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Land deformation caused by the overexploitation of groundwater has become a potential geological hazard
in Changzhou, China. To reduce the potential damage from deformation disasters, it is quite necessary to
monitor them. In this study, C-band ENVISAT ASAR synthetic aperture radar (SAR) datasets acquired
from 2004 to 2010 were processed with the small baseline subset (SBAS) interferometric SAR (InSAR)
method to investigate the spatial–temporal distribution of land deformation. Levelling survey data were
used to assess the deformation accuracy measured by the InSAR method, and groundwater level data
were used to analyse the incentives for deformation. The SBAS InSAR results found several subsidence
regions in the Wujin district and the central part of the Zhonglou district. The annual deformation
rate calculated from the C-band interferograms ranged from −65 to +35 mm/yr in the line of sight
(LOS) direction, and the cumulative subsidence ranged from −0.35 to 0.13 m in the vertical direction.
The levelling survey data show that the two measurements are generally consistent. Correlation analysis
between the groundwater table and InSAR measurements at six groundwater well stations shows that
groundwater recharges can cause land rebound within the Changzhou urban region. However, subsidence
was also observed simultaneously with a rising water table, which might have been caused by the status
of consolidation of the strata. Our study provides scientific evidence on the management of groundwater
extraction and the assessment of land-subsidence hazard.
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1. Introduction

Human activities that excessively exploit
groundwater give rise to areas with serious land
deformations worldwide (Baek et al. 2008; Conway

2015; Faunt et al. 2015; Castellazzi et al. 2016;
Hwang et al. 2016; Notti et al. 2016). In urban
areas, land deformation can result in extensive
damage to infrastructure such as highways, bridges,
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buildings, pipelines and subways (Ma et al. 2010;
Dong et al. (2014); Chaussard et al. 2014; Brunori
et al. 2015). In coastal cities, land subsidence
increases the risks of flooding and seawater intru-
sion (Abidin et al. 2013; Hallegatte et al. 2013;
Conway 2015).

Changzhou, an emerging city in China, has
suffered from serious land deformation since the
1960s (Wang et al. 2009). In 1990, the deforma-
tion rate reached 109 mm/yr (Zhang et al. 2010).
To control the land subsidence, in the late 1990s,
the Changzhou city government instituted mea-
sures such as prohibiting groundwater exploitation
in the urban areas of the city (Xie et al. 2009).
At the beginning of the 20th century, the China
Geological Survey deployed a project named ‘Inves-
tigation and monitoring of ground settlement in
the Yangtze river delta area’, in which variations
of land deformation in Changzhou are monitored
using the global positioning system (GPS), level-
ling surveys and water-level gauges survey method
(Zhu and Liu 2007; Hu 2011). These conven-
tional deformation-monitoring techniques provided
robust monitoring of land deformation, but were
unable to detect spatial details and comprehen-
sive information about land deformation due to
their low spatial resolution and small area coverage.
To monitor the evolution of deformation spatially
and temporally in Changzhou, interferometric SAR
(InSAR) technology can be used.

InSAR is an advanced remote sensing technol-
ogy developed over the past few decades. InSAR
has proved to be an invaluable technique for mea-
suring land deformations over large areas due to
its high spatial resolution and sub-centimetre accu-
racy (Bürgmann et al. 2000; Wang et al. 2004,
2012; Akcin et al. 2010; Hu et al. 2014). Traditional
DInSAR (differential InSAR) method focuses on
a single pair of InSAR images to detect deforma-
tions; however, factors such as temporal/spatial
decoherence and atmospheric phase interference
often affect the formation of interferograms. To
overcome these problems, advanced DInSAR tech-
nologies such as permanent scatterers (PS) InSAR
(Ferretti et al. 2000, 2001) and small baseline sub-
set (SBAS) InSAR (Berardino et al. 2002; Lanari
et al. 2004, 2007) have been developed. These
two methods are designed to identify and quantify
the millimetre-level movements of natural features
(such as bare rock outcrops and boulders) and
manmade structures (such as buildings, highway-
related objects and artificial corner reflector) in
an area. The sizes of these reflecting objects are

usually smaller than a resolution cell, and the
coherence of these objects remains high. In the
PS InSAR method, image pixels are identified in
a stack of interferograms generated with a single
master scene. These interferograms are analysed
at a single look resolution to maximise a signal-
to-clutter ratio of resolution cells containing a
single dominant scatterer (Ferretti et al. 2001).
The SBAS InSAR method derives the deforma-
tion signal from multi-looked interferograms with
most highly correlated areas, and this method
reduces speckle and improves the phase estimate.
Moreover, the SBAS InSAR method limits the
effects of spatial and temporal decoherence with
a short spatial baseline and can identify individual
phase-coherence pixels surrounded by completely
decorrelated pixels (Berardino et al. 2002; Shanker
2011).

