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Xi'an, China has been undergoing significant land subsidence along with ground fissure development. These
geohazards have brought about severe damages to buildings, bridges and other facilities. In order to warn of
and mitigate disasters, it is urgently necessary to obtain the latest rate, extent, and temporal evolution of land
subsidence in Xi'an. With multiple SAR datasets as well as leveling, GPS and ground water level of aquifers, we
study andmap the spatial and temporal evolution of land subsidence and groundfissures over Xi'an. First, 62 syn-
thetic aperture radar (SAR) images acquired by Envisat, ALOS, and TerrSAR-X during 2005–2012 are used to form
three independent interferometric stacks to unveil the spatial and temporal variations of land subsidence and
ground fissures by using the time-series interferometric synthetic aperture radar (InSAR) technique. GPS and
leveling measurements are applied to calibrate the InSAR results. Precision of our InSAR annual subsidence re-
sults is less than 9 mm. We derive the east–west and vertical components of the observed land deformation in
2009 using descending and ascending InSAR observations, finding out that the horizontal component of land de-
formation cannot be ignored if the deformation is large or ground fissures are active. Second, fourmain land sub-
sidence zones are detected in Xi'an, with an average subsidence rate of 50mm/a during 2005–2012. Time-series
InSAR results indicate that land subsidence rates in Xi'an increased by 200% from 2005–2007 to 2008–2010, ex-
tending existing ground fissures. Third, InSAR-derived land subsidence correlates with the change in ground
water level, and seasonal variations in subsidence correlatewith changes in groundwater pumping. Last, the con-
sistency on the spatial–temporal distribution variation between ground fissures and land subsidence could be
drawn from the time series results and profile analysis. Shapes of subsiding zones follow the general trends of
mapped ground fissures and main faults in an ENE direction. Changes in the subsidence gradient are also
observed over most of the ground fissures and faults. Subsidence-triggered fissures can cause localized surface
displacements, aggravate localized subsidence, discontinue the integrity of ground water flow, and limit the
horizontal spread of subsidence funnels.With continuingmass construction projects in Xi'an,monitoring ground
deformation with satellite InSAR therefore can provide efficient means to image land subsidence, movements of
fissures and faults, and the associated geohazards.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

Xi'an, the capital of Shaanxi Province, lies in theWei River Basin over
the northwestern China. The city of Xi'an (Fig. 1) is under a warm
temperate semi-humid continental monsoon climate, with an average
annual temperature of 12 °C and an annual precipitation of about
585 mm. Seasonal and inter-annual variations of precipitation are
large, with the most amount in September and the least in December.
The urban Xi'an is located to the north of the Qin Ling and south of the
Loess Plateau, thus exhibiting both mountain and loess tableland land-
forms (Xi'an Local Records Compilation Committee, 1996; Zhuang,
Javed, Peng, & Liu, 2014). Because of the complex geological structures
in Xi'an, plenty of natural geohazards, such as earthquakes, ground
fissures, landslides and debris flows, frequently occurred in recent
years. These geohazards have caused significant property damage and
casualty loss in the Xi'an region (Chang'an University, 2009b; Xi'an
Local Records Compilation Committee, 1996). Especially, due to urban
sprawl and economic growth, Xi'an has been suffering severe land sub-
sidence and ground fissure hazards since the 1960s. By the 1990s, areas
with subsidence of more than 100 mm reached over 105 km2 with the
maximum subsidence reaching 1940 mm (Yan, 1998). The average
rate of ground subsidence during the 1980s–1990s was 80–126 mm/a,
with the maximum subsidence rate reaching 300 mm/a. Eight main
subsidence funnels were formed in the southern, eastern and south-
western suburbs of Xi'an city, accompanied by 11 ground fissures
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Fig. 1. Shaded reliefmap of Xi'an, where the Chang'an–Lintong fault (CAF), 14 ground fissures, leveling (black circles, numbers) and GPS benchmarks (with prefix XJ andmarked bywhite
squares) are superimposed. The map of Shaanxi Province is an inset on the top-right corner, where the black solid rectangle shows the study area of Xi'an.
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oriented in an east–north-east (ENE) direction (Fig. 1). Several ellipsoi-
dal subsidence cones with the major axes approximately parallel to the
directions of ground fissures occurred between fissures (Lee, Zhang, &
Zhang, 1996; Xi'an City Planning Bureau, 2006; Yan, 1999). The ground
fissures are about 1–1.5 km apart, and generally parallel to the
Chang'an–Lintong fault (CAF hereinafter), one of the main active faults
in the region (Peng, Su, & Zhang, 1992).

Many geologists have studied the cause of land subsidence and
ground fissure in Xi'an for several decades (e.g., Wang, 2000; Wang,
Suo, & Jia, 1996). It has been concluded that the collaborative effect of
the excessive exploitation of aquifer and the influence exerted by CAF
is the main cause (Wang, 2000; Wang et al., 1996). Since 1995, most
wells in the metropolitan area had been closed to reduce the land sub-
sidence in Xi'an. However, obvious land subsidence was still recorded
by step leveling, and three new ground fissures were discovered during
2001–2003 (Suo, Wang, & Liu, 2005). Moreover, spatially varied land
settlements have exacerbated movements of ground fissures. So to
date, a total of 14 fissures (see Fig. 1) have been mapped in Xi'an city.
Land subsidence and induced ground fissure have caused immense
damages to underground pipelines and other infrastructures
(Chang'an University, 2009a,b, 2012). With the purpose of disaster
prevention, mitigation and warning, it is urgent to obtain the latest
rate, extent, and temporal evolution of land subsidence in Xi'an.

