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ABSTRACT:

Man-made linear features like dams, highways, airports, and so on are very important infrastructures in any society. However, due to
natural and human activities, ground deformation is threatening many linear features all over the world. Because of groundwater
over-exploration, land subsidence has taken place in Taiyuan, China for many years. The South Ring Expressway and Wushu
International Airport in the southern suburb of Taiyuan, is being threaten by severe ground subsidence. In this paper, 13 Envisat
Advanced Synthetic Aperture Radar (ASAR) images from 2006 to 2009 have been acquired to monitor the southern Taiyuan City
using small basdline differential interferometric SAR (DINSAR) technique. Along the South Ring Expressway, the maximum
deformation lies in the central section, with an average velocity about -50 ~ -90 mm/a. The eastern section has the minimum
deformation about -15 mm/a while the western section has a velocity about -10 ~ -50 mm/a. Over the Wushu International Airport,
the deformation velocity is around -42 mm/ain the southwest and -20 mm/ain the northeast. Precise levelling data in the study area

validate our results.

1. INTRODUCTION

Man-made linear features include dams, highways, railways,
airports, oil or gas pipelines, and others. Most of them are vital
infrastructures and facilities to sustain normal operation of any
society. However, affected by natural and human activities,
deformation is threatening many linear features al over the
world. The deformation not only weakens the function of these
man-made features, but & so threatens the human life. Therefore,
it is necessary to monitor the deformation timely and accurately
and take corresponding measures to control it. Traditional ways
of monitoring ground deformation utilize levelling and global
positioning system (GPS) measurement. They have the
advantage of high accuracy. However, they are very costly and
can not achieve enough spatial sampling density.

With the development of radar remote sensing technique,
differential interferometric SAR (DINSAR) is playing an
important role in monitoring ground deformation. However, for
long term deformation, conventiona 2-pass or 3-pass DINSAR
can be easily affected by tempora or geometric de-correlation
which degrades the interferometric phase and makes it difficult
to extract useful information (Ferretti, 1999). To solve this
problem, some advances in this field have been introduced
based on point target analysis, including permanent scatterers
(PS) method (Ferretti, 2000, 2001; Vilardo, 2009), small
baseline subsets (SBAS) method (Berardino, 2002, 2003a,
2003b, 2004; Casu, 2008) and coherent points (CP) method
(Mora, 2003).

In this paper, the deformation in Taiyuan is investigated with
time-series DINSAR analysis. Taiyuan, the capital of Shanxi
Province, China, has been a city suffering water shortage
severely. Over exploring groundwater has taken place in this
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city over 50 years, resulting in 4 significant subsidence centres
in the urban area, namely Xizhang, Xiayuan, Wanbolin and
Woujiapu (Sun, 2007). In recent years, with fast development of
economy in the southern suburb, particularly the exploitation of
Taiyuan Economic and Technological Development Zone, new
subsidence centre has been found in this area, where the South
Ring Expressway and Wushu International Airport are located.
Therefore, it is urgent to monitor the deformation of this area.
In this research, deformation maps around the South Ring
Expressway and Wushu Internationa Airport in Taiyuan are
generated for the first time with small baseline DINSAR
technique by combining PS and CP methods.

2. STUDY AREA AND DATASETS
2.1 Study area

The study area, Taiyuan, is located in the middle reaches of the
Yellow River in North China. The Fenhe River, a key tributary
of the Yellow River, runs through the territory of Taiyuan City
over a distance of about 100 km. Taiyuan lies in a basin
bounded by the Taihang Mountain Ranges in east and the
Lvliang Mountain Ranges in west. The annua average
precipitation in Taiyuan is479 mm. Taiyuan is one of the cities
lacking of water resources in China. The annual average
capacity of water resource is 5.7x108 m® in this city. And the
annual amount of water resources per capita is 172 m®, which
accounts for 46% of that in the whole province, or 6.6% of that
in China. This is aso the reason of over-exploring ground
water in Taiyuan for along time.
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2.2 Datasets

13 ENVISAT advanced synthetic aperture radar (ASAR) single
look complex (SLC) images over the study area are acquired
from February 2006 to February 2009. The temporal baselines
and normal baselines are shown in Table 2. To remove the
topographic phase from interferograms, digital elevation model

