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Unraveling the Deformation and Water Storage
Characteristics of Different Aquifer Groups

by Integrating PS-InSAR Technology
and a Spatial Correlation Model

Danni Zhao , Beibei Chen , Huili Gong , Kunchao Lei, Chaofan Zhou, and Jinming Hu

Abstract—Land subsidence is an environmental geological phe-
nomenon mainly caused by groundwater overexploitation. Long-
term overexploitation of groundwater not only causes compaction
of aquifer thickness and surface deformation but also leads to the
loss of aquifer water storage capacity. The skeleton water storage
coefficient (Sk) is an important parameter for evaluating the water
storage capacity of aquifer groups. This article proposes a new re-
search framework for obtaining the Sk of different aquifer groups:
combining permanent scatter for SAR interferometry technology
and a multiscale geographic weighted regression model to obtain
subsidence information for different aquifer groups, inverting the
Sk of different aquifer groups from the spatial scale, and discussing
the deformation characteristics of soil layers under different water
head change modes to evaluate the deformation and water stor-
age characteristics of different aquifer groups. This framework
is applied to the land subsidence region of the Beijing Plain. We
calculated that the settlement proportions of different compression
layer groups were 14.75%, 23.65%, 33.44%, and 28.16%. Due to
the different lithological compositions and groundwater exploita-
tion of different aquifers, the Sk values exhibit different spatial
distribution characteristics. With the continuous development of
subsidence, the water storage performance of the aquifer group
is continuously declining. These findings contribute to managing
the sustainable use of groundwater resources and controlling sub-
sidence. It is demonstrated that the research framework proposed
in this article can serve as an effective tool for obtaining settlement
information and the Sk of different aquifer groups.

Index Terms—Interferometric synthetic aperture radar
(InSAR), land subsidence, multiscale geographically weighted
regression (MGWR), stratified skeletal storage coefficient.
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I. INTRODUCTION

LAND subsidence is the phenomenon of a decrease in
surface altitude within a definite range of the surface. This

phenomenon is a slowly changing geological hazard, which is
mainly due to excessive groundwater exploitation, resulting in
groundwater level reduction, pore-water pressure decline, and
effective stress increase. Compressible strata are compressed
under the effect of the continuous increase in the effective stress,
resulting in land subsidence. Once land subsidence forms, it
is difficult to recover. When severe land subsidence occurs in
densely populated areas, it will seriously threaten the safety of
urban infrastructure, houses, and other facilities. In addition,
when the extraction rate of groundwater exceeds its recovery
capacity, it can also cause permanent loss of aquifer storage
capacity, which is not conducive to the sustainable utilization of
water resources. At present, land subsidence is a global geolog-
ical environmental issue, occurring at varying levels worldwide
and affecting countries such as Mexico, Japan, Italy, Iran, and
China [1], [2], [3], [4], [5].

Beijing is the capital of China. Since the 1950s, regional land
subsidence has rapidly developed owing to permanent overex-
ploitation of groundwater [6], [7], [8]. Therefore, monitoring
the development of regional land subsidence, identifying the de-
formation characteristics of different soil masses under various
water head variation modes, clarifying the correlation between
water head changes in different aquifers and land subsidence,
and exploring the water storage characteristics of different
aquifer groups are necessary steps for regional land subsidence
prevention and control and water resource management.

The interferometric synthetic aperture radar (InSAR) method
can obtain the microwave reflection intensity and phase in-
formation of the surface simultaneously. Compared with tra-
ditional measurement technology, InSAR technology exhibits
all-weather characteristics and a wide measurement range and
can achieve large-scale surface deformation monitoring [9]. The
persistent scatter InSAR (PS-InSAR) method can overcome
the impact of spatiotemporal incoherence on the deformation
monitoring accuracy [10]. This technique only identifies and
extracts PS points with high coherence and reflectivity in the
image, obtains more accurate phase information of PS points,
and then conducts accurate phase modeling and deformation
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calculations for the whole-scene image to correct for the in-
fluence of atmospheric and spatiotemporal incoherence [11].
Therefore, we used time-series PS-InSAR technology to obtain
land subsidence information.

Several methods have been developed to simulate and pre-
dict land subsidence. There are models based on Terzaghi the-
ory, Biot theory, experiences, and artificial intelligence meth-
ods [12], [13]. The most widely used model is the “aquifer
drainage” model based on Terzaghi’s principle [14]. These
models require input of elastic and inelastic skeleton water stor-
age coefficients. The conventional methods used to determine
aquifer parameters involve laboratory experiments or pump-
ing experiments. However, it is difficult to obtain undisturbed
soil samples from deep layers for experimentation. Therefore,
the reliability of the model output and the accuracy of land
subsidence prediction cannot be guaranteed. In addition, these
parameters can be used to evaluate the water storage capacity of
aquifers and estimate the loss of groundwater reserves caused by
overexploitation.

