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Abstract

Time-series InSAR analysis (e.g., permanent scatterers (PSInSAR)) has been proven as an effective technology in
monitoring ground deformation over urban areas. However, it is a big challenge to apply this technology in
coastal regions due to the lack of man-made targets. An distributed scatterers interferometric synthetic aperture
radar (DSInSAR) is developed to solve the problem of insufficient samples and low reliability in monitoring
coastal lowland subsidence, by applying a spatially adaptive filter and an eigendecomposition algorithm to
estimating the optimal phase of statistically homogeneous distributed scatterers (DSs). Twenty-four scenes of
COSMO-SkyMed images acquired between 2013 and 2015 are used to retrieve the land subsidence over the
Shangyu District on south coast of the Hangzhou Bay, Zhejiang Province, China. The spatial pattern of the land
subsidence obtained by the PS-InSAR and the DSInSAR coincides with each other, but the density of the DSs is
three point five times higher than the permanent scatterers (PSs). Validated by precise levelling data over the
same period, the DSInSAR method achieves an accuracy of +5.0 mm/a which is superior to the PS-InSAR with
+5.5 mm/a. The land subsidence in the Shangyu District is mainly distributed in the urban areas, industrial towns
and land reclamation zones, with a maximum subsidence rate -30.2 mm/a. The analysis of geological data, field
investigation and historical reclamation data indicates that human activities and natural compaction of
reclamation material are major causes of the detected land subsidence. The results demonstrate that the DSInSAR
method has a great potential in monitoring the coastal lowland subsidence and can be used to further investigate

subsidence-related environmental issues in coastal regions.
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1 Introduction

More than 100 cities and regions in China have experienced
land subsidence, and about 80% are located in coastal areas (Lin
et al., 2007). To meet the needs of industrial and agricultural
land, beach or land reclamation has been carried out in many
coastal areas. The new filled land in reclamation areas is mainly
composed of heterogeneous sandy silt and clayey soil and has a
short formation time. The weakly consolidated soil is prone to
subsidence. In addition, large-scale loading can cause further
consolidation of the lower soil layer, leading to large-scale un-
even subsidence of reclaimed ground (T6rnqvist et al., 2008; Bo-
hannon, 2010; Nicholls and Cazenave, 2010). Coastal terrain is
typically low elevations ranging from 2 to 5 m. The annual high
water level is similar and the ecological environment is very fra-
gile. In these areas, storm surge, flood, and other natural dis-
asters are frequent (Yuan et al., 2016; Zheng et al., 2002; Fu et al.,
2013). Significant land subsidence can lead to disasters such as
destruction of urban infrastructure and major engineering de-
formation instability. Subsidence combined with the global sea
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level rise can result in ecological and environmental problems
like storm surge, reduced flood discharge capacity, damaged port
facilities, and saltwater intrusion. These issues exacerbate the de-
terioration of the coastal environment and lead to economic, en-
vironmental and social problems. Therefore, it is important to
monitor the land subsidence in coastal areas with high temporal/
spatial resolution.

Compared with the conventional land subsidence measure-
ment methods like leveling observation and GPS, differential
synthetic aperture radar interferometry (D-InSAR) has the ad-
vantages of all-time, all-weather capabilities, large coverage and
high spatial/temporal resolution (Hooper et al., 2012), and has
been widely used in land subsidence monitoring (Bai et al., 2016;
Jiang et al., 2011a). However, it is difficult to carry out high-preci-
sion monitoring of long-term slow land subsidence by D-InSAR
due to a spatial/temporal decorrelation and an atmospheric dis-
turbance. In order to overcome these limitations, a series of tim-
ing series InSAR methods have been proposed. The time series
InSAR methods mainly involving a permanent scatterers InSAR
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(PSInSAR) method (Ferretti et al., 2001; Hooper et al., 2004), and
a small baseline subset (SBAS) method (Berardino et al., 2002;
Hooper, 2008), identify and exploit a subset of image pixels which
maintain a high coherence level over the study period to acquire
aland deformation rate and time series.