Ground-based techniques (e.g., leveling, GPS) have been utilized to
investigate the land subsidence in Xi'an (Yan, 1998, 1999; Zhang et al.,
2009; Zhu, Cheng, & Jiang, 2005; Zhu, Wang, Tian, Liang, & Zhang,
2006). Leveling measurements were conducted from 1959 to 1995.
GPS campaigns have been surveyed biannually since 2005 (Chang'an
University, 2009a, 2012) (Fig. 1). Since 2009, a total of 33 leveling
benchmarks have been gradually installed and surveyed annually over
the fast-developing region at Xi'an High-tech Zone in western Xi'an
(Fig. 1). Even though ground-based monitoring techniques provide
high-accuracy surface subsidence measurements at selected locations,
they have difficulties in providing a more detailed and comprehensive
picture of the ground deformation. Since the mid-1990s, InSAR has
become a very useful remote sensing tool formapping ground deforma-
tion due to earthquakes, volcanoes, landslides, land subsidence, etc. (Lu
& Dzurisin, 2014; Lu et al., 2003; Massonnet et al., 1993; Schmidt &
Bürgmann, 2003; Zebker, Rosen, Goldstein, Gabriel, & Werner, 1994).
The conventional InSAR method was applied in the earlier years to in-
vestigate land surface subsidence based on individual interferograms
(Amelung, Galloway, Bell, Zebker, & Laczniak, 1999; Bawden,
Thatcher, Stein, Hudnut, & Peltzer, 2001; Hoffmann, Zebker, &
Galloway, 2001; Lu & Danskin, 2001; Peltzer & Rosen, 1995). However,
the spatial and temporal decorrelation between SAR acquisitions often
makes InSAR less robust (e.g., Zebker & Villaseno, 1992). In addition,
the accuracy of InSARmeasurements can be significantly reduced by at-
mospheric phase artifacts and orbital errors (Ferretti, Prati, & Rocca,
2001). Accordingly, advanced multi-interferogram InSAR techniques
such as Persistent Scatterers InSAR (PSInSAR) and Small Baseline Subset
(SBAS) InSAR have been developed tomap time-series land surface dis-
placements by minimizing artifacts plaguing the conventional InSAR
method (Berardino, Fornaro, Lanari, & Sansosti, 2002; Ferretti et al.,
2011, 2001; Hooper, Zebker, Segall, & Kampes, 2004; Lu, Dzurisin,
Jung, Zhang, & Zhang, 2010; Lu & Zhang, 2014; Mora, Mallorqui, &
Broqustas, 2003; Werner, Wegmuller, Strozzi, & Wiesmann, 2003).
Multi-interferogram InSAR technique has facilitated the monitoring of
land subsidence in many urban areas, such as Las Vegas (Burbey,
2002), Paris (Fruneau & Sarti, 2000), Naples (Tesauro et al., 2000),
Mexico City (Osmanoglu, Dixon, Wdowinski, Cabral-Cano, & Jiang,
2011), Granada Basin (Joaquim, Hooper, Hanssen, Bastos, & Ruiz,
2011), Lisbon (Heleno et al., 2011), Hong Kong (Ding, Liu, Li, Li, &
Chen, 2004), Shanghai and Tianjin (Perissin &Wang, 2010). In thisman-
uscript, we utilize a multi-interferogram processing method – Stanford
Method for Persistent Scatterers (StaMPS) SBAS (Hooper, 2008) – to
investigate land subsidence over Xi'an, China. StaMPS SBAS uses the spa-
tial correlation of interferometric phase measurements to identify pixels
with low phase variance. StaMPS SBAS has an advantage over other
multi-interferogram processing techniques as it can operate on single-
look images to identify individual phase-coherent pixels surrounded by
completely decorrelated pixels. Prior knowledge of temporal variations
in the deformation rate over the study region is not required.

Regarding land subsidence and ground fissure monitoring in Xi'an
using InSAR technique, some annual InSAR deformation results have
been presented in recent years (Zhang et al., 2009; Zhao, Zhang, Ding,
Peng, & Yang, 2008; Zhao et al., 2009). Zhang et al. (2009) studied the
land subsidence and ground fissure activities during 1992–2006 by
using both GPS and InSAR observations. Zhao et al. (2008, 2009) studied



Table 1
The C-, L-, and X-band SAR data information used in this study.