Recently, these parameters were obtained through long-term
deformation or settlement data obtained from time-series In-
SAR. The time-series InSAR technique is also applied to many
aspects of hydrogeological research: estimating the system char-
acteristics of aquifers (water storage coefficient, conductivity,
etc.) [15], [16], [17], [18], [19], [20], evaluating the change in
groundwater reserves [21], predicting changes in groundwater
head [22], and calibrating mathematical models of groundwater
flow [14], [23]. Many studies have applied time-series InSAR
technology to aquifer water storage coefficient inversion. For
example, the water storage coefficient is estimated according
to the inverse slope of the curve by generating a stress–strain
curve diagram [23]. Combining InSAR and groundwater head
data, the harmonic sequence method was employed to determine
the water storage coefficient through linear regression [19]. The
multichannel singular spectrum analysis method was used to
separate seasonal settlement and seasonal water level change,
and ordinary least squares were used to obtain the water storage
coefficient considering the lag [24]. However, in most previous
studies, the aquifer group was regarded as a whole, without
considering the characteristics of different layers in complex
aquifer systems. The exploitation of each aquifer layer varies,
and the compression of each aquifer group varies. Therefore,
we must understand the deformation and water storage charac-
teristics of different aquifer groups. For example, fast indepen-
dent component analysis and the variable preconsolidation head
decomposition method were combined to determine the water
storage coefficient of different aquifer groups [25]. Extensome-
ter deformation data were used to estimate the water storage
coefficient of different aquifer groups in the Beijing Plain based
on preconsolidation water head judgment [26]. However, due to
the high cost of layered standards and insufficient monitoring
points, this method of using extensometer deformation data
combined with water head data for water storage coefficient
calculation can only reflect the water storage coefficient of
individual points, but it cannot determine the overall regional
characteristics. Therefore, this article proposes a new research
framework: based on the acquisition of regional land subsidence

information using the PS-InSAR monitoring method, the multi-
scale geographically weighted regression (MGWR) model was
applied to investigate the correlation between land subsidence
and the water level change in different aquifer groups and
quantify the contribution rate of the groundwater head variation
in different aquifer groups to regional land subsidence. Based
on this contribution rate, layered land subsidence information is
obtained. To further explore the deformation characteristics of
different layers of soil mass under different water head variation
modes, the Ske and Skv of the different aquifer groups in the
Beijing land subsidence area were inverted. The deformation
and water storage characteristics of the different aquifer groups
were evaluated. This study could provide technical support for
regional groundwater resource management and precise land
subsidence prevention and control.

The rest of this article is organized as follows. Section II
describes the research area and its geological conditions and
introduces the dataset used. Section III presents the process of
PS-InSAR technology. In Section IV, based on the analysis re-
sults, the soil deformation characteristics in different settlement
areas are analyzed. In Section V, the water storage coefficient
of the different aquifer groups is obtained, and the relationship
between the water storage coefficient and the depth and lithology
is explained. Finally, Section VI concludes this article.

II. STUDY AREA AND DATASETS

A. Description of the Study Area

Beijing is in the northwestern part of the North China Plain,
with its center at 116°20’E and 39°56’N. The western and
northern parts are mountainous areas, and the southeast is a plain
that slopes gently toward the Bohai Sea. The main settlement
area is situated in the southeastern plain area, which is mainly
composed of the alluvial fan group of the water system. Most
of these rivers originate from the northwest mountains, mean-
der through the plains, and flow southeast, ultimately flowing
into the Bohai Sea. Many rocks are exposed at the surface in
the western and northwestern mountainous areas of Beijing,
while the plain area is covered with unconsolidated Quaternary
sediments, largely comprising fine silt and sand, with high
porosity. This type of terrain is generally prone to settlement
(see Fig. 1).

The complex aquifer system gradually transitioned from a
single aquifer to multiple aquifers from northwest to southeast
across the Beijing Plain. According to research by the Beijing
Geological Department, the aquifer system is vertically divided
into four aquifer groups (Table I) based on the distribution
boundaries of these groups [see Fig. 2(a)] [27]. The phreatic
water zone is distributed throughout the whole plain area with
a buried depth of approximately 50 m. The lithology mainly
includes silt, silty sand, and sandy clay. The groundwater in
this layer is supplied by atmospheric precipitation, field ir-
rigation infiltration, and stream infiltration. The distribution
area of the first confined aquifer is slightly smaller than the
phreatic water area, with a buried depth of 80–100 m. The
lithology largely comprises various types of gravel, sand, and
clay, belonging to shallow confined water, which is mainly
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Fig. 1. (a) Distribution map of the five major water systems in the Beijing Plain area. (b) Image coverage map of Sentinel-1A data in Beijing.