The time-series INSAR method has been widely applied in
monitoring the coastal land subsidence. The interferometric
point target analysis (IPTA) method was used by Jiang and Lin
(2010), Jiang et al. (20114, b) and to monitor land subsidence in
reclamation areas of Macau and Hong Kong. The relationship
between the land subsidence and the reclamation time was ana-
lyzed based on historical reclamation data. Wang et al. (2012)
used multitrack SAR data to monitor land subsidence in Shen-
zhen. The results demonstrate that the average subsidence rate
within 500 m of the coast is about -2.5 mm/a. Luo et al. (2014)
used TerraSAR-X and PALSAR data to study the land subsidence
in the coastal area of Tianjin, and compared subsidence determ-
inants with geological data. Dai et al. (2015) used COSMO-
SkyMed and TerraSAR-X data to jointly invert the vertical/hori-
zontal deformation velocity in Shanghai. They find that the ver-
tical deformation rate in Shanghai is in the range of -22.8-9.6
mm/a, and the horizontal velocity in the east-west direction is in
the range of -7.2-6.2 mm/a. However, these time series InSAR
methods used strict selection of the monitoring point target and
required a high coherence level in all of interferograms. Thus, the
information of the partially coherent targets and distributed scat-
terers (DS) in the spatial dimension was discarded (Prati et al.,
2010). As a result, the targets with high coherence in the reclama-
tion areas are too sparse to accurately reflect the temporal and
spatial variations of the land subsidence, therefore, these meth-
ods are limited in coastal land subsidence monitoring.

Taking into account their different statistical behaviors, Fer-
retti et al. (2011) proposed a new multi-baseline interferometric
SAR processing algorithm, referred to as SqueeSAR, to jointly
process PS and DS targets. The SqueeSAR has the advantage that
joint process can be carried out on the PS and DS targets without
causing major changes to the traditional PSInSAR processing
flow, and can effectively increase the monitoring target density
and improve the monitoring accuracy. However, the SqueeSAR
needs to iteratively solve the nonlinear optimal phase. While es-
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timating the initial solution, the SqueeSAR usually needs to in-
sert a damping factor to avoid an invalid eigenvalue which might
seriously affect computational efficiency. Goel and Adam (2012)
implemented adaptive filtering and coherence estimation ac-
cording to the DS target, and used the L1 norm for a time series
inversion. Taking the underground gas storage in Germany as an
example, they used TerraSAR-X data to demonstrate the effect-
iveness of the method in non-urban areas. Jiang et al. (2016) ob-
tained the surface deformation caused by void fluid extraction
and pore pressure reduction in the Lost Hills field in California,
USA, using the DSInSAR method based on a fast statistically ho-
mogeneous pixel selection. Wang et al. (2016) monitored subsid-
ence in the reclamation areas of Hong Kong using the DSInSAR
method. However, the DSInSAR has not been validated and ana-
lyzed in the land subsidence monitoring of the coastal areas.

Aiming at the problems mentioned above, a DS point selec-
tion method was proposed in this paper, which can greatly im-
prove the computational efficiency by estimating the optimal
phase of the DS candidate points using the eigendecomposition
algorithm. To verify the effectiveness of this improved DSInSAR
method, we selected Shangyu District located on the south bank
of Hangzhou Bay as the test cite. Both DSInSAR and PS-InSAR
methods were applied to 24 high-resolution COSMO-SkyMed
images over Shangyu District from 2013 to 2015 to detect the land
subsidence. The InSAR results were evaluated using precise lev-
eling data. Finally, the causes of land subsidence were analyzed
using geological data, field surveys, and historical reclamation
data.