Sensor Envisat ASAR ALOS PALSAR TerraSAR-X

Band C L X
Wavelength (cm) 5.6 23.6 3.1
Heading (°) −165.6 −10.2 −169.3
Incidence angle (°) 23.2 38.7 28.6
Track 161 464 13
Polarization VV HH, HV HH
Number of images 27 20 15
Date range 2005.01.29–

2010.09.25
2007.01.30–
2011.02.10

2011.10.05–
2012.09.21
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the evolution of land subsidence during 1992–2007 by using 15 ERS 1/2
and Envisat scenes and land subsidence during 2005–2006 by using
seven frames of Envisat data. Some GPS data were used to validate the
InSAR results and centimeter precision was achieved. The above litera-
tures identified main land subsidence stages in 1992, 1996, 2004,
2005 and 2006, and the changes in distribution and magnitude of the
subsidence. The land subsidence and ground fissures have gradually ex-
tended to the south, southwest, and southeast suburbs of the city along
with the expanding Xi'an Hi-tech Zone construction. The maximum
land subsidence rates increased from 1992 to 1996 and then decreased
until 2005, mainly owing to the 1996 policy of controlling underground
water withdrawal. There has been no new research on ground subsi-
dence and fissure activity in Xi'an since 2006. In addition, all of the
above InSAR results were carried out by the conventional D-InSAR
method, so ground displacement signals were possibly mixed with
noise due to variations in atmospheric conditions and errors in satellite
orbit and digital elevation model (DEM). To obtain the latest rate,
extent, and temporal evolution of land subsidence in Xi'an, new data
and more advanced InSAR processing approaches are needed.

With multiple SAR datasets as well as leveling and GPS measure-
ments in Xi'an since 2005, this paper investigates the spatial and tempo-
ral evolution of land subsidence in Xi'an using advanced InSAR
measurements (Hooper, 2008; Hooper & Zebker, 2007; Hooper et al.,
2004). First, time series deformation measurements from 2005 to
2012 are generated by integrating X-, C-, and L-band interferograms
to unveil the temporal and spatial variations of land subsidence in
Xi'an. Together with the subsidence results of the 1990s (Zhang et al.,
2009; Zhao et al., 2008, 2009), spatial–temporal variations of land sub-
sidence in Xi'an over nearly twenty years can be achieved. Second, GPS
and leveling measurements are applied to validate our InSAR results,
while cross-validation of deformation measurements from ascending
L-band ALOS and descending C-band Envisat datasets in 2009 is con-
ducted. Third, horizontal and vertical components of motion during
2009 are derived based on ascending- and descending-track InSAR
measurements. Fourth, the cumulative subsidence from 2005 to 2012
is obtained using three InSAR datasets, and its correlation with ground
fissures and active faults is analyzed. Finally, causes of land subsidence
and ground fissure movements as well as their interactions are
discussed. The rest of the manuscript is organized as the following:
Section 2 introduces the StaMPS SBAS algorithm as well as the data
used for processing and validation, Section 3 includes the results of
time-series land subsidence in Xi'an achieved by multi-band SAR data
and their accuracy assessment, Section 4 presents the spatial–temporal
variations of land subsidence as well as their correlation with ground-
water pumping and activities of ground fissures and faults, and
Section 5 summarizes our conclusions.

2. Datasets and processing methods

2.1. GPS and leveling measurements

A GPS network composed of 31 benchmarks (Fig. 1) constructed in
2005 has been surveyed biannually: 6 stations (labeled as XJA1–XJA6)
are set as base stations and the other 25 stations (labeled as
XJ01–XJ25) are set as monitoring points. The leveling measurements
over the Xi'an High-tech Zone started in late 2009, including a total of
33 leveling benchmarks operated at different periods. 16 leveling
benchmarks were in operation in 2012 (Fig. 1). The precisions of GPS
vertical components and leveling measurements are about 5 mm and
2 mm, respectively (Zhang et al., 2009).

2.2. SAR data

SAR images from three different sensors with different imaging
geometries are obtained for this study. The C-, L-, and X-band data
information used at Xi'an is listed in Table 1.
2.3. SBAS method

SBAS InSAR analysis technique relies on adequate combinations of
multiple small baseline interferograms to increase the temporal
sampling rate (e.g., Berardino et al., 2002; Lanari et al., 2004; Lee, Lu,
Jung, Won, & Dzurisin, 2010; Wegmuller, Walter, Spreckels, & Werner,
2010). Standard SBAS methods often work with interferograms
that are normally multilooked, filtered, and unwrapped individually
(Berardino et al., 2002). SBAS operation in StanfordMethod for Persistent
Scatterers (StaMPS) (Hooper, 2008) can work on single-look images to
identify single-look slow-varying filtered phase (SFP) pixels, whose
phases decorrelate little over short time intervals. This offers the potential
to operate SBAS processing at the highest spatial resolution, enabling the
identification of isolated SFP pixels surrounded by completely
decorrelated pixels (Hooper, 2008; Hooper & Zebker, 2007).