Each of these two methods has its advantages
and they have both proved to be effective in mon-
itoring land deformation in Changzhou city. In
2015, Ding et al. (2015) used PS InSAR with
TerraSAR-X data to address land deformation that
occurred from 2011 to 2013. Zhang (2016) applied
the PS-InSAR technique to 28 ENVISAT ASAR
data to address land deformation in the Wujin dis-
trict in Changzhou that occurred between 2006 and
2010 (Zhang 2016). Remarkably, however, Ding
et al. (2015) and Zhang (2016) did not discuss the
relationship between groundwater extraction and
land deformation. Lin and Ke (2016) studied land
surface deformation with COSOMO-SkyMed data
over the period from 2011 to 2012, but the short
time span prohibited a more detailed analysis of
land deformation. To obtain more comprehensive
information about land deformation and examine
the relationship between groundwater extraction
and land deformation over a long period, more
data and advanced InSAR processing approaches
are needed.

In this paper, considering the SBAS InSAR
method performed better than the PS InSAR
method with respect to the aspects of analysing
the nonlinear displacement rate and reducing
the effects of spatial and temporal decorrelation
(Lauknes et al. 2010; Shanker et al. 2011; Necsoiu
et al. 2014), we used the SBAS InSAR technol-
ogy with data from ENVISAT ASAR (acquired
from 2004 to 2010) to investigate the spatial and
temporal land deformation over Changzhou city,
China. Levelling measurements are used to assess
the accuracy of the InSAR result. The correla-
tions between the InSAR time-series measurements
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and groundwater table change are analysed to
investigate the interaction between land subsidence
and groundwater exploitation.

2. Study area and datasets

2.1 Study area

Changzhou city is located in the South of Jiangsu
Province, China, bordered by the Yangtze river to
the north and Tai lake to the south. Its geographic
location is 31◦09′–32◦04′N and 119◦08′–120◦12′E;
the cities of Suzhou and Wuxi are toward the
east. The total area of Changzhou is approximately
4385 km2, and the major region of Changzhou con-
tains the Xinbei, Zhonglou, Tianning and Wujin
districts (figure 1). The Changzhou region is char-
acterised by a tremendous range of geological
structures and a sophisticated genesis of Quater-
nary sediments. This city area is also manifested
land deformation by the development of multiple
sand aquifers and soft clay layers (Wang et al.
2009; Zhang et al. 2010; Xu et al. 2015). Conse-
quently, the region has been bestowed with abun-
dant groundwater throughout various geological
historical stages.

As an important part of the Su-Xi-Chang area
(including Suzhou, Wuxi and Changzhou) and the
heartland of the Yangtze river delta, the urbanisa-
tion of Changzhou has proceeded quickly. Accord-
ing to a report from the Statistics Bureau of

Jiangsu Province, the urbanised area of Changzhou
had reached 68.70% by the end of 2014, and
the population of Changzhou increased from 3.41
million in 2002 to 4.69 million in 2014. This
rapid urbanisation and population growth has been
accompanied by a corresponding increase in the
demand for industrial and domestic water. Mean-
while, surface water pollution from urbanisation
has also increased the pressures on the water sup-
ply. Therefore, a large amount of groundwater is
extracted to meet the demand for water. Exces-
sive exploitation of groundwater from the aquifers
caused the consolidation of sedimentary deposits
and, finally, resulted in the land deformations in
this area.

2.2 SAR data

The input data for SBAS InSAR in this study
were collected from ENVISAT Advanced InSAR
(ASAR) images from the European Space Agency
(ESA). ASAR operates in the C band in a wide
variety of modes (such as alternating polarisa-
tion, image, wave, global monitoring and wide
swath) (table 1). The image mode is widely used in
InSAR processing, and this mode is very useful in
getting the land deformation with sub-millimetre
precision. The image mode of ASAR is used to
monitor land deformation over large areas, because
this mode can provide a large coverage of 100 ×
100 km2. Moreover, the microwaves of the ASAR

Figure 1. Geographical location of Changzhou city, China. The red polygon represents the study area. The right panel also
shows the distribution of groundwater wells and levelling stations used in this study. The names of the levelling stations are
indicated by the purple letters. A groundwater well is labelled with “W” followed by a number.
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Table 1. Summary information of ENVISAT ASAR.