2 Proposed DSInSAR method

Figure 1 shows the overall framework of the DSInSAR. The
basic data processing steps are as follows, first, all the single look
complex images (SLC) are registered to the master image, the
nonparametric tests is used to select the candidate points of
stable DS and the phase of the DS candidate point target is used
to perform spatial adaptive filtering and construction of the cov-
ariance matrix. Then, the optimal phase is estimated by the ei-
gendecomposition method and substitutes the phase value of the
original SAR images. Finally, the selected DS according to the
goodness of fit test is processed together with the PS using the
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Fig. 1. Framework of DSInSAR data processing.
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conventional PSInSAR algorithm for estimating the displace-
ment time series for each measurement point, including terrain
error correction, atmospheric error correction, base line refine-
ment and phase unwrapping. The PS point selection and the In-
SAR time-series analysis method have been discussed previously
(Ferretti et al., 2001; Hooper et al., 2007), so here we will not go
further on this issue. The following is a brief introduction to the
key steps of the DS point selection.

2.1 DS candidate point recognition

The DS point target is the coherent accumulation of the echo
signals of all the smaller scatterers in the resolution cell, where
none of these scatterers have dominant scattering properties
(Lee and Pottier, 2009). In radar remote sensing, the radar scat-
tering distribution of the same type of ground objects is similar,
and the backscattering characteristics of different ground objects
are different. Therefore, the time series of the backscattering can
be used as the identification of the DS point. First, the distribu-
tion function of the target is defined. If the amplitude time series
of two points are consistent with the same probability distribu-
tion function, they are considered to have the same backscatter-
ing characteristics. The Kolmogorov-Smirnov test (KS test) is
usually used to calculate and select the appropriate DS target
(Ferretti et al., 2011). The KS test is based on a cumulative distri-
bution function and used to test whether an empirical distribu-
tion is consistent with a theoretical distribution or whether there
is a significant difference between the two empirical distribu-
tions. Suppose that the size of the two samples are n, and n,, and
F,(X) and F,(X) are respectively used to denote the cumulative
empirical distribution functions of the two samples. The approx-
imately normal distribution expression is

niny
Z = max |Dj| ,
ny + ny
Dj = Fi(X) — Fa(Xj) - )

The probability distribution function of D can be expressed as
+00 )
PZ<x)=1-2) (1) e @)
i=1

The KS test determines whether the pixel points (X;) and (Xj)
agree with the same distribution by measuring the probability
that Z exceeds the threshold x (Stephens, 1970; Seiler and Seiler,
1989).

2.2 Coherent covariance matrix estimation

The coherent matrix, which describes the statistics of the dis-
tributed scatters target, the interference phase and the coher-
ence coefficient, plays an important role in the same distribution
target extraction and parameter estimation (De Zan and Rocca,
2005). As for a pixel point in the SAR image, the mathematic ex-
pression of its coherent matrix is
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where E[ ] is the expectation, y = [y1,¥2, V3, - . ., ¥n] is the nor-

malized complex observation vector in the time series of the cell;
and E [\y,‘ﬂ =1.

In practice, the real values of the coherent matrix Tis difficult
to obtain, so the expected value is often replaced by the average
of the pixels in the estimated window. The homogeneous pixels
with the same statistical distribution (i.e., DS target) are discrim-
inated from the SAR amplitude images, and they are used for the
adaptive spatial filtering based on the DS target to obtain a more
accurate interference phase and dryness.
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The absolute values and the phase values of the elements of T
are the estimated coherence value 7 and spatially filtered inter-
ferometric phase ¢, respectively.

2.3 Estimation of the optimal phase based on eigendecomposition
The following Eq.(5) can be obtained through decomposing
the characteristics of the coherent matrix:

N N
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where 4, is the eigenvalue, and Uy is the eigenvector. Assuming
that the effective phase is the first n feature matrices and the lat-
ter N-n is the noise phase, and this is

n N
T= Z AT+ Z AT = Tsignal + Tnoise- 6)
i=1 i=n+1

In this study, the eigenvalue matrix corresponding to the
largest eigenvalue is regarded as a valid signal, therefore, only the
first principal component U is used as the deformation phase.
The phase of the eigenvector corresponding to the largest eigen-
value is used as the optimal phase of the DS candidate point (Cao
etal., 2016).