TABLE I
DIVISION OF THE AQUIFER GROUPS IN THE BEIJING PLAIN

used for agricultural exploitation. The distribution areas of
the second and third confined aquifers decrease in turn, with
burial depths ranging from 100 to 180 m and 180 to 300 m,
respectively. The lithology of the second confined aquifer mainly
includes various types of gravel, sand, and clay, belonging to
medium-deep confined water, which is mostly used for industrial
and domestic exploitation. The lithology of the third confined
aquifer primarily comprises sand, belonging to deep confined
water, and a small amount is used for industrial and domestic
exploitation.

In this article, we used a 1 × 1 km grid to divide the study
area, and we covered most land subsidence areas, such as the
Chaoyang, Shunyi, Tongzhou, and Daxing districts.

B. Datasets

A Sentinel-1A satellite dataset from January 2018 to August
2021 was used to obtain land subsidence information (Table II).
The external digital elevation model (DEM) data provided by
NASA for the 30 m resolution Shuttle Radar Terrain Observation
Mission (SRTM) were used for terrain phase removal.

Groundwater data from January 2018 to August 2021 were
obtained from the China Geological and Environmental Mon-
itoring Department. According to Section II, we divided the
monitoring data of water wells in Beijing into four aquifer
groups: UA, FCA, SCA, and TCA (see Fig. 3). Inverse distance
weight interpolation based on the well data of each layer was

TABLE II
SENTINEL-1A PARAMETERS

used to obtain the spatial distribution of groundwater changes
in different aquifer groups.

To stack the land subsidence results, we used a 1 × 1 km grid
to divide the research area in the eastern part of the Beijing Plain,
covering most of the land subsidence areas, such as Chaoyang,
Shunyi, Tongzhou, and Daxing. The maximum groundwater
variation in these areas occurs in the SCA.
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Fig. 2. (a) Distribution of the aquifer groups and groundwater head monitoring points in the Beijing Plain. (b) Characteristics of the aquifer and thickness
distribution of the compressible layer. (c) Hydrogeological profile map of the Changping-Tongzhou district (AA′ profile).

III. METHODOLOGY

In this article, a research framework was established and
applied to the land subsidence area in Beijing to analyze the
deformation and water storage characteristics of the different
aquifer groups (see Fig. 4).

1) The PS-InSAR monitoring method was used to obtain
deformation information.

2) According to the MGWR method, the spatial distribution
of the regression coefficient between the water head vari-
ation in the different aquifer groups and land subsidence
was analyzed, and then the contribution rate of water head
variation in the different aquifer groups to land subsidence
was calculated.

3) Combined with the PS-InSAR results and groundwater
head data, according to the contribution rate of the ground-
water head change in the different aquifer groups to land
subsidence, the deformation characteristics of the soil
mass were investigated under various water head variation
modes, and the Sk of the different aquifers was spatially
determined via inversion.

As shown in Fig. 4, 67 Sentinel-1A satellite images within
the Beijing Plain area were selected, the PS-InSAR method was
adopted to obtain land subsidence information from 2018 to
2021, and then the land subsidence results and groundwater

head change information were used to first perform Moran’s
I analysis to verify whether spatial autocorrelation existed in
the water head variation data of the different aquifer groups and
the land subsidence data to ensure that the regression model
could be further established. Based on this, MGWR2.2 software
was used to establish local regression models, namely MGWR
models. According to the MGWR model, the spatial distribution
of the regression coefficient between the water head variation in
the different aquifer groups and land subsidence was analyzed,
and the contribution rate of the water head change in the different
aquifer groups to land subsidence was determined. Finally, the
settlement proportions of different compression layer groups
are verified with extensometer data. By combining InSAR and
groundwater head change data, the land subsidence data for
different aquifers were obtained, the deformation characteristics
of the soil layer under different water head variation modes
were assessed, the water storage coefficient of the different
aquifers was retrieved, and the water storage characteristics of
the different aquifer groups were evaluated.

A. PS-InSAR Processing

Ferretti [28] proposed the PS-InSAR method. It can extract
target points with high and stable radiation energy and obtain
surface deformation by segregating the terrain phase of the
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Fig. 3. Spatial distribution map of groundwater level elevation changes and
monitoring wells. Spatial distribution map of (a) UA, (b) FCA, (c) SCA, and
(d) TCA groundwater elevation changes and monitoring wells.

ground targets. This technology is mature and easy to implement
and has good application effects in urban areas such as Beijing.