Tomaximize InSAR coherence, the StaMPS SBAS technique forms in-
terferograms by taking into account the difference in Doppler frequency
and spatial baseline as well as time interval of the image pair (Hooper,
2008). Here we select interferograms whose temporal, perpendicular
and Doppler baselines are below the given threshold values (Hooper,
2008). The interferograms are formed by spectrum filters to remove
non-overlappingDoppler spectra in the azimuth direction and to reduce
the geometric decorrelation in the range direction. The flat-Earth and
topographic phases are subtracted for each small-baseline interfero-
gram based on 3-arc-second SRTM DEM. StaMPS SBAS uses the statisti-
cal relationship between amplitude stability and phase stability, which
makes consideration of backscattering amplitude for reducing the initial
number of pixels for phase analysis (Hooper, 2008; Hooper et al., 2004).
After subsets of pixels are selected as initial SFP candidates, their phase
stabilities are estimated under the assumption that the grounddisplace-
ment is spatially correlated. The spatially-correlated contributions to
the interferometric phase at a SFP candidate pixel, including phase com-
ponents due to the ground displacement, the temporal change in atmo-
spheric delay, the orbital inaccuracy and the spatially-correlated height
error, are estimated by band-pass filter applied in the frequency domain
of surrounding pixels. The spatially-uncorrelated contributions, includ-
ing phase components due to both the spatially-uncorrelated height
error and the deviation of the pixel's effective phase center from its
physical center (i.e., spatially-uncorrelated look angle error), are then
estimated through their correlation with the perpendicular baseline.
Subtraction of these two estimates (i.e., the spatially-correlated and
spatially-uncorrelated terms) from the interferometric phase leaves an
estimate of the decorrelation noise, γx, which is a representation of var-
iations in the residual phase at the SFP candidate pixel (Hooper, 2006,
2008; Hooper & Zebker, 2007; Hooper et al., 2004):

γx ¼
1
N

XN
i¼1

exp
ffiffiffiffiffiffiffiffi
−1

p
ψx;i−Δψ̂u

θ;x;i−eψx;i

� �n o�����
����� ð1Þ

where N is the number of interferograms, ψx,i is the wrapped phase of
pixel x in the ith interferogram, ψ̂u

θ;x;i is the estimated spatially-
uncorrelated look angle error term and eψx;i is the estimate of the
spatially-correlated term.
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The root-mean-square change in γx (Eq. 1) is calculated at each iter-
ation. When the change ceases to decrease, the solution has converged
and the iteration stops. A threshold value of γx, which is calculated
based on the maximum acceptable percentage of misidentified SFP
pixels, is used for the selection of final SFP pixels (Hooper, 2008;
Hooper, Segall, & Zebker, 2007).

Once SFP pixels have been selected, the phase at each SFP location is
corrected using the estimate of spatially-uncorrelated look angle error
calculated in the selection steps. Then, StaMPS SBAS uses the network
flow approach to conduct three-dimensional phase unwrapping on
multiple-master time-series interferograms (Hooper & Zebker, 2007).
Afterwards, a low-pass filter in space and a subsequent high-pass filter
in time can be applied to the unwrapped interferometric phases in
order to remove the remaining spatially correlated errors related to
orbit and atmosphere artifacts (Hooper, 2008; Hooper et al., 2007).
Finally, time-series deformation measurements at each SFP location
can be obtained.

Under the above criteria, we construct a total of 147 interferograms
including 52 from C-band Envisat, 50 from L-band PALSAR and 45 from
X-band TerraSAR-X (Fig. 2). Several interferograms with temporal/
spatial baselines larger than the thresholds are also included to guaran-
tee temporal continuity for SBAS time-series analysis (Fig. 2). The Doris
software (Kampes, Hanssen, & Perski, 2003) is used for the interferomet-
ric processing. Each slave image is resampled to themaster geometry and
corrected for the difference in position of the master and slave sensor,
using theWGS84 reference ellipsoid. The three datasets were then proc-
essed using the above StaMPS SBAS method respectively.

3. Results and analyses

3.1. Time-series land subsidence

Annual line-of-sight (LOS) deformation maps are produced from
StaMPS SBAS processing. Fig. 3 highlights the deformation in 2005
Fig. 2. Temporal (a) and perpendicular (b) baseline distributions of SAR interferograms from C
ferograms with perpendicular baselines less than 250 m and temporal baselines less than 400
baselines less than 1200 m and temporal baselines less than 350 days. Grey line segments sh
and temporal baselines less than 200 days.
calculated with Envisat data (a), the deformation in 2009 calculated
with Envisat data (b) and ALOS data (c), and the deformation in 2012
with TerraSAR-X data (d). At least four large subsidence zones can be
detected; they are Xi'an High-tech Zone, Xi'an Qujiang New Zone (QJ
hereinafter), Chanba River Economic Zone (CBZ hereinafter) and
Hujiamiao (HJMhereinafter).With the development of urban construc-
tion, Xi'an Hi-tech Zone has the largest subsidence, including three sub-
sidence funnels at Yuhuazhai (YHZ hereinafter), Electronic Mall (EM
hereinafter) and Sanyaocun (SYC hereinafter) (Fig. 3). Themean annual
displacement at these subsidence zones was about 60 mm. The largest
subsidence was found at YHZ: the annual rate increased from 70 mm/a
in 2005 to 140 mm/a in 2012.

3.2. InSAR accuracy assessment

The InSAR derived deformation is along the SAR's LOS direction. As-
suming that the deformation is purely vertical, all three SAR results are
projected into the vertical direction with respect to the corresponding
incidence angles. As both Envisat (Fig. 3b) and ALOS SAR (Fig. 3c)
images are available in 2009, we compare the vertical displacements
during 2009 derived from ALOS and Envisat data processing.

Based on the LOS deformation results in 2009 from ascending ALOS
and descending Envisat (Fig. 3b and c), we can see that the deforming
areas are generally consistent between the two measurements. Because
the spatial distributions of SFP points are different between results
derived from two datasets, we have applied the nearest neighbor inter-
polation to both results before the comparison. After the LOS measure-
ment is converted to the vertical displacement, a common part of the
displacement maps (Fig. 3b and c) is selected to compare the vertical
deformation measurements between C- and L-band measurements.
Fig. 4a shows the difference map while Fig. 4b shows the corresponding
histogram. The standard deviation is about 5.5 mm.