Mode

Alternating

polarisation Image Wave

Suivi

global

Wide

Swath

Polarisation HH/VV, HH/HV, VV/VH HH, VV HH, VV HH, VV HH,VV

Incidence (deg) 15–45 15–45 15–45 15–45 15–45

Resolution (m) 30–150 30–150 400 1000 150

Swath (km) 58–110 58–110 5 400 400

Table 2. ENVISAT ASAR dataset information used in this study.

Band

Wavelength

(cm)

Heading

(deg)

Incidence

angle (deg) Polarisation

Orbit

type

No. of

images Data range

C 5.6 − 11.93 22.79 VV Ascending 36 20-May-04 to

29-Apr-10

image mode dataset have longer wavelengths than
infrared and visible EM radiation that allow them
to penetrate fog and clouds. This unique prop-
erty allows ASAR to provide imagery with less
interference from the weather than the infrared
and visible EM radiation during the land sur-
face deformation monitoring. Our study area is
characterised by a northern subtropical marine
climate that features plentiful rain; this feature
makes C-band ASAR data (which is unaffected
by weather conditions) more suitable for land
subsidence analysis (Curlander and Mcdonough
1991). The flat-earth phase which is produced by
the flat terrain increases the difficulty of InSAR
phase unwrapping and severely degrades the accu-
racy of deformation monitoring (Kimura and Todo
1997); however, when the satellite orbit data are
known, the flat-earth phase can be accurately
calculated and removed. The C-band ENVISAT
ASAR data use the precise satellite orbit data
provided by the Delft Institute of Earth Obser-
vation and Space Systems (DEOS) to remove the
flat-earth phase in InSAR processing (Kohlhase
et al. 2003). In contrast, for L-band ALOS data
and X-band data (such as COSMO-Skymed data),
acquiring precise satellite orbit data such as that
provided by DEOS is impossible. Changzhou’s
geomorphological type is alluvial plain, which is
seriously affected by the flat-earth phase; conse-
quently, the C-band ENVISAT ASAR data with
satellite orbit data provided by DEOS is more
suitable for monitoring land subsidence in this
area. Unfortunately, ESA announced that ASAR
lost contact with ENVISAT on April 2012. In
this study, we acquired 36 SAR images from the
C-band ENVISAT ASAR that covered the study

area before 2012 (table 2). All images used in this
study were taken with VV polarisation and from
the ascending orbit.

2.3 Shuttle radar topography mission (SRTM)
digital elevation model (DEM)

The SRTM was a NASA mission conducted in 2000
to obtain elevation data for most of the world.
The DEM data provided by SRTM satisfied the
demand of InSAR processing with a fairly high
resolution (about 90 m) and near-global coverage
(from 56◦S to 60◦N). The SRTM DEM data were
publicly released in 2003 and have been revised
many times. SRTM DEM was used in this study
to remove the topographic contribution to the
interferometric phase (Rabus et al. 2003).

2.4 Levelling data

To understand the status of land deformation in
Changzhou, the government has undertaken level-
ling measurements for many years. Levelling data
covering the period from 2006 to 2012 acquired
from five levelling monitoring sites was provided
by Changzhou Surveying and Mapping Institute
and used to verify the precision of the InSAR
measurements (figure 1).

2.5 Groundwater data

In Changzhou, the main layer involved in
groundwater extraction is the second aquifer. To
explore the relationship between variations in the
water table and land deformation, groundwater
table data of the second aquifer obtained from six
water wells were used in this study (labelled as
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W1–W6 in figure 1). These data were provided
by the Jiangsu Province Hydrology and Water
Resources Investigation Bureau.

3. Method

3.1 SBAS-InSAR principles

SBAS-InSAR is a newly developed DInSAR-based
time-series analysis method that was first proposed
(Berardino et al. 2002). Over the past decade, the
SBAS algorithm has been continually improved
and has been widely used in surface deformation
studies (Berardino et al. 2002; Lanari et al. 2004,
2007; Baek et al. 2008; Zhao et al. 2012; Chaussard
et al. 2014). During SBAS-InSAR processing, all
SAR images are subject to random combinations
and form interference pairs.