In this article, SARProZ software [29] was applied to pro-
cess the 67 Sentinel-1A images of the research area using the
PS-InSAR method to obtain relevant deformation information.
Among the 67 selected SAR images, one was employed as
the main image, and the remaining images were regarded as
secondary images. Each secondary image was matched with the
main image for interference processing. By introducing external
SRTM data as reference DEM data, the topography phase could
be removed, and 66 interference phase images could be obtained
after interference processing. The interference phase can be
decomposed according to the following formula:

Δ ∅int = ∅topo + ∅flat + ∅def + ∅atmos + ∅noise (1)

where Δ∅int is the interference phase and ∅flat is the flat phase,
which was removed using satellite precise orbit data when
entering the SAR data. ∅topo is the terrain phase caused by the
terrain relief, which is removed via the external DEM data. ∅def

is the deformation phase caused by ground displacement during
image acquisition. ∅atmos is the atmospheric phase generated by
the atmospheric composition. The processing of the acoustic
positioning system (APS) in SARProZ software can dispel this
phase. ∅noise is the thermal noise and registration error in APS
processing, which can be eliminated by using a linear model.
When other phase differences are subtracted, the deformed phase
∅def along the line of sight (LOS) direction can be achieved.

InSAR is a side view observation technique that decomposes
the LOS deformation results into vertical, east–west, and north–
south components. GPS survey results in North China show that
the horizontal deformation rate in this area is low, approximately
1.57–1.93 mm/yr [30]. Therefore, the horizontal deformation
component was ignored in this study. We converted the deformed
phase along the direction of the radar LOS into the vertical
displacement (dv) via the following formula:

dv = dlos/ cos θ (2)

where dlos is the deformed phase along the radar LOS direction,
dv is the vertical deformation, and θ is the incidence angle.

B. Correlation Between the Water Head Variation in the
Different Aquifer Groups and Land Subsidence

Moran’s I analysis was conducted to verify whether there
existed spatial autocorrelation in the water level change data
of the different aquifer groups and the land subsidence data to
ensure that the regression model could be further established.

Based on this, the MGWR model was established. Compared
with the GWR method, the MGWR (3) method relaxes the
assumption that all processes to be modeled must be on the
same spatial scale and allows each independent variable to have
its own different spatial smoothing levels, solving the defect of
the GWR model where all variables have the same smoothing
level and reducing estimation error [31].

yi =
k∑

j=0

βbwj (ui, vi)xij + εi (3)

where (ui, vi) denotes the coordinates of the ith sampling
point, xij is the jth prediction variable, βbwj(ui, vi) is the
regression coefficient of the jth variable at sampling point i,
and εi is the stochastic error at sampling point i. In this article,
we used the quadratic kernel function and the Akaike infor-
mation criterion to determine the kernel function and optimal
bandwidth, respectively, of the MGWR model.

C. Calculation of the Contribution Rate of Different Aquifer
Groups

In areas with severe subsidence, the correlation coefficient
between each grid of different aquifer groups and land sub-
sidence obtained from the MGWR model is used to estimate
the contribution rate of the different aquifer groups to land
subsidence via the following formula:

Ri =
xi∑n
i=1 xi

(4)

where i is the ith aquifer, Ri is the contribution rate of the ith
aquifer group to land subsidence, n is the number of aquifers,
and xi is the sum of all regression coefficients in the grid of areas
with severe settlement.
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Fig. 4. Flow chart of research methods.

D. Estimation of the Water Skeletal Storage Coefficient of the
Aquifer

The water storage coefficient is an important parameter used
to describe the characteristics of aquifers. The specific storage
S of a confined aquifer is the amount of water exhausted from
the compressible aquifer per unit of aquifer volume under the
condition of a unit head decrease [32], [33]. The formula can be
expressed as follows:

S = ρg (α+ nβ) (5)

whereρ is the density of water, g is the gravitational acceleration,
n is the void ratio, and β is the compressibility of water. α is the
compressibility of the volumetric aquifer. Generally, the com-
pressibility of water is much lower than that of aquifer systems.
Assuming that the compressibility of water is neglected, Sk

is the skeleton water storage related to the compressibility of
the aquifer system, which can be determined according to the
relationship between the compressibility of the aquifer system
and the level variation [34].

Sk =
Δb

Δh
= Ss b0 (6)

where b0 is the initial thickness of the aquifer system, Δh is the
variation in the water level, Δb is the systematic settlement of
the aquifer, and Ss is the specific storage.