In Fig. 4a, larger difference values in the vertical deformation can be
seen around fissures and peaks of subsidence areas. Thus the horizontal
-band, L-band and X-band datasets. Black line segments indicate 52 C-band Envisat inter-
days. White line segments represent 50 L-band ALOS interferograms with perpendicular
ow 45 X-band TerraSAR-X interferograms with perpendicular baselines less than 200 m

image of Fig.�2


Fig. 3. Annual LOS deformation maps of Envisat (a and b), ALOS (c) and TerrSAR-X data (d). Four main large displacement zones are marked in (b): Xi'an Hi-tech Zone, QJ, CBZ and HJM.
Three subsidence peaks over the Xi'an Hi-tech Zone are labeled in (b): YHZ, EM and SYC. The white box in (c) indicates the area used to quantify the error level of our InSAR results.
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deformation cannot be ignored in these areas. Because both the ascend-
ing and descending data are from near-polar orbits, the deformation
field in the north–south direction cannot be estimated based on
descending and ascending InSAR observations alone (Jung, Lu, Won,
Poland, & Miklius, 2011; Samsonov & Tiampo, 2006; Wright, Parsons,
& Lu, 2004). Thus the deformation components in the east–west and
vertical directions are estimated using the descending and ascending
InSAR images together. The measurement equations can be written as:

ve
vu

� �
¼ U � de

du

� �
−Rlos ð2Þ

where d = (de, du)T is the 2-dimensional deformation vector (east, up)
in a local reference frame; U is a matrix consisting of LOS vectors
(sin θ ⋅ cos φ, cos θ), where θ is the radar incidence angle and φ is the
satellite heading angle. R represents the LOS measurement, and
(ve, vu) is the observation residual. By minimizing the observation
residual, the deformation vector d = − (UT ⋅ U)−1 ⋅ UT ⋅ R is obtained
on the basis of least-squares inversion.

The 2-dimensional deformation components are shown in Fig. 5.
The vertical displacements (Fig. 5b) range between −110 mm and
20 mm, which are much larger than the east–west motions (Fig. 5a).
This confirms that the vertical motion dominates the deformation
field in Xi'an. Areas with larger east–west displacements correspond
to regions of larger vertical displacements where active ground fissures
are present (Fig. 5). By comparing Figs. 4a and 5a, we conclude that the
horizontal displacements cannot be ignored in land subsidence
measurementwhen the deformation is large, particularly when ground
fissures are active.

Next, we compare our InSAR-derived land deformation measure-
ments with GPS and leveling observations (merely the ongoing bench-
marks displayed in Fig. 6). To compare the InSAR displacements with

image of Fig.�3


Fig. 4. Difference in the vertical displacements derived from ascending ALOS and descending Envisat in 2009 if the observed land deformation is assumed to be vertical. (b) The corresponding histogram of (a).

371
F.Q

u
etal./Rem

ote
Sensing

ofEnvironm
ent

155
(2014)

366
–376

image of Fig.�4


Fig. 5. 2-dimensional deformation map in 2009 by using ascending and descending SAR data: (a) the east–west component of the deformation field; (b) the vertical component of the de-
formation field.
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those from GPS and leveling benchmarks, we select the SFPs that lie
within 100 m of benchmarks (for TerrSAR-X the radius distance is set
at 50 m as the density of SFP is higher) and average displacement values
around benchmarks. After referencing both types of measurements to
Fig. 6. Comparison of InSAR-derived land surface deformation with those from GPS and leveli
2009. (b) and (c) The comparison of InSAR displacement with GPS and leveling measurement
the same area and correcting for the offset produced by different time
references, we have GPS, leveling and InSAR observations in the
same spatial and temporal reference frames. The comparison results
(Fig. 6) indicate great agreement between InSAR and GPS/leveling mea-
ng measurements. (a) The comparison of InSAR displacement with GPS measurement in
s in 2012 respectively.

image of Fig.�5
image of Fig.�6


Fig. 8. Time series subsidence of fourmain subsidence centers including YHZ, EM and SYC
over the western Xi'an and QJ in the eastern Xi'an.
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surements. Measurements of ground displacement based on individual
interferograms can often be overprinted by artifacts due to temporal
changes in atmospheric delay and errors in satellite orbit and topograph-
ic data used, all of which tend to lower the InSAR accuracy. By using the
StaMPS SBAS method described in Section 2.3, we can reduce the atmo-
sphere, baseline and other artifacts efficiently.We calculate the standard
deviation of our InSAR measurements over a known nondeforming re-
gion (the white box in Fig. 3c) to quantify the precision of our InSAR re-
sults. The standard deviation is 3.4mm/a for the Envisat dataset, 3.1mm/
a for the ALOS, and 2.4 mm/a for the TerraSAR-X.