Assume that N+1 SAR images exist covering the
same area with acquisition times of t0, t1, . . ., tN
and that an image from each scene can form an
interference pair with at least one image of another
scene. The SAR images whose vertical baselines are
below the threshold of the small baseline condition
are grouped together to generate a total of L can-
didate images and M differential interferograms,
where M satisfies the following inequality (assum-
ing N is an odd number) (Berardino et al. 2002;
Lanari et al. 2004, 2007):

N + 1
2

≤M ≤ N

(
N + 1

2

)
. (1)

If all of the differential interferograms are cor-
rectly unwrapped, they can be calibrated by a
highly coherent point (x0, r0) that is stable or
whose deformation magnitude is known. For a spe-
cific interferogram (i.e., after the removal of the
flat earth and topographic phases), assume that
tB > tA (where tA and tB are the two acquisi-
tion dates of the co-registered image pair for the
interferogram i). Then, in a coordinate system of
azimuth–range (x, r), the interferometric phase of
a pixel (x, r) in the differential interferogram i can
be expressed as follows (Lanari et al. 2007):

δφi(x, r) = φ(tB, x, r)− φ(tA, x, r)

≈ 4π

λ
[d(tB, x, r)− d(tA, x, r)] +

4π

λ
× B⊥iΔZ

r sin θ

+[φatm(tB, x, r)− φatm(tA, x, r)] + Δφ, (2)

where λ is the centre wavelength of the imaging
radar system and d(tB, x, r) and d(tA, x, r) rep-
resent the relative displacements in the direction
of the radar line of sight (LOS) at times tB
and tA, respectively. Here, (B⊥iΔZ)/(r sin θ) is
the phase resulting from the DEM (or height)
error ΔZ and the vertical component B⊥i of the
baseline orbit separation between the SAR image
pair; its value is directly proportional to B⊥i and
inversely proportional to the slant range r, and it
is associated with the local incidence angle θ. The
term [φatm(tB, x, r) − φatm(tA, x, r)] is the differ-
ence between the atmospheric delay phases of pixel
(x, r) at times tA and tB, and Δφ represents other
noises.

After phase unwrapping, the linear deformation
and DEM error phase can be used to construct a
new SBAS linear equation (Hallegatte et al. 2013):

[B, C]p′ = δφ, (3)

where B is an M ×N matrix, and C is the coeffi-
cient matrix related to the space–baseline distance.
The value p′ is given by

p′ = [v ΔZ ]T, (4)

where v represents the phase-value matrix of the
average deformation rate.

The linear deformation phase and DEM errors
are removed from the interferogram to generate
the residual phases, which now include the atmo-
spheric delay phase, nonlinear deformation phase
and decoherence noises. Subsequently, filtering is
performed based on the different temporal and
spatial properties of the residual phases, thereby
separating the nonlinear deformation phase and
atmospheric delay phase. Finally, time-series defor-
mation results can be obtained by applying a least
squares (LS) method (Usai 2003) or singular value
decomposition (SVD) rule (Costantini 1998) to all
the unwrapped interferograms.

3.2 SBAS-InSAR processing

SBAS-InSAR can divide the whole SAR dataset
available into different subsets. Interference pairs
were made by multiplying a master complex image
with a conjugate of a slave complex SAR image in
every subset according to the following principle:
within each subset, the spatial–temporal baseline
was smaller than a threshold defined by the user,
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but between subsets, the baseline was relatively
larger. The purpose of such an approach was to
mitigate both spatial and temporal decorrelations
and to preserve high interferometric coherence.

In this study, we set the threshold of the spatial
baseline to <400 m and the temporal baseline to
<400 days. To dampen the noises, boost coherence
and examine the deformation at a relatively large
scale, interferograms are subject to a multi-look
treatment using five azimuth looks and one range
look. Thus, a total of 152 interferometry pairs (or
interferograms) are constructed. We also get the
relationship between the temporal and perpendic-
ular baselines of InSAR interferograms (figure 2).
As these interferograms were influenced by strong
orbit error, flat-earth phase, topographic phase,
interferometric noise and atmospheric phase, the
effective deformation information could not be
obtained. Six representative interferograms were
shown in figure 3 and these pictures were the com-
prehensive effect of a strong orbit error, flat-earth
phase, topographic phase, interferometric noise
and atmospheric phase. Strong residual phase ramp
originating from the orbit error, together with
a large atmospheric pattern can be observed in
figure 3(b, d and e) obviously. Large residual fringes
remain caused by atmospheric artefacts together
with a small ramp caused by orbit inaccuracies can
be observed in figure 3(a and c) obviously. Inter-
ferometric noise and atmospheric patterns can be
observed in figure 3(f) obviously. DEOS precise
orbit dataset are used to remove orbit error and