IV. RESULTS

A. InSAR Result Analysis

1) Leveling Surveying: To ensure the accuracy of the InSAR
land subsidence data, 9 leveling data points (2020–2021) on
the Beijing Plain were selected for verification. By establish-
ing a buffer zone with a radius of 100 m centered on every
leveling point, the stable coherent points were screened to
obtain the average InSAR vertical deformation results within
the buffer zone. Then, the goodness of fit R2 was calculated
for the leveling data and the mean value. The closer the R2

value was to 1, the better the fitting degree of the regres-
sion line to the observed value. The results indicated that the
difference between the subsidence monitoring values of the
two methods ranged from −9.4 to 8.9 mm, and the average
value was 2.3 mm. The distribution trend exhibited satisfactory
agreement, and the monitoring values of the two methods were
highly correlated, exhibiting a linear regression result of 0.8248
(see Fig. 5).

2) Land Subsidence Results: The land subsidence results
obtained by PS-InSAR technology are generally relative. This
article takes the points in the Yuyuantan area as reference
points to obtain the spatiotemporal distribution of land subsi-
dence in the Beijing Plain. A total of 161575 PS points were
identified.
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Fig. 5. Verification of the accuracy of the InSAR results. (a) Comparison of the deformation obtained by InSAR and leveling measurement data. (b) Linear fitting
between the InSAR results and leveling measurement data.

Fig. 6. (a) Annual average deformation rate on the Beijing Plain from January 2018 to August 2021. (b)–(e) Spatial evolution map of cumulative land subsidence
from 2018 to 2021.

The spatial distribution varied greatly [see Fig. 6(a)]. The
most severe land subsidence funnel was situated at the set-
tlement centers of Jinzhan and Songzhuang. Between 2018
and 2021, the maximum cumulative settlement increased from
107 mm in 2018 to 345.25 mm in 2021, occurring at the
settlement center of Songzhuang in the Tongzhou area, where
the compressible layer is relatively thick [see Fig. 6(a)].
From 2018 to 2021, the maximum annual settlement de-
creased from 108 mm/yr in 2018 to 84.2 mm/yr in 2021,
and the average annual settlement rate shows a trend of slow-
ing down year by year. Although the maximum annual set-
tlement rate increased from 107 mm/yr to 119.9 mm/yr in
2018–2019, the maximum annual settlement rates decreased to

110.6 mm/yr and 84.2 mm/yr in 2020 and 2021, respectively
[see Fig. 6(b)–(e)].

According to the classification table of the land subsidence
development degree (Table III) in the Code for Risk Assessment
of Geological Hazards (GB_T 40112-2021) [35], we adopted
annual settlement values of 30 and 50 mm as boundary values
for dividing the land subsidence risk. Areas with an annual
settlement higher than 30 mm were collectively referred to as
serious settlement areas, and areas with an annual settlement
higher than 50 mm were referred to as center settlement areas. As
shown in Fig. 6(a), the areas with relatively serious settlements
were mainly distributed in Chaoyang, Tongzhou, and Daxing
Districts. Taihu town and Jinzhan and Songzhuang Districts
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TABLE III
GRADING OF LAND SUBSIDENCE DEVELOPMENT

TABLE IV
STATISTICAL ANALYSIS AND TEST RESULTS OF THE MGWR MODEL

COEFFICIENTS

exhibited the most serious settlement, with settlement rates
higher than 50 mm/yr.

B. Model Results and Assessment

1) Spatial Autocorrelation: Before MGWR analysis, spatial
autocorrelation analysis in each independent variable (water
head changes in UA, FCA, SCA, and TCA) and the cumulative
land subsidence is required to ensure that the regression model
could be established. This article calculates that Moran’s I values
of each variable are above 0.9, indicating significant spatial
autocorrelation for each variable.

2) MGWR Results and Assessment: The MGWR model was
constructed, and the statistical results of the regression coeffi-
cient between each aquifer and land subsidence are provided in
Table IV.

The regression coefficient and average, minimum, maximum,
and median values of each influencing factor were calculated,
and the proportions of positive and negative regression co-
efficient values between each explanatory variable and land
subsidence were calculated. The results indicated that various
influencing factors have both negative and positive effects on
land subsidence. The FCA attained the highest ratio of positive
coefficient values (57.46%), and TCA attained the highest ra-
tio of negative coefficient values (57.3%). The MGWR model
yielded a specific regression coefficient for each grid in the
calculation results.

C. Correlation Between the Water Head Change in Different
Aquifer Groups and Land Subsidence Based on the MGWR
Model

1) Spatial Heterogeneity of the Regression Coefficient Be-
tween Land Subsidence and the Water Head Change of Each
Aquifer Group: The regression coefficients of various influ-
encing factors obtained by the MGWR model vary in size.
We normalize and classify coefficients to compare correlations
on the same order of magnitude. The normalized regression

Fig. 7. Spatial heterogeneity map of the relationship between land subsidence
and groundwater change. Spatial distribution of (a) UA, (b) FCA, (c) SCA, and
(d) TCA regression coefficients.

coefficients ranged from −1 to 1, boundary values of −0.3
and 0.3 were selected, and finally, the normalized regression
coefficients were divided into four categories: −1–0.3, −0.3–0,
0–0.3, and 0.3–1.