2.4 Goodpness of fit

The goodness of fit is the fitting degree of the entire regres-
sion equation. This is used to test the fitting degree of the model
to the observed sample value. Assuming that the estimated op-
timal phase is 6 = [6;,0a, . . ., 0y] and the original interference
phase of the nth SLC and the kth SLC is ¢, t, then

N N
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r= N o E E elon.ke*l(@rﬂ)_ (7)
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The above equation could also be written as
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r=-———Re E E elnke=10n—0k) (8)
N2 —-n —
n=1 k#n

Equation (7) can be used as an expansion of the time coherence
coefficient in the DS. According to the given threshold of r, the DS
candidate point that is larger than the threshold is retained and
considered as the final DS point.
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3 Test site and data set

3.1 Test site description

Shangyu District was chosen as the test site, located on the
south bank of the Hangzhou Bay, east of Shaoxing City, Zhejiang
Province. It covers an area of about 1 400 km? (red solid lines in
Fig. 2). The topography declines from south to north. The low-
land hills in the south and the plain in the north cover 50% of the
total land, respectively. The lowland hills in the south belong to
two mountain ranges. The hills in the southeast belong to the
Siming Mountain which is high and steep; the land hills in south-
west belong to the Kuaiji Mountain which has gentle slopes. A
water net plain in the north mainly belongs to the Ningshao
plain, which has an average elevation of about 5 m; the northern-
most tip is the Binhai Gaokang Plain with an average elevation of
10 m. The Ningshao Plain originally derives from marine and lake
swamp deposits, with deep soft soil (up to 18-35 m) (Yang, 2003).
To meet the demand for agricultural and industrial land, large-
scale beach reclamation has been carried out on the south bank
of the Qiantang River and Cao’e River Estuaries in Shangyu Dis-
trict since 1969, and the accumulated reclamation area has
reached 21 300 hm? (Fig. 2) (Liu et al., 2016). A large number of
high-rise and super high-rise buildings as well as large-scale in-
frastructure facilities (Hangzhou-Ningbo high-speed rail, Hang-
zhou Bay Link High Speed) have been constructed in this area
resulting in serious land subsidence in some areas. This subsid-
ence has posed a serious threat to human lives and property and
directly affected a sustained development and a social stability.

Fig. 2. Location of the study area.

3.2 Data sets used

In this study, 24 SAR images with 3 m resolution acquired by
COSMO-SkyMed satellites from January 2013 to July 2015 are
processed by the PSInSAR and the DSInSAR respectively to ob-
tain land subsidence results in the Shangyu District. The SAR im-
age acquired on August 17, 2014 is selected as the master image.
The temporal/perpendicular base line plots of SAR datasets are
shown in Fig. 3. The precise leveling data from 2013 to 2015
provided by the First Surveying Mapping Institute of Zhejiang
Province are used to evaluate the InSAR-derived results, and the
locations of the 37 leveling benchmarks are shown as red tri-
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Fig. 3. Temporal/perpendicular baseline plots of SAR data sets.
angles in Fig. 2.
4 Results and discussion

4.1 Comparison of results obtained by PSInSAR and DSInSAR

The land subsidence rates of the Shangyu District from Janu-
ary 2013 to July 2015 acquired by the PSInSAR and the DSInSAR
are shown in Fig. 4. The reference point is located at the leveling
benchmark named Shangyu National Bedrock Point (white
cross). The negative values represent subsidence (green to red)
and the positive values represent uplift (light blue to blue). The
spatial distributions of the land subsidence obtained by the two
methods coincided with each other. The results show rapid land
subsidence occurred in some areas and land uplift was ignorable.
The subsidence areas were mainly distributed in the northwest-
ern area of Shangyu District (land reclamation zone), the central
area (including Shangyu urban zone, Daoxu Town, Songxia
Town and Lihai Town) and the southern area (Shangpu Town,
Fenghui Town, Dingzhai Town, Xiaguan Town and the northern
part of Zhangzhen Town). Distinct subsidence bowls were detec-
ted in the land reclamation zone, the Zhangzhen Industrial Park
and Xietang Town with a maximum subsidence rate of -30.2
mm/a. The stable region of Shangyu District was mainly concen-
trated in the Gaibei Town, Tangpu Town, Xiaoyue Town and sur-
rounding hilly areas of Lianghu Town.