China

(DEM) generated by Shuttle Radar Topography Mission
(SRTM) with 3 arc-second resolution (about 90m) is used. In
addition, 3 precise levelling measurements (Figure 1(b)) are
utilized to validate the DINSAR experimental results.
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3. METHOD

There are two parts contained in the small baseline DInSAR
technique, including linear deformation retrieval and non-linear
deformation retrieval. Let us start our analysis by considering
N SAR images acquired at the ordered times(t,,---,t,). We

assume that each acquisition may interfere with at least another
image and the normal baselines are small enough (e.g., 400m is
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(b)
Figure 1. Study area: (@) location, (b) optical image provided by Google Earth with levelling points (red)

chosen in this study) to reduce geometrical de-correlation.
Based on N SAR images, we can generate M interferograms.

After removing the flat phase and topographic phase, each
differential phase can be obtained, which can be expressed as

@

where i is the i th interferogram, @, is the component due

¢dif _i = ¢def i + errortopo_i + atm_i + noise_i

to the displacement of the terrain in satellite's look direction
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between two SAR acquisitions, including linear deformation

and non-linear deformation; ¢erronopo is the phase component
# Date Temporal Normal
Baseline /day basdline /m

1 2006-2-12 0 0

2 2006-11-19 280 -175

3 2007-1-28 350 -55

4 2007-3-4 385 759

5 2007-5-13 455 275

6 2007-9-30 595 223

7 2007-11-4 630 643

8 2007-12-9 665 -52

9 2008-1-13 700 403

10 2008-2-17 735 -2

11 2008-8-10 910 675

12 2008-12-28 1050 395

13 2009-2-1 1085 128

Table2. ASAR images used in this research

due to the height error; ¢

atm

is the phase related with

atmospheric artefacts; @, e
thermal noise, temporal and spatial decorrelation. The terms

is the noise phase including

Dues A Doy oriopo €N b Written as follows:

A b

¢errortopo = 7 r-sing € )
¢def :47”Ar :4_7TT 'V+¢non—linaar (3)

where A is the wavelength; I' the range distance; b the
normal baseling @ theincidence angle; € and Varethe height

error and linear velocity; T is the tempora baseline between
both SAR acquisitions.

Before linear deformation retrieval, high coherence point targets
are selected according to pixel’s coherence stability by setting a
suitable coherence threshold for the mean coherence image.
Based on these point targets, differential phase are connected
with Delaunay triangulation. Thus the phase slope between two
neighbouring points (x.,y..), (X,,Yy,) ©On an edge can be

expressed as

8 X Y X3 T) = T [V ) =0, 34)]
4t bT) B
+7'm [E(wam) E(Xn!yn)]

+[B (X Y) = B(X, )]
(X V) = (%, Y]
+ [N V) = 1% ¥2) ]
4)
where (x_,y.) and (X,,Y,) ae pixel position coordinates; T,
is the time baseline of the j th interferogram; s the nonlinear

component of velocity; ¢ the atmospheric phase artefacts; and
N the decorrelation noise.
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It is assumed that, within the atmospheric correlation range 1-
3km, the atmospheric phases are equal, thus the atmospheric
components can be neglected. For the linear deformation
velocity and height error are constants, thus the above phase
slope can be modelled as

4

5¢mode| (Xml ym’ Xn’ yn’Ti) = 777T| '[Avmodel (mv n)]

A b(T))

+———|A m,n

i ra—l)sn(el) [ gmodd( )]
where Av are Ag velocity and height error increments,
respectively. They can be retrieved by maximizing the

following Ensemble Phase Coherence (EPC) (Ferretti, 2000)
y (Xm y Xn y)—liexp|:](5¢dlf(xm1ym’xnlyn'T|):|
mode o o M _5¢mode|()gwym’xn’yn’-ri))
6
is the number of

®

i=0

where | is the imaginary unit, M
interferograms.  When the maximum EPC is close to 1, the

velocity and height error increments are close to the rea value.
Then, the linear velocity and height error on each point target is

obtained by integrating Av__,, and Ag_ ., with EPC over
0.7 from a starting reference point.