There were spatial differences in the influence of the different
aquifers on land subsidence. The distribution diagram of the
correlation coefficient between the groundwater head change
and land subsidence is shown in Fig. 7. In the serious settlement
area, the correlation between the groundwater head change
in the UA and land subsidence was negative in most areas,
which may be due to the notable effect of rainfall and other
external factors on the recharge to groundwater process of the
UA, resulting in large groundwater head fluctuations. The area
proportion of positive regression coefficient values between the
water head change in the FCA and land subsidence was lower
than that between the groundwater head change in the SCA and
TCA and land subsidence. The regression coefficients of the
SCA were positive in almost all areas, and the correlation with
groundwater change was the highest. The SCA contributed the
most to subsidence. The positive regression coefficient values of
the TCA were also higher in the serious subsidence area, and the
aquifer imposed an obvious positive effect on land subsidence.
Therefore, overexploitation of the second and third confined
aquifers greatly promoted land subsidence in the serious sub-
sidence areas.

2) Contribution Degree of the Water Head Changes in
Aquifer Groups to Land Subsidence: According to (4), in the
serious settlement areas, the contribution rate of each aquifer to
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TABLE V
COMPRESSION RATIO OF DIFFERENT LAYERS

land subsidence was estimated in areas with positive correlation
coefficients between the water head change in the different
aquifer groups and land subsidence.

The contribution of the UA is 14.75% and that of the FCA is
23.65%. The contribution of the SCA is 33.44% and that of the
TCA is 28.16%. Based on these findings, the contribution rate
is taken as the settlement proportion of different compression
layer groups, which agrees with the extensometer deformation
results of Baxianzhuang of Lei Kunchao [26] (Table V). The
SCA yielded the highest contribution, followed by the TCA,
while the UA yielded the lowest contribution. Most groundwater
exploitation in Beijing occurs within 200 m, mainly concentrated
in the FCA and SCA, and thus, the contribution of the SCA is
high, but the top half of the TCA is also the main exploitation
layer for domestic and industrial water in these regions.

D. Deformation Characteristics of the Different Aquifer
Groups Under Different Water Head Change Modes

According to the settlement results for Beijing obtained via
PS-InSAR technology mentioned earlier, the settlement pro-
portions of different compression layer groups were 14.75%,
23.65%, 33.44%, and 28.16%. The cumulative settlement from
2018 to 2021 was decomposed into different aquifers. The figure
shows that the settlement of the SCA was the greatest. In the
study area, long-term groundwater head monitoring wells at
different depths were selected inside and outside the serious
subsidence area (see Fig. 8). Adopting the monitoring well as
the center of the buffer zone, the mean land settlement value of
the different aquifers and the corresponding groundwater head
change value during the same period in the buffer zone were
obtained, and the stress–strain diagram was used to analyze
the soil deformation characteristics under the various modes of
water head change.

Based on groundwater and settlement data, the deformation
characteristics of soil can be divided into three types: elastic,
elastic-inelastic, and inelastic (see Fig. 9). W1, W3, and W7
mainly exhibited elasto-plastic deformation. The residual de-
formation was large, including plastic and creep deformation.
Numerous hysteresis loops can be recognized in the stress–strain
curve. W5 largely indicated elastic deformation. This result is
related to the lithology of the multiple sand layers. The sand
layers were compacted due to the decrease in the pore-water
pressure. After the pore-water pressure was restored, the sand
layers generally recovered their original states [36]. W2, W4,
W6, and W8 mainly indicated plastic deformation. The observed

Fig. 8. Spatial distribution of the cumulative settlement of the four-layered
aquifer groups from 2018 to 2021 and groundwater head monitoring points.
Spatial pattern of the cumulative settlement of (a) UA, (b) FCA, (c) SCA, and
(d) TCA.

settlement always indicated a state of continuous subsidence,
with large residual deformation and hysteresis phenomena.

Stress–strain curves of monitoring wells under different water
head change modes are shown. The different subsidence areas
and lithologies exhibited different deformation characteristics.
Outside the serious subsidence area, the deformation character-
istics of both shallow and deep soil layers mainly indicate elastic
and elastoplastic deformation. In the serious settlement area,
the deformation characteristics of the shallow soil mass largely
indicated plastic deformation, but in 2020, the groundwater
head increased, and elastic deformation characteristics could be
observed. The deformation characteristics of the deep soil mass
mainly included plastic deformation. Overall, the deformation
characteristics of the soil mass at the monitoring well outside the
serious subsidence area mainly indicated elastic deformation,
while inside the serious subsidence area at the monitoring well
mainly indicated plastic deformation. However, some monitor-
ing wells did not conform to this rule, which mainly occurred
because the deformation characteristics of the soil mass are
primarily determined by the joint effects of the lithology and
groundwater head change mode.