In order to validate the InSAR results obtained in this work,
we carried out an intercomparison of the InSAR results derived
from the PSInSAR and the DSInSAR. The intercomparison meth-
od, used in an InSAR validation project of European Space
Agency named as PSIC4 (Raucoules et al., 2009), was applied to
quantitatively estimating relative difference between the deform-
ation rates derived from the two methods. We randomly extrac-
ted 2 000 points from the DS/PS datasets, and then calculated the
correlation coefficient. Figure 5 illustrates a scatter-plot of two
groups of the averaged deformation rates derived by the DSIn-
SAR and the PSInSAR. The high correlation coefficient (0.798)
between them indicates that these two results are consistent with
each other.

Using the DSInSAR method, 3 226 377 DS points (=2 700
km-2) were captured in this study. area, while only 956 428 PS
points (=790 km-2) were captured by the conventional PSInSAR
method. The monitoring point density of the former was about
three point five times as much as that of the latter. Figure 4 shows
that the increasing monitoring points were mainly concentrated
in non-urban areas, such as the bare soil and asphalt pavements
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Fig. 5. The correlation between the deformation rates derived by
the DSInSAR and the PSInSAR.

with the characteristics of distributed scatterers. Especially in the
recent reclamation area of the Hangzhou Bay, Shangyu Industri-
al Zone, the DS density was six point nine times of the PS density
(Table 1). Figure 6 is a zoomed deformation rate map of the vicin-
ity of the east second section in Shangyu Industrial Zone which
was a reclamation bare soil area with little buildings distributed.
The PSInSAR method can obtain the subsidence of buildings, but
cannot identify sufficient PS points to detect the land subsidence
in the bare soil region. Nevertheless, the DSInSAR provided com-
plete coverage of land subsidence information and contributed
to obtain the knowledge of the spatial distribution of subsidence
and discover new subsidence anomaly zones in the area (such as
the abnormal subsidence in the white circle in Fig. 6).

Table 1. Statistical results of DS and PS
Number of monitoring point

Typical sample area DS PS Ratio of DS to PS
Urban areas 326 401 145 767 2.2
Villages and towns 2443370 744243 3.2
Reclamation area 456 606 66 411 6.9
Total 3226377 956 421 3.5

Subsidence rates of Shangyu District acquired by PSInSAR (a) and DSInSAR (b).

4.2 Accuracy assessment

The accuracy of time series InSAR results were evaluated by
using the precise leveling results of 37 leveling benchmarks in the
study area. The InSAR-derived results were along the radar line-
of-sight (LOS) direction, while the leveling measurements were
along the vertical direction, so it was necessary to project the lev-
eling results to the radar line-of-sight direction. We evaluated the
accuracy of InSAR processing in two ways.

(1) We compared the level bench mark with the DS (PS)
points within its 100 m range. If there was no DS (PS) point in the
range, the bench mark would not be used for verification. The
schematic diagram is shown in Fig. 7a. (2) We used a simple Kri-
ging algorithm, a form of generalized linear regression that
provides an optimal spatial estimator by minimizing the mean-
squared-error between the measured data and the estimated
data at a given location, to interpolate the InSAR results to obtain
the spatial continuous deformation results. The InNSAR measure-
ments extracted at the level bench marks were used to compare
with the leveling results. Figure 7b shows the verification meth-
od. All the leveling measured data in the study area could be used
to carry out an accuracy evaluation using this method.

The evaluation criteria includes the mean absolute error and
the root mean square error of the mutual error between the level-
ing results and the InSAR results. The mean absolute ¢ and the
root mean square error o were computed as follows:

N
> ld — o
g=+=_——
N b

€)

(10

where d, is the leveling measurement result, d, is the InSAR
monitoring result, and N is the number of leveling points.