To retrieve non-linear deformation, it is necessary to calculate
the model phase contributed by linear deformation and height
errors. By subtracting the model phase from differential phase,
we get residual phases, which mainly include atmospheric phase,
non-linear deformation component and phase noises. Phase
noises can be reduced by spatiad low pass filtering.
Atmospheric phase and non-linear deformation can be separated
according to their different frequency characteristics in temporal
and spatial domains (Ferretti, 2000; Mora, 2003).

4. RESULTS
4.1 Results

50 Interferograms with baselines of less than 400m are
generated. 3335 high coherent point targets are selected from
the average coherence. Using small baseline DINSAR
technique described above, average deformation velocity and
accumulated deformation over point targets are generated.
Deformation around the South Ring Expressway and the Wushu
International Airport from 2006 to 2009 are analyzed. Figure 3
shows the average subsidence velocity on sparse points and
Figure 4 shows the whole subsidence field by spatia
interpolation.

It can be found that, aong the South Ring Expressway, 3
sections with different subsidence rates can be separated from
each other. The west section from A to B deforms with a
velocity of 10 ~ -50 mm/a The middle one from B to C has the
largest velocity ranging from -50 to -90 mm/a while the east
section from C to D has the smallest velocity of around -15
mm/a. The middle section of the expressway is close to the
Taiyuan Economic and Technological Development Zone in
Xiaodian District where alarge amount of factories are located.
Over-exploration of ground water has led to the largest
subsidence in this area.  The west and east sections contain
mainly rural areas where ground water demands are less, so the
subsidence rates are much less.
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As far as the Wushu International Airport is concerned,
deformation rates are aso spatidly varied. The average

deformation velocity in the southwest reaches to about -42
mm/a, while in the northeast it is -20 mm/a.
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Figure 3. Average subsidence velocity in southern Taiyuan
(2006-2009)

Wujiapul

Figure 4. Subsidence field around expressway and airport
(2006-2009)

4.2 Validation

To validate the DINSAR results, 3 levelling measurements, P1,
P2 and P3 in the study area (Figure 1(b)), are used. Table 5
shows the comparison of the average deformation velocity
between DINSAR results and levelling measurement.  For the
initial P3 measurement began in the end of 2006, the average
deformation velocity at this point is not validated. From this
table, it can be seen that the accuracy of DINSAR results at P1
and P2 is around -1.2 ~1.4 mm/a, demonstrating small baseline
DInSAR technique can monitor ground deformation effectively.
Besides the validation for average deformation velocity, we also
compare the accumulative deformation on these 3 levelling
points (Figure 6). The agreement between DINSAR results and
levelling measurement is good.

Leveling DInSAR Leveling Errors
points measurement measurement
P1 -62.48 -61.33 -1.15
P2 -67.29 -68.67 1.38
P3 -63.25 - -
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Table 5. Comparison of average deformation velocity between
DInSAR and levelling measurement (mm/a)
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Figure 6. Comparison of accumulated deformation between
DInSAR results (blue) and levelling measurements (red)

5. CONCLUSION AND DISCUSSION

Small baseline DINSAR technique combining the advantages of
PS and CP methods has a great potential in deformation
monitoring. Severa characteristics of the technique can be
summarized as the following: 1) it doesn’t need as many SAR
images as PS method; 2) it allows the generation of many small-
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baseline multi-reference images to improve coherence; 3) it can
derive linear and non-linear deformation fields a high
coherence point targets.

We applied the technique to investigate ground deformation
around the South Ring Expressway and Wushu International
Airport in southern Taiyuan City. Along the South Ring

Expressway, the maximum subsidence lies in the central section.

The east section has the minimum subsidence and the west
section has a medium subsidence velocity. Over the Wushu
International Airport, the subsidence velocity is around -42
mm/a in the southwest and -20 mmv/a in the northeast. The
results suggest that the exploitation of Taiyuan Economic and
Technological Development Zone in Xiaodian District has
significant influence on local ground subsidence. Thus it is
urgent to reduce ground water exploration in this areato control
the subsidence.
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