The deformation characteristics of the various soil masses
with varying lithology differed. In these eight monitoring well
areas, two water wells within the same layer are compared: in
areas with a high proportion of water-bearing sand layers, the soil
deformation features mostly indicated elastic deformation, and
the surface deformation and water head change were basically
synchronous. When the water head recovered or the downward
trend of the water head declined, the settlement rebounded or
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Fig. 9. Correlation curve between settlement and groundwater variation (left figure) and stress–strain curve of settlement due to groundwater variation (right
figure) of eight monitoring wells. (The purple and pink backgrounds indicate the thicknesses of the water-bearing sand layer and aquitard layer, respectively, at the
well location).

was absent. In areas with a low proportion of water-bearing sand
layers, the soil deformation characteristics mainly suggested
plastic deformation, with significant residue deformation and
deformation hysteresis. When the water head rapidly increased
or the declining trend of the water head decreased, the settlement
did not rebound or the rebound amount was very small. The
large residual deformation mainly occurred because the plastic
storage coefficient was 1–2 orders of magnitude higher than
the elastic storage coefficient. The deformation lag was largely
due to the dissipation of redundancy pore-water pressure in the
weakly permeable zone occurring after the groundwater head
change.

V. DISCUSSION

A. Comparison of the Storage Values

According to Section IV, the settlement proportions of differ-
ent compression layer groups were 14.75%, 23.65%, 33.44%,
and 28.16%. The cumulative settlement value of each aquifer
layer from 2018 to 2021 was calculated, and the groundwater
head change data were superimposed (see Fig. 10).

According to (6), the water storage coefficient of the
1 km × 1 km grid of different aquifer skeletons could be
obtained by using the cumulative settlement data of the dif-
ferent layers and the water head change data of each layer
(see Fig. 10). The spatial distribution ranges of the UA, FCA,
SCA, and TCA skeletal water storage coefficients were defined
according to the boundary of each aquifer group, as shown in
Fig. 2(a).

Numerous studies have shown that the theoretical value of the
elastic storage coefficient varies between n×10−5 and n×10−3.
In aquifers mainly composed of loose clay and silt, the inelastic
water storage coefficient is 1–2 orders of magnitude higher than
the elastic storage coefficient [1], [18], [37], [38].

The range of storage coefficient values for UA is
0.002×10−3−641.58×10−3. The range of storage coef-
ficient values for FCA is 0.003×10−3−806.18×10−3.
The range of storage coefficient values for SCA is
0.005×10−3−484.58×10−3. The range of storage coefficient
values for TCA is 0.003×10−3−608.7×10−3. The calculated
water storage coefficient values conformed to the theoretical
storage coefficient values.
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Fig. 10. Spatial pattern of the cumulative settlement of the different aquifers
and contours of the groundwater head buried depth change from 2018 to 2021:
Spatial distribution of the cumulative settlement and head change isopleth of
(a) UA, (b) FCA, (c) SCA, and (d) TCA.

We found that the water storage coefficients of different
aquifer groups exhibit different spatial distribution character-
istics, which is due to the different lithological compositions
and groundwater exploitation of different aquifers. The water
storage coefficient of the elastic skeleton roughly shows a trend
of increasing from north to south and from west to east, which
is related to the seasonal fluctuations in the aquifer thickness
and groundwater level in the Beijing Plain. The water storage
coefficient of the inelastic skeleton is mainly distributed in
areas with relatively thick compressible layers and a significant
decrease in the groundwater level.

The distribution range of elastic skeleton water storage co-
efficients in different aquifer groups is very similar, with a
small number of areas (brown and yellow) having values of
n×10−4, which is the typical storage coefficient of elastic skele-
ton structures, representing elastic deformation, located in the
north and west of the study area. The distribution characteristics
of the inelastic skeleton water storage coefficient have signifi-
cant differences: for inelastic skeleton water storage coefficients
greater than 10×10−3, the distribution is wider in UA and FCA,
while the distribution range of SCA and TCA is smaller (see
Fig. 11). The spatial distribution range of aquifer water storage
coefficients greater than 10×10−3 (dark purple) is consistent
with that of the serious settlement area. In most regions (light
purple), the value is n×10−3, which is the typical water storage
coefficient of inelastic skeleton structures, indicating that most
soil deformation characteristics in the study area entail inelas-
tic deformation, primarily distributed in areas with settlement
development.