the flat-earth phase. SRTM DEM data are used
to remove the topographic phase. The adaptive
spectral filtering method is employed to suppress
the interferometric noise. After completing the
above operations, the minimum cost flow (MCF)
method (Costantini 1998), which is integrated with
a region growing procedure to improve the per-
formance in areas with low signal-to-noise ratios,
is used to unwrap the complex phase over the
Changzhou area. The coherent pixel (CP) can-
didates are characterised by high average spatial
coherence. In this study, we retained the CP points
with a high value of 0.85 as the reference points
during the unwrapping process.

Through the above processing steps, we obtained
unwrapped interferograms. The core of the SBAS
is the inversion of unwrapped interferograms for
the retrieval of time-series deformation. First, a
LS approach was used to determine every small
subset deformation. Secondly, SVD was used to
merge these small subset results (Berardino et al.
2002). The deformation results include an atmo-
spheric phase that should be detected and removed.
Because the atmospheric phase signals are highly
correlated in space but poorly correlated in time,
the following method is used to estimate and
remove the atmospheric delay phase: low-pass (LP)
filtering in the space domain, followed by high-pass
(HP) filtering in the time domain. Subsequently
the atmospheric delay phases are separated from
the results (Berardino et al. 2002) and we could
finally generate a time series of deformation at

Figure 2. Relationship between the temporal and perpendicular baselines of the ENVISAT ASAR image pairs.
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Figure 3. Interferograms constructed by the SBAS InSAR method. Interferogram generated with the images obtained
on (a) 24 June 2004 and 29 July 2004, (b) 20 April 2006 and 25 January 2007, (c) 5 April 2007 and 6 December 2007,
(d) 25 December 2008 and 3 July 2008, (e) 18 June 2009 and 1 October 2009, and (f) 29 April 2010 and 27 August 2009.

each CP identified in the C-band ENVISAT ASAR
images.

4. Results

The deformation map generated from the
ENVISAT ASAR images is shown in figures 4
and 5. The total number of CP with small phases
that were decorrelated over short time intervals
was 6,809,836. The CP measurement density was
3452 per km2. The high CP measurement density
calculated by the InSAR SBAS method ensured
that a detailed analysis could be conducted over a
large area compared to GPS, levelling surveys and
groundwater-level surveys (data for only five lev-
elling surveys and six groundwater-level locations
were available in this study; figure 1). From the
results of ENNISAT ASAR SBAS InSAR process-
ing (figure 4), noticeable land subsidence was dis-
played in the Wujin district and the central area of
the Zhonglou district of Changzhou. However, land
rebound was also observed in the districts of Xin-
bei, Tianning and in the eastern part of Zhonglou.
The results indicate that the surface deformation
in Changzhou was primarily within the range of
− 65 to +20 mm/yr in the LOS direction (figure 4).
The deformation map also shows the accumulated

Figure 4. Deformation rates projected onto the LOS
direction for the ENVISAT ASAR data at the selected
study area. The black triangle represents the most serious
subsidence area.

vertical surface deformation with respect to the
image acquired from the first SAR image (20 May
2004) (figure 5). The accumulated vertical defor-
mation from 2004 to 2010 in Changzhou ranged
from − 0.33 to 0.13 m (figure 5d).
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Figure 5. Time series of accumulated vertical deformation values calculated from ENVISAT ASAR SBAS InSAR processing
up to 20 May 2004: (a) 24 June 2004; (b) 21 December 2006; (c) 25 December 2008; and (d) 29 April 2010.

Because SBAS InSAR processing has advantages
in estimating the vertical deformation between
two particular acquisition dates, we calculated
the cumulative deformations of 24 June 2004, 21
December 2006, 25 December 2008 and 29 April
2010 to 20 May 2004, respectively (figure 5).
The yellow-coloured regions in figure 5 denote
land subsidence and the dark yellow colour rep-
resents maximum subsidence. Between 24 June
2004 and 20 May 2004, no subsidence regions were
observed (figure 5a). Between 21 December 2006
and 20 May 2004, some subsidence regions had
begun to appear in region C in the Wujin dis-
trict (figure 5b). Between 25 December 2008 and
20 May 2004, the subsidence regions expanded,
particularly in Wujin district (figure 5c). By 29
April 2010, the area with accumulated subsidence

values below −8 cm had reached as much as
46.97 km2 (figure 5d). The subsidence in regions
A–C (marked in figure 5d) grew quickly and
reached their maximum subsidence during 2004
and 2010. The maximum subsidence (−0.33 m)
occurred in region C which is located in the
industrial park of Wujin district. In contrast to
regions A–C, region D which is located in Tian-
ning and the eastern portion of the Zhonglou
district, experienced land rebound. The maximum
rebound values reached as high as 0.13 m over
6 yr.