Discrepancies of up to 30mmat a few benchmarks (Fig. 6) are likely
due to two factors. First, InSAR measurements represent the annual
(average) rates from multi-temporal interferograms while GPS and
leveling measurements represent deformation measurements between
two temporal epochs. So, for benchmarks that experience time-varying
displacements (see later discussions), InSAR results will be different
from those of GPS and leveling. Second, the larger difference values
occur over areas of the greatest deformation gradient. For example,
XJ10, XJ11 and XJ12 benchmarks (Fig. 1), which were intended to
monitor ground displacements near fissures, are located very close to
fissures with spatial separations of less than 50 m. However, only 3
SFPs were identified near these three benchmarks. So, the larger defor-
mation gradient and limited spatial resolution of SFPs have also contrib-
uted to the bias. The standard deviations of Fig. 6a and b are 11.7 mm
and 15.0mm, respectively. If theGPS points near ground fissures are ex-
cluded, the InSAR precision can reach 8.8 mm and 9.6 mm, respectively
(Fig. 6a and b). It is encouraging to see that the InSAR measurement in
2012 is very consistent with the levelingmeasurement, with a standard
deviation of 6.8 mm (Fig. 6c).
3.3. Eight years of land subsidence in Xi'an

Fig. 7 shows the cumulative subsidence from 29 January 2005 to 21
September 2012 based on X-, C- and L-band InSAR measurements over
the study area. The time-series displacements at four locations (3 are
near centers of subsidence cones) are shown in Fig. 8. Because there is
a data gap between the last ALOS acquisition (10 February 2011) and
the first TerraSAR-X acquisition (5 October 2011), we connect two
segments of the time series using average deformation rates during
30 January 2007 to 10 February 2011 (Fig. 8). Themaximum cumulative
Fig. 7. Cumulative land subsidence map by integrating three InSAR datasets during
2005–2012.
subsidence during 2005–2012 is around 740 mm at YHZ and EM, and
about 650 mm at SYC. The subsidence rate at QJ remains relatively
steady during 2005–2012, and is much lower than those at other
three sites, which exhibit time-varying subsidence rates (Fig. 8).

4. Discussions

4.1. Spatial and temporal variations of land subsidence at Xi'an

Subsidence in Xi'an during 2005–2012 shows strong spatial varia-
tions (Fig. 7). The subsidence patterns of each subsiding zone generally
are elongated along an ENE direction, following the orientation of fis-
sures and faults in the region.Most of the subsidence zones are confined
by fissures in the region (see discussion later). The main subsidence
cones are located at the Xi'an High-Tech Zone in western Xi'an, particu-
larly YHZ, EM and SYC (Fig. 7), all of which experienced a significant in-
crease in subsidence rates compared to the measurements in the 1990s
(Zhang et al., 2009; Zhao et al., 2008). The maximum subsidence
reached about 740mmat YHZ during 2005–2012 (Fig. 8). Such a signif-
icant amount of land subsidence accelerated thedevelopment of ground
fissures, causing fissures f4 and f5 to extend further westward (Fig. 7).
Massive urban structures are under construction in this area, especially
Subway Line 3 which will be opened to traffic in 2015. So further
attention is required to monitor land subsidence over this area. The
land subsidence at EM reached a maximum value of 100 mm/a in
2009, which is almost double the rate during 2005–2007 (Fig. 8). Our
InSAR results also reveal changes in spatial distribution of themaximum
subsidence over SYC from 2005 to 2012: the maximum subsidence
lay to the north of fissure f12 during 2005–2009 (Fig. 3a–c) while it
extended to the south of f12 in 2012 (Fig. 3d). Field investigations
have identified several small insidious cracks, which have not yet been
mapped. Subsidence over the QJ area at southeastern Xi'an is relatively
lower than those at YHZ, EM and SYC. Northwestern Xi'an experienced
the least subsidence during 2005–2012 (Fig. 7).

Subsidence in Xi'an during 2005–2012 exhibits strong temporal var-
iations (Fig. 8). Over southwestern Xi'an, the subsidence rate increased
nearly three times from the period of 2005–2007 to the of peri-
od2008–2010 (Figs. 7 and 8). For example, surface drawdowns over
the three main subsidence cones at YHZ, EM, and SYC are about
150 mm during 2005–2007 and about 400 mm during 2008–2010
(Fig. 8). Over southeastern Xi'an, the subsidence maintained a nearly
constant rate (Figs. 7 and 8). Frequent temporal sampling of
TerraSAR-X images also shows seasonal, nonlinear variations of subsi-
dence. For example, subsidence rates during the period fromMay toOc-
tober were larger than those in the other months of 2012 (Fig. 8). These
temporal changes in subsidence reflect the variations in ground water
pumping (Chang'an University, 2009b).

Comparing our measurements in 2005–2012 with those in the
1990s (Zhang et al., 2009; Zhao et al., 2008, 2009) allows us to evaluate

image of Fig.�7
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the changes in spatial and temporal distribution of land subsidence in
the past two decades. Themain subsidence cones are located at eastern
and southern Xi'an, particularly HJM, in the 1990s (Zhang et al., 2009;
Zhao et al., 2008, 2009). The maximum subsidence reached about
160 mm in 1992 (Zhang et al., 2009; Zhao et al., 2008, 2009). Peaks of
land subsidence moved to southeastern and southwestern Xi'an after
1996 while the subsidence in eastern Xi'an became stabilized. The
land subsidence at southwestern Xi'an reached a maximum value of
210 mm/a in 1996 (Zhang et al., 2009; Zhao et al., 2008, 2009),
which is almost triple the rate during 2005–2007 and double that of
2008–2012. The main subsidence cones are located at the Xi'an High-
Tech Zone in western Xi'an during this period, particularly YHZ, EM
and SYC, with a maximum subsidence rate of 140 mm/a in 2012. Over-
all, the subsidence rate increased from 1992 to 1996, and decreased
greatly from 1996 to 2005, and then increased again from 2007. The
distribution of land subsidence and ground fissures has gradually
migrated from eastern and southern Xi'an to the southwestern suburbs,
which can be explained by the expansion of the Xi'an Hi-tech Zone
construction in the same period.

