Proceedings of the International Association of Hydrological Sciences

Proc. IAHS, 382, 391-396, 2020
https://doi.org/10.5194/piahs-382-391-2020

© Author(s) 2020. This work is distributed under
the Creative Commons Attribution 4.0 License.

Open Access

PIAHS

Spatial variation of three-dimensional deformation: a
case study in the north-eastern Beijing plain, China

Jiahui Zhou, Lin Zhu, Huili Gong, Huijun Li, Liping Zheng, Rui Cheng, and Hanrui Sun

Laboratory Cultivation Base of Environment Process and Digital Simulation,
Capital Normal University, Beijing, China

Correspondence: Lin Zhu (hi-zhulin@ 163.com)

Published: 22 April 2020

Abstract. Land subsidence is a serious geo-hazard in Beijing Plain, which has threatened the safety of the oper-
ation of the metropolis. This study focuses on the land subsidence in the Chaobai River alluvial fan, where is the
main groundwater supply region. The vertical and the East-West deformation from June 2015 to December 2017
was derived based on the SAR imaging geometry deduction. Then, the spatial variation characteristics of the de-
formation were analysed and the relations with the impact factors were carried out. Results show that the nugget
effect (i.e., random to total spatial variance ratio) values of the vertical and the East-West deformation at regional
scale were 13 % and 49 %, respectively. This indicates that the distribution of the vertical deformation is dom-
inated by regional influencing factors, while both regional and local-scale impact factors are important for the
distribution of the East—West deformation. In the southern part of the study area, the extraction of groundwater
is the dominant factor affecting the spatial distribution of the vertical displacement, while the dominant factor of
East-West deformation is not obvious. This study can enrich the understanding of land subsidence distribution
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and will help us better understand the causes of land subsidence.

1 Introduction

Groundwater is an important source of urban water supply
for Beijing, which had a population of 21.71 million in 2017.
With the development of urbanization, the demand for wa-
ter resources become larger. Long-term of over-exploitation
groundwater induced significant subsidence since 1950s.
For the land subsidence geohazard in Beijing, many re-
searchers have studied the formation mechanism over the last
few years and qualitative description of the spatial distribu-
tion characteristics of land subsidence (Gong et al., 2009;
Ng et al., 2012; Zhu et al., 2015; Chen et al., 2016, 2017).
Researches have shown that groundwater level, the geology
background including the thickness of the compressible layer
and aquifer structure have a strong relationship with the land
subsidence. Guo et al. (2019) worked on the temporal muta-
tion of land subsidence through the Mann—Kendall method,
which is a nonparametric statistical method to evaluate the
trend changes of time series. She found that about 50 % of
the grids mutated in 2015, the main reason is the implement
of the “South-to-North Water Transfer Middle Line” project,

which diverted 703 million cubic meters of water to Bei-
jing from 2014 to 2015. Currently, the spatial distribution of
land subsidence is described from the qualitative perspective.
There is less study on quantitative description of land sub-
sidence distribution, which is the base for land subsidence
control and early warning.

The paper aims to quantitatively describe the spatial vari-
ation characteristics of the deformation in vertical and hor-
izontal directions by geographical semi-variogram analysis
and explore the correlations between land subsidence and its
impact factors including the thickness of compressible layers
and the change of the groundwater level in confined aquifers
using statistical methods. The upper and middle of Chaobai
alluvial fan, where the location of the first large emergency
groundwater resource region (EGRR) for Beijing Municipal,
is taken as a case study. This study can enrich the understand-
ing of land subsidence distribution and can provide scientific
evidence for land subsidence prevention and control.
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2 Description of study area

The study area is the upper—-middle part of Chaobai River
alluvial fan in the north-eastern Beijing plain (40—40°30'N,
116°30'-117° E), with a total area of 1350 km? (Fig. 1). The
mean elevation is about 35 m above the sea level, with an
average slope equal to 2.1 %. The mean annual precipitation
is 517mm from 2000 to 2010 and 80 % of the total annual
precipitation concentrated from June to September.

3 Data Set and Methodologies

3.1 Data Set

In this study, Sentinel-1 satellite data of different LOS (line
of sight) directions were selected, including a total of 50 as-
cending data from December 2014 to December 2017, and a
total of 22 descending data from June 2015 to January 2018.
The incident angles of ascending and descending data are
33.6 and 33.9°, and the orbit azimuth angles are 346.4 and
193.5°, respectively.

The thickness of the compressible layers in the northern
area is generally thinner than that in the southwestern area
and the highest thickness of the compressible layers up to
220 m.

The piezometric change in the confined aquifers from
2015 to 2017 was obtained through groundwater contour
lines in December 2014 and December 2017. In the south-
west and southeast of the study area, groundwater extraction
from confined aquifers is heavily and the groundwater level
decreased with values ranging from 2 to 3 m and more than
3 m, respectively. In the middle part of the study area, the
groundwater level has risen O to 4 m.