The accuracy assessments of the DSInSAR and the PSInSAR
are shown in Table 2. The mean absolute error and the root mean
square error are, respectively, less than 4.5 and 5.5 mm/a, indic-
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Fig. 7. Diagram of verification using neighboring points (a) and diagram of verification using Kriging interpolation (b).

Table 2. Accuracy assessment of InSAR subsidence monitoring
Mean absolute Root mean square

Method error/mm-a-! error/mm-a-!
Neighboring points PS 44 5.5
DS 4.1 5.0
Kriging Interpolation ~ PS 4.5 55
DS 4.0 4.9

ating that both methods can obtain reliable subsidence rate res-
ults. The mean absolute error and root mean square error of the
DSInSAR are less than the latter, which indicates that the accur-
acy of the DSInSAR results is consistent with or even superior to
those of the PSInSAR.

4.3 Causes analysis of land subsidence

4.3.1 Urban areas

The Shangyu urban zone is divided into three parts: Baiguan
Road, Cao’e Road and Dongguan Road, and the land subsidence
rates are shown in Fig. 8a. The land subsidence was widely dis-
tributed in the urban zone, with an average subsidence rate of
-2.7 mm/a and a maximum subsidence rate of -23.4 mm/a at the
intersection of Xiaoyong Railway and Changtai Expressway (Fig.
8a). Subsidence was mainly distributed in the north of Shangyu,
mainly covering the Third Ring Road, the Cao’e River coast which
is near to the Songxia Town, along the Xiaoyong railway and the
east part of the Dongguan Road. Subsidence was mainly distrib-
uted in the new urban area. The major cause of subsidence was
the increase of soft ground load and construction drawdown
caused by large-scale urban construction. For example, the Binji-
ang Primary School and its eastern residential area occurred ob-
vious subsidence (Fig. 8a, red rectangle), and the high-rise build-

ings were under construction on the north side (Fig. 8b blue sol-
id line area). From Fig. 8, we can note that the area adjacent to
the construction area was suffering obvious subsidence with a
maximum subsidence rate -16 mm/a while there was no signific-
ant subsidence signal from the area far from the construction
area. Figure 8c shows the structural damage of building caused
by the land subsidence in the Binjiang Primary School, indicat-
ing that the land subsidence has threatened building safety in
this area.

4.3.2 Villages and towns

The suburban subsidence areas of Shangyu District were
mainly located in the northern plain (Songxia Town, Daoxu
Town, Xietang Town, etc.) and the southern hilly valley (Zhang-
zhen Town, Fenghui Town, Dingzhai Town, etc.). The land sub-
sidence was mainly distributed along roads (such as the Bianli
line, the 104 National Road, etc.), and the subsidence centers
were all located in large-scale industrial parks (Xietang Town In-
dustrial Park, Zhangzhen Town Industrial Park, etc.). To meet the
needs of industrial production, groundwater was overexploited
and this was the major cause of regional subsidence here. The ex-
traction of a large amount of water from confined aquifers de-
creased a water pressure in porous aquifers and increased effect-
ive stress, a compression of the aquifer resulted in rapid land
subsidence (Chaussard et al., 2014).

The Zhangzhen Industrial Park, which is located on both
sides of the 104 National Road, Shangyu City, suffered from the
most serious land subsidence. The park region contains indus-
tries of metal machinery, textiles, garments, and building decora-
tions. Owing to the large number of high water consumption
companies, groundwater overexploitation was serious in the
park, and the land subsidence was obvious (Fig. 9). The average
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Fig. 8. Average subsidence rates over urban zone (a) and Binjiang Primary School (b), and a photograph of structural damage caused

by the land subsidence (c).
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Fig. 9. Average subsidence rate over Zhangzhen Industrial Park (a), displacement time series corresponding to Point A (b), and a

photograph of structural damage caused by land subsidence (c).

subsidence rate was -11.4 mm/a and the maximum subsidence
rate was -30 mm/a. The maximum cumulative subsidence was
nearly 60 mm, which has caused serious building damage (Fig.
9c). Groundwater overuse has also caused a slight subsidence of
Changtai Expressway on the west side of the industrial park. The
average subsidence rate was -9.9 mm/a and the maximum sub-
sidence rate was -15.2 mm/a.

