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a b s t r a c t

Nowadays, the researches of using Differential Interferometric Synthetic Aperture Radar (D-InSAR) tech-
nique to monitor the land subsidence are mainly on how to qualitatively analyze the subsidence areas
and values, but the analysis of subsidence process and mechanism are insufficient. In order to resolve
these problems, 6 scenes of ERS1/2 images captured during 1995 and 2000 in a certain place of Jiangsu
province were selected to obtain the subsidence and velocities in three time segments by ‘‘two-pass’’ D-
InSAR method. Then the relationships among distributions of pumping wells, exploitation quantity of
groundwater, and confined water levels were studied and the subsidence mechanism was systematically
analyzed. The results show that using D-InSAR technique to monitor the deformation of large area can
obtain high accuracies, the disadvantages of classical observation methods can be remedied and there
is a linear relationship among the velocities of land subsidence, the water level and the exploitation
quantity.

� 2011 Published by Elsevier B.V. on behalf of China University of Mining & Technology.
1. Introduction

As a new method for obtaining regional subsidence, compared
with the conventional monitoring methods, D-InSAR technique
has some advantages in some research fields, such as earthquake
deformation, land subsidence, volcanic activity, landslide of moun-
tains and so on [1–16]. Therefore, using D-InSAR technique to mon-
itor the land deformation has become a research focus at home and
abroad nowadays. Since Gabriel and his colleagues firstly proved
that D-InSAR technique could detect the land deformation of centi-
meter level, a lot of researches on land subsidence have been devel-
oped by many scientists of different countries and some
achievements were obtained [3]. Using ERS1/2 Tandem and JERS-
1 L band images captured between 1993 and 1995, combined with
GIS, some quantitative analysis was made on land subsidence in
Appin area caused by long wall coal mining [4]. Hoffmann studied
the land subsidence of Antelope valley in California caused by
pumping the geothermal water to generate power [5]. Bernhard
used the interferometric point targets analysis technique to obtain
the land subsidence of Lost Hills oil area in California [6]. Using D-
InSAR technique, Gong studied the land subsidence caused by
groundwater over-exploitation of Cangzhou in Hebei province [7].

However, the present researches of using D-InSAR to monitor
the subsidence are mainly in how to analyze the subsidence areas
and values qualitatively, but the analysis of process and mecha-
nism of the subsidence are obviously insufficient. In addition, the
Elsevier B.V. on behalf of China Un
area studied in this paper, the recorded maximum level of subsi-
dence had been over 881 mm during the past 30 years, and some
serous damages are continuing. Although the leveling observation
with a high precise was used to monitor the subsidence all the
time, lots of control points were damaged every year, and a lot of
manpower and material resource have been consumed for the
observation and supplementation of control points. Therefore, in
order to remedy the disadvantages of D-InSAR and classical obser-
vation methods, the subsidence and velocities in three time seg-
ments were obtained by ‘‘two-pass’’ D-InSAR method, and then
according to the distribution of pumping wells, the exploitation
quantity of the groundwater, the confined water level and the
regression equations were established and the subsidence mecha-
nism was systematically analyzed.
2. D-InSAR technique

D-InSAR technique is a method where phase information of ra-
dar carrier is used to obtain the land deformation. In the repeat
pass mode, if the land deformation happened during the capture
of the two images, the interferometric fringes generated by these
two images mainly include some phase information as follows
[17]:

/ ¼ /topo þ /disp þ /atmo þ /flat þ /noise ð1Þ

where /topo is the topographic phase; /disp is the phase change due
to movement of the pixel in the satellite line-of-sight direction;
/atmo is the phase equivalent of the difference in atmospheric retar-
dation between passes; /flat is the phase caused by reference plane;
iversity of Mining & Technology.
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Fig. 1. Process steps of ‘‘two-pass’’ differential method [19].

Table 1
Interferometric SAR images used for experiment.

Serial
number

Master
image

Slave
image

B||

(m)
B\

(m)
Time interval
(d)

1 19,950,701 19,960,825 66 154 421
2 19,970,706 19,980,826 10 70 385
3 19,981,004 20,000,521 1 �64 595
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/noise is the noise term due to variability in scattering from the pixel,
thermal noise and coregistration errors.