3.2 Deriving 3-D Deformation Components

PS-InSAR (Persistent Scatterer Interferometric Synthetic
Aperture Radar) is a widely used technology to detect
ground displacement by selecting phase-stabilized point tar-
gets, such as buildings and exposed rocks. The displacement
information is obtained by removing other phase components
in the interference phase. In this study, the LOS deforma-
tion is obtained by PS-InSAR. By the SAR imaging geom-
etry and the relationship between the LOS deformation and
the vertical, the North-South and the East-West deformation
components, the InSAR LOS deformation can be expressed
as (Polcari et al., 2016)

Dios = Dy x cos + Dy X singsinf — De x cos@sinf (1)

Where D) is the LOS deformation; Dy, D,, D, are the ver-
tical, the North—South, the East—-West deformation compo-
nents respectively; 6 is the radar incidence angle and ¢ is the
orbit azimuth angle.

To obtain the 3-D deformation components, it is necessary
to exploit at least three-track InNSAR LOS measurements. The
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SAR satellites fly generally along the polar orbits, and the an-
gle with the meridian is generally about 10°, so the sensitiv-
ity to the North-South deformation component is the lowest
and the accuracy of the derived North—South deformation is
low. Therefore, this study assumes that there is no North—
South deformation in the study area. The LOS deformation
is considered to be synthesized by the vertical and East-West
deformation vectors.

Dios1\ _ ( cosf; —cosg; sinf; Dy @)
Dips2 ]~ \ costy — cosgysin, D.
According to Eq. (2), the two-track InSAR measurements

are used to obtain the vertical and East-West deformation
through the least square method.

3.3 Geographical Semi-Variogram Analysis

The geographical semi-variogram model is a geostatistical
analysis method and is the most common measure to re-
veal the spatial distribution, variation, and characteristics of
a regionalized variable. It is used here to analyse the spa-
tial variability of the deformation. The discrete deformation
rates variation values are obtained by Eq. (3), and the discrete
values are fitted by the fitting model (Junior et al., 2006).
Commonly used fitting models include exponential, spheri-
cal, gaussian, and the linear model. Then the largest Coeffi-
cient of Determination (R?) and the smallest Residual Sum
of Squares (RSS) are used to determine the best model.

N(h)

_ N . 2
y(h)—ZN(h);[zm) Z(X; + )] 3)

where Z(X) is the regionalized variable; h is the spatial
separation distance between the two samples; Z(X;) and
Z(X;+ h) are the values of Z at the locations of X; and
X; + h, respectively; N(h) is the number of pair points sepa-
rated by a distance .

Three major parameters, nugget, partial sill, and sill are
used to quantify the spatial variability. The nugget parameter
(Cp) represents the random spatial variance of the deforma-
tion. The partial sill parameter (C) represents the structural
spatial variance of the deformation and the sill parameter
(Co + C) represents the total degree of spatial variation. The
nugget effect (the ratio of Cy to Cp + C) indicates whether
regional or local-scale factors are more important for land
subsidence distribution. The value of the nugget effect ranges
from 0 % to 100 %. According to the properties of the geo-
graphical semi-variogram model, If the nugget effect value is
less than 25 %, regional-scale impact factors are more impor-
tant for the land subsidence distribution. On the contrary, if
the ratio is greater than 75 %, the local-scale impact factors
are more important. If the ratio is between 25 % and 75 %,
both regional and local-scale impact factors are important.
However, the nugget effect cannot identify the sources af-
fecting land subsidence distribution (Song et al., 2018).

proc-iahs.net/382/391/2020/
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Figure 1. Location of the study area. Background image of the optical remotely sensed image from © Google Earth.

3.4 Geographical Detector Model

The Geographical Detector model is a statistical analysis
method to reveal the driving factors behind spatial strati-
fied heterogeneity, which was first proposed by Wang et
al. (2010). The core idea is based on the assumption that
if an independent variable has an important influence on a
dependent variable, the spatial distribution of the indepen-
dent variable and the dependent variable should be similar.
The advantage of the geographical detector model is that it
can overcome the limitation of traditional statistical analysis
methods in dealing with category variables.

The Factor detector belongs to geographical detector
model, which can quantify the influences of the independent
variable on the dependent variable, measured by q value. The
q value is within the range between 0 and 1. The larger the
value of q, the greater the influences of the independent vari-
able on the dependent variable, and the weaker the opposite.

L
N, 2
-1 h; hgh_l SSW @
9= No2 ST

where h = 1,2, ..., L is the category of the independent vari-
able; Nj and N are the number of samples in category 4 and
the total samples over the whole study region, respectively;
a,% and o2 are the variance of the dependent variable of cate-
gory h and the variance of the entire area respectively.

proc-iahs.net/382/391/2020/

4 Results and Discussion

4.1 InSAR-Derived 3-D Deformation and Validation

Figure 2a and b show the results of deformation along LOS
for ascending and descending data, respectively. The land
subsidence rate of the two-track covering the same period,
which from June 2015 to December 2017, was selected to
derive the vertical (Fig. 3a) and East-West (Fig. 3b) defor-
mation.

The deformation rates along LOS of the two-track are al-
most the same, and the distribution is also consistent. The
deformation rates in the study area show obvious hetero-
geneity, with values in the southern area larger than those
in the northern. The vertical deformation rates are consis-
tent with the distribution trend of the LOS direction and the
largest deformation rate up to —82.3 mmyr—!. On the whole,
The East—West deformation rate is small with values ranging
from —13.6 to 14.5mmyr—!.