4.3.3 Reclamation zone

Tideland reclamation at Liujiu Hill in the Shangyu District
began in 1969. The land reclamation gradually progressed from
southwest to northeast, and the cumulative reclamation area has
reached 21 300 hm? (Liu et al., 2016). The western part of the re-
clamation zone was mostly used for agriculture and aquaculture
while the eastern part was mainly used for the construction of the
Hangzhou Bay Shangyu Industrial Park. Figure 10a is the land
subsidence rate map in the Shangyu reclamation zone, and the
density of the DS points was lower in the western area but higher
in the eastern area. The average subsidence rate of the Shangyu

reclamation zone was -4.7 mm/a, and the subsidence rate in-
creased from south to north. The maximum subsidence oc-
curred in the northeastern part of the reclamation zone with a
subsidence rate of -28.5 mm/a and a cumulative subsidence of
more than 50 mm (Fig. 10b). The subsidence of the northeastern
part of the reclamation zone was the most serious. Subsidence
was associated with the road and the building as the center, and
the subsidence rate ranged from -15.0 to -28.5 mm/a. The land
subsidence in the western part of the reclamation zone was
slightly less than that in the northeast. The subsidence of this
area was divided into several independent subsidence centers.
The subsidence rate was relatively small, but the subsidence in
the northwest was the most serious with a maximum rate of -22
mm/a. Stable areas were mainly distributed in the south of the
reclamation zone and areas where lack new roads and construc-
tion areas, such as the southeast and southwest parts of the re-
gion. The land subsidence in this area was mainly located near
the new roads and buildings, and was mainly caused by the com-
paction of the reclamation materials and the increased load on
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Fig. 10. Average subsidence rate over land reclamation zone (a), displacement time series corresponding to Point B (b), and a

photograph of structural damage caused by land subsidence (c).
the soft ground due to the road and building construction.

5 Conclusions

An improved DSInSAR method was developed for a time-
series analysis on 24 COSMO-SkyMed images with 3 m resolu-
tion to obtain the spatial and temporal evolution of land subsid-
ence fields in the Shangyu District from 2013 to 2015. The accur-
acy of the InSAR-derived results was evaluated using precise lev-
eling data.

(1) The spatial distributions of land subsidence obtained by
the DSInSAR and PSInSAR methods were similar. The density of
the DS points was about three point five-fold that of the PS dens-
ity, and the increased high coherence points were mainly con-
centrated in non-urban areas, such as bare soil and asphalt pave-
ment, which have the characteristics of distributed scatterers.
This indicates that the DSInSAR can obtain high-precision mon-
itoring results in the non-urban areas where artificial targets are
absent.

(2) Compared with the leveling measurements, the mean ab-
solute error and root mean square error of the DSInSAR and
PSInSAR methods were, respectively, less than +4.5 mm/a and
+5.5 mm/a. These accuracies demonstrate that both methods

can acquire reliable subsidence monitoring results.

(3) Land subsidence in the Shangyu District was mainly dis-
tributed in the urban areas, developed towns, and reclamation
areas. The maximum subsidence rate reached up to -30.2 mm/a.
According to geological data, field surveys, and historical reclam-
ation data, human activities and the natural compaction of re-
clamation materials were the major causes of the land subsid-
ence.

(4) The DSInSAR method is capable of obtaining high spatial
resolution and high precision land subsidence monitoring res-
ults in non-urban areas lacking artificial targets. These DSInSAR
results could provide a scientific basis and support for the pre-
vention and control of the geological problems related to the land
subsidence in the coastal areas.
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