How to get /disp is the problem to be resolved by D-InSAR tech-
nique, and /topo is the main factor to be removed. The ‘‘two-pass’’
D-InSAR and SRTM DEM, whose precision is better than 1:25,000
topographic map [18] were used in this paper. The process steps
are shown in Fig. 1.
3. Results and discussion

The experimental area is located in the North of Jiangsu prov-
ince, and the water supply source is mainly from upper aquifer
of the quaternary system. Due to being exploited nearly 30 years,
the level of groundwater decreased continuously, and the land sub-
sidence is quite serious. The observation data have been accumu-
lated for 20 years since the observation points of land subsidence
were established in 1988 [20]. Until 2007, the recorded maximum
level of subsidence in this area had been over 881 mm. Now, the
subsidence is continuing and has caused damages to some build-
ings and underground pipelines in local area. With the continuous
extension of land subsidence, the buildings, underground pipe-
lines, storm drainage and flood control in a larger range will be
seriously threatened, and environmental geological hazards will
be induced. Due to the traditional monitoring methods having
some disadvantages such as high cost, long period, and insufficient
discrete points and so on, these methods are difficult to meet the
requirements for real time and monitoring large area by plane.
Therefore, a new method called D-InSAR technique was tried to ob-
tain the land deformation. Six scenes of ERS1/2 images (Table 1)
captured between 1995 and 2000 were selected to obtain the sub-
sidence and velocities in three time segments, and the results were
compared with the measured data.

The overlapping charts of the differential phase and intensity
images of the three time segments are shown in Fig. 2. Due to long
time baselines, the interferometric images are not very good, but
the coherences of research place are mostly bigger than 0.3, so
the phase unwrapping results are reliable. Due to the perpendicu-
lar baseline of Fig. 2a longer than the other two images, its coher-
ence is worse. Because of the limited space, only the comparison
between the results calculated by D-InSAR and ground measure-
ments during October 1998 to May 2000 are shown in Fig. 3, and
they are nearly the same in deformation trend and values. There-
fore, it is proved that using D-InSAR to monitor the land deforma-
tion is effective and reliable. One thing should be introduced
necessarily. Due to ERS image with a lower resolution about
4 m � 20 m, so if you want to make the monitoring points on D-In-
SAR image and the observation points nearly have a one-to-one
correspondence, two methods such as oversampling technique or
interpolation method after the geocoding step can be employed.
The former method is to use the oversampling technique to im-
prove the resolution of range direction before the interferogram
is generated, after that, the resolution of 4 m � 4 m can be ob-
tained, and then the subsequent process can be operated. The latter
method is to use the relationship between the neighbor pixel coor-
dinates after geocoding step to interpolate the corresponding
deformation values of D-InSAR. The latter method was chosen in
this paper.

The contour maps of surface subsidence calculated by D-InSAR
technique in the three time segments are shown in Fig. 4, and they
are overlapped with the pumping wells. In this experiment, only
the phases with coherences bigger than 0.3 were unwrapped,
and then some small isolated islands outside the urban were re-
moved. From Fig. 4, some conclusions can be obtained as follows:
during July 1995 to August 1996, the area with good coherences
were relatively smaller, the whole region was subsidized, and the
subsidence values of the urban centre with more pumping wells
were between �10 and �20 mm, and the maximum was lower
than �20 mm; during July 1997 to July 1998, the position of the
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Fig. 2. Overlapping charts of differential phase and intensity images.
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Fig. 3. Comparison between D-InSAR and ground measurements (199,810–
200,005).
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pumping wells could be covered by the area with good coherences,
the subsidence values of the urban centre were between �10 and
�30 mm, and 1–2 pumping wells near the subsidence areas were
lower than �30 mm, so it could be seen that the pumpages of these
wells were relatively bigger; during October 1998 to May 2000.
The north of the urban presented surface uplift with lower than
10 mm, while the subsidence values in the south of the urban were
lower than �30 mm. On the one hand this case might be caused by
phase unwrapping or atmospheric errors, on the other hand, if the
positions of pumping of the wells and time segment (with long
time interval and from dry season to wet season) are considered,
then, this subsidence and uplift case of this area was likely
presented.
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Fig. 4. Contour maps of surface subsidence overlapped with the pumping wells.
4. Analysis of subsidence mechanism

Based on the Terzaghi’s principle of effective stress, an equation
can be established as follows:

r ¼ r1 þ l ð2Þ

where r is the total vertical stress of stratum at a depth of h; l is the
stress of interstice water; r1 is the baring stress of soil skeleton,
namely the effective stress.