Several researchers have suggested that land sub-
sidence in some areas of Changzhou city should be
caused by two important factors in the process of
urbanisation: overexploitation of groundwater and
soil consolidation (Zhang et al. 2007; Shi et al.
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Figure 6. (a) Deformation history (LOS direction) of four points (P1–P4) in the subsidence funnel marked in figure 4 and
(b) distributions of P1–P4.

2008; Xu et al. 2012). Extracted groundwater is
used mainly for industry, residential and agricul-
ture (e.g., industrial production, the public water
system and agricultural irrigation, respectively).
Construction of infrastructure such as industrial,
residential and commercial buildings increased the
surface load, leading to soil consolidation and,
eventually, contributing to land subsidence. The
InSAR results reveal that serious land subsidence
occurred mostly in the industrial parks where
the economy developed rapidly, where massive
amounts of groundwater may be utilised for indust-
rial purposes, and where many buildings were
constructed. To obtain more detailed information
about land deformation in Changzhou city, the
large subsidence areas are presented as overlays on
Bing Map (figure 6b). The buildings with white or

blue roofs are related to industrial land use. It can
be observed that the four large subsidence regions
(around points P1–P4 in figure 4) are located in
the industrial area (figure 6b). It is worth not-
ing that land use around P1 included a mixture
of residential (the high density distribution of red
roofs in figure 6b) and industrial. The deformation
history for points P1–P4 is shown in figure 6(a).
The cumulative land deformation at points P1–P4
is −267, −230, −235 and −239 mm, respectively.
The variation trends among these four points may
suggest that the subsidence in these areas will last
for a long time. The subsidence might be caused
by the excessive groundwater extraction for indus-
trial and residential purposes. However, because
most subsidence regions are found around indus-
trial zones with large buildings, it is likely that soil



159 Page 10 of 15 J. Earth Syst. Sci. (2019) 128:159

consolidation caused by surficial loading might also
have played an important role in accelerating land
subsidence.

5. Discussion

5.1 Comparison between the InSAR and levelling
measurements

To assess the InSAR measurements, the InSAR-
derived subsidence values were compared with
the levelling observations. Because the centres of
InSAR pixels may not exactly overlap the loca-
tions of the levelling benchmarks, an arithmetic
mean method was used. First, we selected all
InSAR pixels whose centres were within 100 m of

the benchmarks. Second, we calculated the aver-
age displacement values from the selected InSAR
pixels. The calculated mean values were taken as
the InSAR measurements at the positions of the
levelling benchmarks. Finally, the InSAR and lev-
elling measurements were compared. The results
are shown in figure 7. The InSAR and levelling
observations generally agreed well except for sta-
tion II52. At station II52, the InSAR measurements
remained stable after 2008, while the levelling
measurements noticeably decreased. The difference
between the InSAR and levelling measurements
were likely caused by the following factors: (i) the
InSAR measurements were the average of all pix-
els within a 100-m range around the benchmarks;
(ii) each InSAR measurement was the average of

Figure 7. Time series of subsidence from InSAR and levelling measurements at the five levelling benchmarks marked in
figure 1.
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the entire pixel scale while each levelling measure-
ment was at the point scale and (iii) the errors in
the InSAR and levelling measurements themselves
may contribute to the differences.

From the InSAR-measured deformation history
of the five levelling benchmarks shown in figure 7,
we found that three of them (B012, II01 and
II141) showed almost linear deformation over time;
however, the deformation at stations II59 and
II52 were nonlinear with time. This phenomenon
may be related to the changes in the groundwa-
ter table. The two benchmarks (B52 and II141)
which were located in the industrial parks in Wujin
district (figure 1) experienced continuous land sub-
sidence between 2004 and 2010. We speculated this
phenomenon was closely related to groundwater
exploitation without the permission of the local
government in the industrial area, because of the
government’s regulation of groundwater here being
relatively weaker compared to Xinbei, Zhonglou
and Tianning districts. The other two benchmarks
(II59 and II01), which were located in central urban
districts, experienced an uplift due to land rebound
– possibly caused by groundwater recharge after
the policy limiting groundwater extraction was
instituted in the 1990s (Hu 2011).

