central of the Taipei Basin. Black rectangles
are the locations of benchmarks in leveling route. Both PS and leveling data are relatively to the westernmost benchmark (WUKU) of the profile.
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trace of the main fault seems to be completely erased by the surface
force of erosion and sedimentation, only the subtle geomorphic scarps
corresponding to the branch fault can be identified based on the corre-
lation between geomorphology and subsurface geology in the
Shanchiao Fault zone (Chen et al., 2010a).

In order to represent the various characters of the Shanchiao Fault,
four velocity profiles sub-perpendicular to the Shanchiao fault from
north to south contain PS points within 50 m have been shown in Fig.
9. The results show a significant velocity drop across the fault in profile
1; the velocity gradient is up to 5mm/yr. In profile 2, the velocity gradi-
ent across the fault decreases to 3–4 mm/yr. Furthermore, there is no
obvious velocity change in both profile 3 and profile 4. This result indi-
cates that the Shanchiao Fault shows less activity from north to south,
which might be the evidence to form the triangular-shaped half-
graben observed by stratigraphy from deep drill data.
The LOS rate from the whole two years dataset of PSInSAR is
superimposed on the LiDAR-derived DEM to try mapping the trace of
the Shanchiao Fault inWuku area (Fig. 10, left panel). The black dashed
line is the surface trace of the Shanchiao Fault from 1:25,000-scale ac-
tive fault map published by Central Geological Survey, MOEA (Lin
et al., 2000); green line is morphotectonic analysis based on LiDAR-
derived DEMmade by Chang et al. (2014). Our PSInSAR result suggests
that a localized deformation change is located between boreholes SCF-2
and WK-1 shown by navy dashed line. In addition, only slight velocity
gradient changes are observed fromPSInSAR profile across the Sanchiao
Fault proposed by Central Geological Survey, in which Lin et al. (2010)
suggested that the main Sanchiao Fault is located between boreholes
SCF-1 and SCF-2. Thus surface trace of black dashed line could be the
secondary fault of the Shanchiao Fault zone, which is consistent with
the previous study based on the correlation between geomorphology



Fig. 8. (a) Slant range displacement rate of time span 2012/9–2013/7. (b) Comparison between the leveling data and PSInSAR result along the central of the Taipei Basin. Black rectangles
are the locations of benchmarks in leveling route. Both PS and leveling data are relatively to the westernmost benchmark (WUKU) of the profile.
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and subsurface geology of three boreholes in the Shanchiao Fault zone
(Fig. 10, right upper panel, Chen et al., 2010a). By contrast, our PSInSAR
result proposed that the main Shanchiao Fault is located between the
boreholes SCF-2 and WK-1 (Fig. 10, right lower panel), in agreement
with the study of Chen et al. (2014), Fig. 10, left panel in pink). Further-
more, our PSInSAR result can improve tomap the trace of the Shanchiao
Fault and rectify the limited number of borehole locations.

There is a vertical offset of Tertiary strata of more than 700 m across
the north and central Shanchiao Fault (Wang et al., 1994, 1995; Teng
et al., 2001, see Fig. 1b). This implies that the activity of the north-
central segment of the Shanchiao Fault is higher than its southern
segment. Based on average LOS rate of PSInSAR in the Taipei Basin
(Fig. 6), Luzhou area shows highest gradient of LOS rate across the
Shanchiao Fault, which is consistent with the maximum vertical offset
in Tertiary strata in northern segment of the fault. However, spatial dis-
tribution of confined aquifers and temporal fluctuation of the ground-
water are the major control factors of the ground deformation (Chen
et al., 2007). Using two drilling holes data in Wuku and central Taipei,
the soil compaction is in a range of 2–3.5 mm/yr and the deep tectonic
load is in a range of 0.9–1.8 mm/yr. Our study indicates that one
meter groundwater level change could induce about 8 and 16 mm sur-
face deformation change in Luzou andWuku area respectively, which is



Fig. 9. Four velocity profiles of the Shanchiao Fault within the Taipei Basin. Red dash line represents 1:25,000-scale active fault map published by Central Geological Survey, MOEA; green
lines represent morphotectonic analysis based on LiDAR-derived DEM. Rectangle is the location of Fig. 10. Three solid circles are boreholes sites used in Fig. 10.
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about eight times faster the long-term tectonic deformation rate in this
area. Consequently the aquifer deformation controls the vertical ground
deformation, for instance it is difficult to characterize the along-strike
deformation gradient without detailed investigation of spatial distribu-
tion and thickness of major confined aquifers in the Taipei Basin.
Fig. 10. Comparison of fault properties characterizing. Black dash line represents 1:25,000-scal
activity front decided by PSInSAR result. SCF-1 and WK-1 show the locations of two boreholes
4.2. Extract hydraulic parameter from correlation of PSInSAR and
groundwater level