The reason that the compression distortion of stratum is formed
can be concluded as follows: before groundwater exploitation, the
overlying load of aquifer was undertaken by the aquifer skeleton
and groundwater, but after groundwater exploitation, due to the
descended levels of groundwater, the l decreased, but r was
invariable, so r1 of the aquifer would increase consequentially.
Therefore, the skeleton was compressed because of the additive
effective stress on it. When the compression of soil granule was ig-
nored, the compression of the skeleton was actually the compres-
sion of stratum interstice, and that induced the subsidence of the
ground. In theory, when the groundwater is exploited, the ground
subsidence will appear at the same time, but the consolidation
deformation will not be generated in aquifer and for a short time
groundwater level will descend, this can be considered as recover-
able deformation. Therefore, when the exploitation was finished,
the groundwater level returned to the original state, the ground



Table 2
Parameter list correlated with land subsidence.

Time segment Average of confined
water level (m)

Subsidence obtained
by D-InSAR (mm)

Subsidence velocity
(mm/10 days)

Average quantity of groundwater
exploited (105 m3/month)

9507–9608 29.73 �21.0 �0.4988 0.37412
9607–9807 28.13 �23.0 �0.5974 0.39499
9810–0005 27.21 �47.0 �0.7899 0.41833
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subsidence nearly not appeared and there was just the instanta-
neous distortion; but if the groundwater level keeps descending
for a long time, the ground subsidence will appear because of the
continuous deformation in aquifer.

Based on the former analysis, there is a corresponding relation-
ship between ground subsidence and confined water level in the
time domain; similarly, there is corresponding relationship be-
tween the height of the confined water level and the exploited
groundwater quantity (some factors such as rainfall, runoff replen-
ishment and so on are ignored). Due to insufficient observed data,
the average of confined water level and exploited quantity were
collected only in Qicun point (Table 2), together with the ground
subsidence quantity obtained by D-InSAR, the regressive analysis
was processed.

Based on the data shown in Table 2, the linear regression rela-
tionship can be established between h and Q:

h ¼ �56:664Q þ 50:785 ðR2 ¼ 0:9655Þ ð3Þ

The regression relationship between v and h can be shown as
follows:

v ¼ 0:1095h� 3:734 ðR2 ¼ 0:8896Þ ð4Þ

The correlation coefficients between confined water level and
average exploitation and ground subsidence velocities are 0.9655,
0.8896, respectively, so the regression equations are relatively reli-
able. Based on Eqs. (3) and (4), two conclusions can be obtained as
follows: (1) There is a linear relationship among the velocities of
land subsidence, the water level and the exploitation quantity.
(2) With the reduction of exploitation quantity, the water level
rises, and the velocities of land subsidence decrease; with the in-
crease of exploitation quantity, the water level drops, and the
velocities of land subsidence increase.
5. Conclusions

(1) Six scenes of ERS1/2 images captured between 1995 and
2000 in a certain place of Jiangsu province were processed,
and the subsidence in three time segments were obtained,
compared with the ground observation data, the results
are nearly the same in subsidence trend and quantity, so this
proves that using D-InSAR technology to monitor the ground
subsidence is more effective.

(2) The subsidence velocities in the three time segments were
calculated using the subsidence quantity obtained by D-
InSAR, considering the distribution of pumping wells, the
exploitation quantity of groundwater, and the confined
water level, the regression equations were established, and
then the ground subsidence mechanism was systematically
analyzed. A conclusion can be obtained as follows: there is
a linear relationship among the velocities of land subsidence,
the water level and the exploitation quantity, and with the
reduction of exploitation quantity, the water level rises,
and the velocities of land subsidence decrease; with the
increase of exploitation quantity, the water level drops,
and the velocities of land subsidence increase.
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