4.2. Correlation between land subsidence and groundwater withdrawal

It has been suggested that land subsidence over Xi'an was mainly
due to underground water pumping (Wang, 2000; Wang et al., 1996;
Zhang, 1990). So ground water withdrawal is the main cause of the
observed subsidence presented in this study. An aquifer system is a
saturated, heterogeneous body of interbedded permeable and poorly
permeable hydrogeologic units consisting of hydraulically-linked aqui-
fers and aquitards. An increase in ground-water pumping causes ground
water levels to drop so that some support for the overlying material
shifts from the pressurized fluid filling the pore space to the granular
skeleton of the aquifer system (e.g., Lu & Danskin, 2001; Sneed,
Brandt, & Solt, 2013). As a result of this decrease in pore pressure, the
land surface subsides.

Even though the detailed information about groundwater mining in
recent years is not publically accessible, we only obtained the ground-
water depth along profile P1–P1’ (Fig. 7) during 2005 (Chang'an
University, 2009b). Accordingly, we compare the observed land subsi-
dence from InSAR during 2005 and the ground water depth along the
20-km-long profile (Fig. 9). There is a strong correlation between the
ground settlement and the ground water depth (Fig. 9). The ground
subsidence increases with the increase of ground water depth
(i.e., decrease of ground water level). The land subsidence spatially
coincides with the ground water level drop as a whole, but deviates
Fig. 9. Comparison of InSAR subsidence estimates with the variation of ground water level
along profile P1–P1’whose positions are indicated in Fig. 7. Dash lines indicate locations of
ground fissures and faults.
locally. The peak subsidence along the profile P1–P1’ was near fissure
f12, while the maximum water level drop was located about 1 km
away. Such an offset is probably due to spatial variations in an aquifer
property or the geologic deposits (Chang'an University, 2009b; Lu &
Danskin, 2001). For example, the spatial distribution of the clay thickness
is one of the important factors affecting land subsidence (Chang'an
University, 2009b). Clay is usually thicker in a subsidence center than
the surrounding region. A change in clay thickness may cause an
inhomogeneity in the spatial distribution of the land subsidence, causing
the offset between the peaks of land subsidence and thewater level drop.

4.3. Correlation between land subsidence and fissures and faults

Ground fissures in Xi'an are activated as a result of soil surface ten-
sion due to land subsidence caused by ground water withdrawal. The
shapes of subsiding zones at Xi'an follow the general trend of mapped
ground fissures and CAF faults in an ENEdirection (Fig. 7). This indicates
that the spatial distribution of land subsidence in Xi'an is controlled by
faults and fissures to some extent. Fig. 10a and b shows the cumulative
surface displacements and their gradients along two profiles (P2–P2’,
P3–P3’). Major ground fissures and faults are superimposed on the
deformation profiles (Fig. 10). Changes in subsidence gradient are
Fig. 10. Cumulative land subsidence (2005–2012) and subsidence gradients along three
profiles whose positions are marked in Fig. 7. Dash lines indicate locations of ground
fissures and faults.

image of Fig.�9
image of Fig.�10


375F. Qu et al. / Remote Sensing of Environment 155 (2014) 366–376
observed over most of the ground fissures and faults, demonstrating a
strong correlation between ground fissures and observed subsidence
in Xi'an. Two sides of a ground fissure normally have different surface
displacements, modifying or weakening the local deformation tendency.
On one hand, large localized subsidence gradients destroy the surface
tension of soil and promote the relative motion between two blocks of
a ground fissure. On the other hand, the formation of ground fissures
discontinues the integrity of ground water flow, limits and weakens
the horizontal spread of subsidence funnels, and aggravates localized
subsidence. Therefore, land subsidence and ground fissures mutually
promote each other. Large subsidence gradients, where ground fissures
have not been observed, could indicate changes in an aquifer property
or geological deposits and might suggest existence of ground water
barriers as observed elsewhere (Lu & Danskin, 2001).

Our InSAR results have demonstrated that ground subsidence due to
excessivewatermininghas exacerbated the groundfissures in Xi'an. For
example, a significant amount of land subsidence over the YHZ (Fig. 7)
accelerated the development of ground fissures, causing fissures f4
and f5 to extend further westward (Chang'an University, 2009a,
2012). Fissure f11 near SYC (Fig. 7) has become one of the most active
fractures due to significant localized subsidence. Non-uniform settle-
ments of greater than 20 cm have been observed on both sides of the
crack in recent years (Chang'an University, 2009a,b, 2012).