Storativity (S, as well as storage coefficient) is defined as the volume
of water taken into or expelled from storage per unit decline in
e active fault map published by Central Geological Survey, MOEA; red lines represent fault
used in Chen et al. (2010a).
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hydraulic head, per unit area of the aquifer. It quantifies the amount of
groundwater obtained by vertical aquifer-system compaction and
helps to definemaximum pumping rate in the elastic range of deforma-
tion. In this paper, we use the relationship between hydraulic head
changes and surface deformation (S = d/h, where d is the vertical
ground displacement and h is the hydraulic head change) to character-
ize the storativity at the sevenwells within themetropolitan Taipei City.
In the period 2011/9–2012/9, the time series of PSInSAR demonstrate
the decline of the LOS displacement from 10 mm to −20 mm
(Fig. 11b). By contrast in the period 2012/9–2013/7, the time series of
PSInSAR shows an increase of LOS displacement from −20 mm to
10 mm. Water Resources Agency of the Ministry of Economic Affairs
of Taiwan installed more than 20 observation wells in the Taipei Basin
to monitor the groundwater tables over the years. Here we take Wuku
well as an example to demonstrate the relationship between surface
Fig. 11. (a) Stratigraphy of groundwater well Wuku. (b) Time series of average PS points value
well Wuku from September 2011 to July 2013. (d) Storativity calculated from surface deform
regression; corresponds to the storativity.
deformation and groundwater level change (Fig. 11). It is worthy to
know that the groundwater level shows a similar trend in the period
of observation from SAR interferometry only in the Wuku(2) and
Wuku(3),which are located at the Jingmei Formation andWukuForma-
tion, respectively (Fig. 11b). The groundwater level declines from about
−6 m to−16 m inWuku(2) and from−8 m to−18 m inWuku(3) at
the first period and recovers from −16 m to −4 m in Wuku(2) and
from −18 m to −5 m in Wuku(3) at the second period. Thus we use
the correlation of surface deformation from time series of PSInSAR and
groundwater level to calculate the storativity in theWuku area. The cor-
relation between 18 points from LOS displacement and groundwater
level give a storativity of 0.0016 in Jingmei Formation and 0.0014 in
Wuku Formation(Fig. 11c), that is 10mof hydraulic head change can in-
duce about 1.4 to 1.6 cm of surface deformation. According to the strat-
igraphic, Wukuwell is formed by sand and gravel. On the other hand, it
within 100 m of groundwater well Wuku. (c) Groundwater level change of groundwater
ation of PSInSAR and change of groundwater level. Solid line is the best fitting of linear



Table 1
Hydrological information and storativities of 9 wells in Taipei basin.

Station name Depth (m) Formation Storativity

Wuku 147.2/268.4 Jingmei/Wuku 0.0016/0.0014
Xinzhuang 107/174 Jingmei/Wuku 0.0010/0.0012
Banqiao 118.5 Jingmei 0.0005
Luzou 126.0 Jingmei 0.0009
Juangjing 79.0 Jingmei 0.0012
Erchong 96.6 Wuku 0.0010
Sanchong 107.4 Wuku 0.0013
Youth Park 85 Jingmei/Wuku 0.0008
Taida 60.0 Jingmei −0.0006
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contained thick layer clay at the depth of 18 m to 108 m and 154 m to
196 m, which might be the main contribution to the surface deforma-
tion observed by PSInSAR.

We also calculate the storativity from the additional 8 wells (Taida,
Juangjing, Banqiao, Luzou, Youth Park, Xinzhuang, Erchong and
Sanchong) by the above-mentioned method (Table 1) except the
Taida well, where the storativity is roughly constant across most of
the aquifer with values between 0.5 × 10−4 and 1.6 × 10−3 in Jingmei
Formation and 0.8 × 10−4 and 1.4 × 10−3 in Wuku Formation
(Table 1). The calculated storativities are in good agreementwith values
from water pumping test in Jingmei Formation ranging from 1 × 10−3

to 4 × 10−3 (Chia et al., 1999). Besides, the storativity is significantly in-
creasedwestward. This trendfits well with the deposit depthwithin the
Taipei Basin (Fig. 12). Under the Jingmei formation (Fig. 2), it is worthy
to note that the transient deformation induced from groundwater
change is basin-wide, which should be related to the distribution of
stratigraphy and its hydro-geologic condition. This preliminary result
suggested that grounddeformation ismost likely related to thedistribu-
tion of Jingmei and Wuku Formations which are the main confined
aquifers in the Taipei Basin.
Fig. 12. Storativity calculated in 9 wells within the Taipei Basin. Square and circle represent th
square inside represents well located both in Jingmei and Wuku Formations.
Based on the InSAR-derived surface deformation and groundwater
wells in Tainan Tableland, Huang et al. (2016) calculate that the
storativity varies from 0.0047 in 1996–2001 to 0.0075 in 2004–2009.
Chaussard et al. (2014) suggested that InSAR combined with hydraulic
data can characterize the aquifer-system properties at basin scale.
In the future, the storativity can be converted to specific storage and
values of aquifer compressibility for water resources management in
Taiwan.
5. Conclusion

In this paper, we characterize the transient surface deformation in
Taipei metropolitan area induced by groundwater change by using
high resolution X-band time series analysis form September 2011 to
July 2013. Based on 8 well data in the Taipei basin, the calculated
storativity is roughly constant with values between 0.5 × 10−4 and
1.6 × 10−3 in Jingmei Formation and 0.8 × 10−4 and 1.4 × 10−3 in
Wuku Formation. The transient deformation in LOS of PSInSAR sug-
gested that the severe land subsidence in the Taipei Basin is highly relat-
ed to confined aquifer deformation of Jingmei and Wuku Formations.
Thus the distribution and thickness of Jingmei and Wuku Formations
is an important issue for study groundwater induced deformation in
the Taipei Basin. In future study, how to discriminate tectonic move-
ment from anthropogenic or seasonal effects is a crucial issue to assess
geohazards of seismogenic Shanchiao Fault. We propose a detailed in-
vestigation of ground deformation induced by groundwater change by
dense continuous GPS network in the Taipei Basin and time series anal-
ysis from PSInSAR with the hydro-geological information of major con-
fined aquifers in the Taipei Basin. For instance, with only three
continuous GPS stations available in the Taipei Basin (Fig. 3), the de-
ployment of a dense continuous GPS network should be the first con-
cern in a study of the activity of the Shanchiao Fault.
e location of the well in Jingmei Formation and Wuku Formation, respectively. Circle with
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