To evaluate the quality of the InSAR derived land subsi-
dence rate map, the vertical deformation rates, and the East—
West deformation rates are compared with levelling bench-
marks and GPS measurement, respectively. The average de-
formation rates of radar targets located at a distance less
than 200 m from the monitor station were used to validate
the SAR outcomes. The mean absolute difference (MD) and
the root mean square (RMS) of the vertical deformation rates
are 2.6 and 2.6 mm yr~!, respectively. For the East-West de-
formation rates, the difference between GPS measurement

Proc. IAHS, 382, 391-396, 2020
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Figure 2. Deformation rates along LOS derived from (a) ascending data (December 2014 to December 2017) and (b) descending data

(June 2015 to January 2018).
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Figure 3. (a) the vertical deformation rates and (b) the East-West deformation rates (June 2015 to December 2017).

and InSAR results is 5.6mmyr~!. Although based on the
assumption that there is no North—South movement, the de-
rived vertical and East—West deformation rates are in good
agreement with the ground-based measurements. The North—
South deformation is negligible.

4.2 Spatial Variability of Deformation

This study quantitatively analyses the spatial variability of
displacement rates from the perspective of isotropic. The
semi-variograms of the displacement rates are fitted by the
exponential model and plotted in Fig. 4 and the details are
shown in Table 1.

The nugget effect values of the vertical displacement rates
and the East—West displacement rates are 13 % and 49 %, re-
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Table 1. Characteristic parameters of the semi-variogram.

Variable Co Co+C Co/(Co+C) R?
Vertical rates 0.14 1.09 13% 0.89
East-West rates  0.55 1.11 49% 0.95

spectively. These results indicate that the spatial distribution
of the vertical displacement rates was dominated by regional
influencing factors, while both regional and local-scale im-
pact factors are important for the distribution of the East-
West deformation. This may be because the thickness of the
compressible layers, groundwater extraction from confined
aquifers or other factors has a strong control effect on the

proc-iahs.net/382/391/2020/
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Table 2. Degree of influence of the thickness of the compressible
layers and groundwater level change in confined aquifers on the
vertical and the East—West deformation.

Vertical East—West
q values deformation  deformation
Thickness of the 0.28 0.04
compressible layers
Groundwater level change 0.42 0.12

spatial distribution of the vertical displacement, while for the
spatial distribution of the East—West displacement, in addi-
tion to the effects of crustal movement, the faults, and human
activities, like groundwater extraction, may also have an im-
portant influence on horizontal movement.

4.3 Relationships Between Impact Factors and Land
Subsidence

In this study, the thickness of the compressible layers and the
change of the groundwater level in confined aquifers were
selected to explore its influences on the vertical and the East—
West deformation in the south of the study area. The g values
are shown in Table 2.

The results indicate that the spatial distribution of the ver-
tical displacement is dominated by the change of the ground-
water level in confined aquifers. Severe land subsidence has
taken place in the southwest and southeast of the study area,
where the groundwater level decreased with values ranging
from 2 to 3 m and more than 3 m, respectively. In the middle
part of the study area, the groundwater level has risen 0 to 4 m
and the extent and severity of land subsidence were consid-
erably smaller. These results confirm that the change of the
groundwater level has a strong influence on the spatial distri-
bution of the vertical displacement. In contrast, the dominant
factor of the East-West deformation is not obvious. It can be
seen that the g value of the thickness of the compressible
layers is close to 0, which indicates that the compressible
layers have little effect on the East-West deformation. The q
value of the groundwater extraction from confined aquifers is
0.12 and that’s probably because exploit groundwater affects
horizontal deformation. The East-West deformation around
the Shunyi-Liangxiang fault is large and the highest defor-
mation rate up to —13.6 mm yr’l, which indicates that the
faults may also affect the horizontal deformation.

5 Conclusions

Land subsidence in the Chaobai River alluvial fan was anal-
ysed based on multiple data acquired from 2015 to 2017. The
vertical and the East-West deformation were derived based
on the SAR imaging geometry and have been validated using
ground-based measurements including levelling and GPS.

proc-iahs.net/382/391/2020/
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Figure 4. A fitted curve of the semi-variogram of (a) the vertical
displacement rates and (b) the East-West displacement rates.

The spatial variation characteristics of the vertical and the
East-West deformation are different at a regional scale. the
spatial distribution of the vertical displacement rates was
mainly affected by regional influencing factors. The change
of the groundwater level in confined aquifers has a strong
influence on the spatial distribution of the vertical displace-
ment. While both regional and local-scale impact factors are
important for the distribution of the East-West deformation.
The dominant factor of East-West deformation is not obvi-
ous. The groundwater extraction from confined aquifers and
the faults may affect the horizontal deformation. Moreover,
we will try to quantify the influence factors of horizontal de-
formation in the following studies.

In conclusion, these results provide a better insight into the
land subsidence distribution. It will help us better understand
the causes of land subsidence and provide scientific evidence
for prevention and control.
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