Overall, ground fissure activities correlate with the spatial and
temporal variations of ground subsidence. The fissures in the eastern
and southern parts of Xi'an were intensively active during 1992–1996,
with a creep rate of about 30mm/a (Zhao et al., 2008, 2009). The fissure
activity correspondedwell to significant land subsidence occurring over
eastern and southern Xi'an during 1992–1996. Fissure activities during
2005–2012 mainly occurred in southwestern Xi'an where the peaks of
land subsidence were located (Fig. 7). Take fissure f6 as an example,
the eastern section of f6 was not active during 2005–2012, the differ-
ence in cumulative subsidence is less than 20 mm (Fig. 10b), which
can also be verified by GPS measurements at benchmarks XJ10 and
XJ11 (Fig. 6). However this section of f6 moved more than 30 mm/a in
the 1990s (Chang'an University, 2009a; Zhang et al., 2009; Zhao et al.,
2009, 2008). The western portion of f6 at Xi'an High-tech Zone
(Fig. 7), on the other hand, experienced a period of intensified activity
during 2005–2012 (Fig. 9a). The difference in themaximum cumulative
subsidence reached 120mm(Fig. 10a). This is in contrast to the fact that
there was no deformation at all in the 1990s before the construction of
mass infrastructures (Zhang et al., 2009; Zhao et al., 2008, 2009).

Finally, our InSAR results provide a new estimate on the motion of
CAF, the major fault system bounding southeastern Xi'an. According to
geological investigations (Chang'an University, 2009b; Shi et al., 2008;
Zhu et al., 2005, 2006), the CAF is a normal fault dipping to the NNW
at an angle of about 66° with a slip rate of about 4 mm/a. Sharp changes
in vertical displacement across CAF can be observed in the cumulative
subsidence map (white dashed box in Fig. 7) and is highlighted in a
cross-section shown in Fig. 10c. The hanging wall (north block) of CAF
is in a state of subsidence with a cumulative subsidence of 25 mm
while the footwall (south block) uplifts about 10 mm during 2005–
2012 (Fig. 10c). So, about 35 mm relative vertical motion in 8 years
can be interfered from our InSAR analysis, resulting in a slip rate of
4 mm per year along the fault plane (i.e., 35 mm/8 year/sin(66°)). Our
results therefore agree well with the geological observation.

5. Conclusions

Using C-, L- and X-band InSAR imagery acquired during 2005–2012,
we unveil the spatial and temporal variations of land subsidence and
ground fissures in Xi'an. Combining InSAR results, GPS and level obser-
vations, and measurements of the ground water level of aquifers, we
can draw the following conclusions. First, using GPS and leveling obser-
vations, we report that the precision of our InSAR annual subsidence re-
sults can reach 9 mm. Combining descending and ascending InSAR
observations, we have derived the east–west and vertical components
of the observed land deformation. The horizontal component of land de-
formation can't be ignored if the deformation is large or ground fissures
are active. This provides a cautionary implication for comparing InSAR
LOS deformation measurements from different geometries. Second,
four main land subsidence zones are detected at the Xi'an Hi-tech
Zone, Xi'an Qujiang New Zone, Chanba River Economic Zone and
Hujiamiao, with an average subsidence rate of about 50 mm/a during
2005–2012. The peak land subsidence is found in the Xi'an Hi-tech
Zone in western Xi'an, where subsidence rates reached 140 mm/a
in 2012. Land subsidence rates over Xi'an increased by 200% from
2005–2007 to 2008–2012, extending existing ground fissures. Third,
InSAR-derived land subsidence correlates with the change in ground
water level: the larger the ground water-level drop, the larger the
observed subsidence. Seasonal, nonlinear variations of subsidence ob-
served from the more frequently sampled TerraSAR-X images suggest
that subsidence rates from May to October were larger than those in
the other months of 2012, which reflects variations in ground water
pumping. Fourth, the shapes of subsiding zones follow the general
trends of mapped ground fissures and main faults in an ENE direction.
Ground fissures are activated by horizontal strain generated by the
bending of overburden in response to localized differential land subsi-
dence. Accordingly, changes in subsidence gradients are observed over
most of the ground fissures and faults. Presence of fissures can induce
localized surface displacements, aggravate localized subsidence, discon-
tinue the integrity of groundwater flow, and limit the horizontal spread
of subsidence funnels. Therefore, spatial–temporal variations in land
subsidence correlatewith activities of ground fissures, and theymutual-
ly promote each other.

With the enormous urban sprawl and mass construction in Xi'an,
monitoring ground deformation with satellite InSAR can provide a pre-
cise and economic means to image land subsidence and movements of
fissures and faults and the associated geohazards. Not only is it a great
way to image the characteristics of spatial–temporal evolution and
mechanism of land subsidence and ground fissures, but it also provides
independent unparalleled data for the further geological and geophysi-
cal interpretation. It is eventually enhancing disaster prevention and
mitigation, which is essential for protecting people's lives and property.

Our future study will continue the monitoring of land subsidence in
Xi'an using multiple radar satellites including Sentinel-1/A, Radarsat-2,
COSMO-SkyMed and ALOS-2. With SAR acquisitions from multiple
sensors with different imaging geometries, an advanced multi-
interferogram time-series analysis technique based on Helmert vari-
ance component estimation will be developed to improve the accuracy
of InSAR measurements. Multifarious observations can also enhance
the accuracy of deformation decomposition to generate precise
3-dimensional deformation components. Furthermore, additional con-
tinuous GPS stations will soon be included to improve the validation of
our InSAR results.
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