The comparison between the InSAR and level-
ling measurements were in good agreement, with
a correlation coefficient of 0.98, suggesting that
the deformation rates in Changzhou measured
by these two methods were significantly corre-
lated (figure 8). The standard deviation of the
deformation rate between the two data sets was
+18 mm/yr. The comparison results indicate that
the InSAR displacement time-series measurements
agreed reasonably well with the ground truth in
measuring the surface deformation. Because the
temporal resolution of the levelling surveys for this
study was lower than that of the InSAR mea-
surements, it was difficult to obtain more detailed
information about land deformation in Changzhou
from the levelling measurements. The InSAR mea-
surements, with higher temporal resolution than
the levelling surveys, were able to provide more
comprehensive information about land deforma-
tion in the Changzhou area. This information is
useful for exploring the cause of the settlements,
managing groundwater exploitation and evalu-
ating geological hazards. The comparison result
between the InSAR measurement and levelling
survey data suggest that a comprehensive appli-
cation of these two measurements can provide
detailed information about land deformation.

Figure 8. Comparison between the InSAR-derived and
levelling-derived deformation rates at the levelling survey
points shown in figure 6.

5.2 Correlation between land subsidence and
groundwater

According to the historical levelling survey data,
land subsidence in Changzhou began in the 1970s
and reached 50.63 mm/yr between 1979 and 1983;
the maximal subsidence reached approximately 100
mm (Hu 2011). Between 1984 and 1991, the aver-
age subsidence rate was 40–50 mm/yr, leading to
a maximal cumulative subsidence of 949 mm in
some of the central urban areas (Hu 2011). The
average subsidence rate remained at approximately
40 mm/yr between 1993 and 1998 (Hu 2011).
Since 1996, the government has limited ground-
water withdrawal (Zhang et al. 2007, 2010; Shi
et al. 2008; Wang et al. 2009), and land subsi-
dence in Changzhou has slowed down. Since 2000,
the observed subsidence rate has been approxi-
mately 25 mm/yr (Hu 2011). After 2004, except
for the eastern part of Changzhou, land subsidence
had been effectively curbed, and a slight rebound
began to occur in some areas. The rebound area
gradually expanded. By 2007, land subsidence in
urban areas had been essentially stopped (Hu
2011). To understand the influence of groundwater
table variations on ground surface deformation
after 2004, the deformation values obtained from
the InSAR measurement were analysed in compar-
ison with the changes in the groundwater table
at six water wells (figure 1). The procedures dis-
cussed in section 5.1 are also used to match the
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Figure 9. Groundwater table level and land deformation from 2006 to 2012 at groundwater wells in Changzhou. Stations
W1–W6 are the water wells marked in figure 1.

InSAR pixels to the locations of these six water
wells.

Land surface rebound was found at the ground-
water well stations W1–W3 and W5 as the ground-
water table increased (figure 9). These groundwater
stations were located within the main urban region
of Changzhou (in Xinbei, Tianning and the eastern
part of the Zhonglou district). The land surface
uplift in this region was due to the strict reg-
ulatory measures put in place to prohibit the
exploitation of groundwater (Xu et al. 2015). At
station W4, the InSAR measurements were consis-
tent with the change in the groundwater table after
2007. However, the land subsidence measurements
were not in synchronisation with the groundwater
table changes at the groundwater well station
W6, located in Wujin district: the groundwater
table rose, but land subsidence continued. To bet-
ter identify the influence of groundwater change
on the ground surface deformation, a correlation

analysis between the groundwater table values and
surface deformations was performed. Positive cor-
relation coefficients of 0.90, 0.86, 0.97 and 0.96 were
observed at well stations W1–W3 and W5, respec-
tively, while a lower correlation coefficient of 0.5
was observed at stations W4. The lower correla-
tion coefficient of W4 was caused by the rebound
of ground surface in November 2007. However, at
well W6, a negative correlation coefficient of −0.96
was found. These results suggest that groundwa-
ter table changes had mixed effects on surface
deformation during 2004 and 2010. According to
relevant studies, the land subsidence in some area
of Changzhou city has been effectively controlled
and the land deformation showed an upward trend
since 2004 (Zhang et al. 2010; Hu 2011). These
areas include the Xinbei district, the eastern part of
the Zhonglou district (where well W2 is located),
the western part of the Tianning district (where
wells W1, W3 and W5 are located) (Hu 2011).
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The research studies by Xu et al. (2011a, b) indi-
cated that the hysteresis phenomena exist in the
consolidation of strata during the process of the
groundwater table variation and the state of con-
solidation of strata plays a very important role in
land subsidence. As the wells W4 and W6 were
located in the settlement area from 2001 to 2004
(Hu 2011), it was indicated that the consolida-
tion of the strata around the wells W4 (before
November 2007) and W6 (from May 2004 to April
2010) had not been completed after the exploita-
tion of groundwater was prohibited. The strata
in this area were still in a state of compression,
though the groundwater table rose (Zhang et al.
2010; Xu et al. 2011a, b). This process will continue
until the consolidation of the strata is completed.
From our InSAR result in W4, we deduced that, in
November 2007, this region completed the strata
consolidation, and expressed a subsequent trend
of surface rebound. It is also essential to notice
that creep deformation played an important role
during the consolidation of the strata, especially
at the stage of groundwater recovery under this
geological condition (Xu et al. 2008; Wang et al.
2013).

In contrast, the wells W1–W3 and W5 were not
in the subsidence area after 2004 which may indi-
cate that the consolidation of the strata around
these wells was completed before 2004. So, in
the following time, the land surface rebound with
the groundwater table rise. In W4, we speculate
that the consolidation of the strata was comple-
ted after November 2007 from the InSAR result.
So, the land deformation of W4 expressed a
trend of land rebound with the groundwater level
rising.

Other factors such as consolidation caused by
surface loading and other geologic condition may
also contribute to land deformation (Wang et al.
2009; Zhang et al. 2010; Hu 2011). Moreover,
because we lack the groundwater table data in the
areas with large subsidence (including the Wujin
district and the centre part of the Zhonglou dis-
trict), a detailed analysis concerning the relation
between subsidence and groundwater exploitation
in these areas is not possible in this section.

6. Conclusions

Long-term land displacement in the Changzhou
city was mapped based on time-series interfer-
ograms in the C-bands using the SBAS InSAR

technique. To assess the InSAR measurements
and identify the cause of deformation, levelling
observations and groundwater table measurements
within the second confined aquifer were analysed
along with the InSAR results. We concluded that:
(i) large land subsidence regions were found in the
Wujin and Zhonglou districts. The maximum sub-
sidence rate reached −65 mm/yr along the LOS
direction. The accumulated vertical deformation
from 2004 to 2010 in Changzhou ranged from
− 0.33 to +0.13 m. The results from ENVISAT
ASAR images showed that the subsidence rate
was steady over Xinbei, Tianning and the eastern
part of the Zhonglou district. By overlaying the
large subsidence areas on a Bing Map, it is indi-
cated that the subsidence in these regions might
be caused by groundwater exploitation and soil
consolidation due to the surface loads from arti-
ficial structures; (ii) a comparison between the
InSAR and levelling measurements demonstrated
that the two measurements are well correlated
with a correlation coefficient of 0.98 and a stan-
dard deviation of 18 mm. This comparison shows
that the InSAR measurements agreed well with
the ground truth data and can be used to provide
deformation information over a large area around
Changzhou city than the small ground levelling
network; (iii) the correlation analysis between land
deformation and the groundwater table at ground-
water well stations suggested that changes in the
groundwater table had mixed effects on surface
deformation during 2006 and 2012. A sharp rise in
the groundwater level can cause land rebound (e.g.,
stations W1–W3, W5 and W4 (after November
2007)). However, in W6 and W4 (before Novem-
ber 2007), land subsidence was observed along
with simultaneous increases in water table levels
(W6). This phenomenon was caused by the sta-
tus of consolidation of the strata, especially the
occurrence of creep features in the saturated sand
layer.

Our study indicated that the InSAR time-
series analysis methods such as SBAS were use-
ful in the long-term monitoring of subsidence
or uplift in Changzhou city during its rapid
urbanisation. However, we only analysed the rela-
tionship between the groundwater table and
land subsidence/uplift and not the effects of arti-
ficial infrastructures and other natural factors.
In future work, we plan to focus on investigat-
ing more parameters related to ground deforma-
tion to study land deformation in the Changzhou
area.
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