Fig. 11. Spatial pattern of the water storage coefficients: Spatial pattern of
(a) UA, (b) FCA, (c) SCA, and (d) TCA skeletal storage coefficients.

TABLE VI
SUMMARY OF THE AVERAGE WATER STORAGE COEFFICIENT OF EACH AQUIFER

LAYER

B. Storage Value Change With Depth

To characterize the water storage coefficient variation with
the depth of the different aquifer systems, the average Ske and
Skv values of the different aquifers were calculated (Table VI).
For Ske, from the shallow layer 0.44×10−3 increase to the deep
0.57×10−3, and for Skv, from the shallow layer 17.47×10−3

decrease to the deep 7.94×10−3.
As shown in Fig. 11, the brown and yellow areas indicate

the spatial distributions of the elastic water storage coefficient.
The elastic water storage coefficient of the medium-deep aquifer
layer was higher than that of the shallow and first confined
aquifers. This finding suggests that the elastic storage capacity
of the medium-deep aquifer layer is higher than that of the other
aquifer layers. We usually consider that elastic water storage
mainly occurs in the water-bearing sand layer. According to
the profile shown in Fig. 2(c) and the hydrogeological profile
of the Beijing Plain obtained by Lei Kunchao et al., it could
be speculated that this occurs because the thickness of the
medium-deep aquitard layer is larger than that of the shallow
layer, the corresponding hydrodynamic delay time is longer,



2512 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

TABLE VII
COMPARISON OF THE AQUIFER DEFORMATION CHARACTERISTICS AND Sk AMONG THE DIFFERENT MONITORING WELLS

the water level greatly decreases, the effective stress notably
increases, and the corresponding water release volume of the
water-bearing sand layer is large. In contrast, if the shallow
aquitard is relatively thin, the aquifer recharge process is fast,
the hydrodynamic delay time is short, the aquifer water pressure
changes slightly, and the effective stress increases slightly. Then,
the compression-related water release volume of the aquifer sand
layer is small.

The light and dark purple areas indicate the spatial distribu-
tions of the inelastic water storage coefficient, most of which
occur in areas with serious settlement. Regarding the inelastic
water storage coefficient, the value of the middle-deep aquifer
was lower than that of the shallow aquifer (Table VI). We
usually consider that inelastic water release mainly originates
from the aquitard. The inelastic water storage coefficient of the
deep aquifer is lower than that of the shallow aquifer because
the thickness of the deep clay layer is larger than that of the
shallow layer, the water release process of the clay layer is
relatively slow, the hydrodynamic delay time is longer, and
the compression-related water release volume of the clay layer
decreases when the unit head declines. In contrast, when the
shallow aquitard is relatively thin, the hydrodynamic delay time
is short, and the compression-related water release volume of
the clay layer is large under a unit head drop. In addition,
the soil layer inelastic compaction is irrecoverable. Previous
studies have demonstrated that the permeability coefficient, Ske,
Skv, and related specific values (Sske and Sskv, respectively)
decrease with a permanent drop in the water level [39], [40].
Land subsidence in the Beijing Plain has appeared since the
1950s, and the compaction of the middle-deep clay layer is the
most serious. Therefore, the long-term compaction of the clay
layer may also explain the smaller Skv value of the middle-deep
aquifer than that of the shallow aquifer and the FCA. This result
further indicates that with continuous settlement development in
the Beijing Plain, the storage performance of the aquifer group
declines, and the decline range of the middle-deep layer is greater
than that of the shallow layer.

C. Relationship Between the Storage Value and Lithology

The relationship between the lithology and water storage
coefficient was analyzed by comparing the soil deformation

characteristics at the different monitoring well locations and
the water storage coefficient values in the corresponding areas.
Comparing the results of two monitoring wells in the same
aquifer layer, it is shown that when the ratio of sand to clay
is high, the deformation characteristics of the soil in the mon-
itoring well area mainly involve elastic deformation, and the
storage coefficient is that of Ske (Table VII). When the ratio
of sand to clay is low, the soil deformation characteristics at
the monitoring well sites mainly suggest inelastic deformation,
and the water storage coefficient is Skv. For example, regarding
W6, the lithology is mainly clay, the deformation characteristics
of the soil mass suggest inelastic deformation, and the inelastic
water storage coefficient is 44.25×10−3.

The deformation characteristics of the soil mass are primarily
determined by the joint effects of the lithology and groundwater
head change mode. For specific monitoring well W2, the ratio
of sand to clay is relatively high, but the soil layer deformation
characteristics mainly indicated inelastic deformation, and the
water storage coefficient was inelastic. Although the thickness
of the water-bearing sand layer is greater than that of the clay
layer, based on the clay layer with a certain thickness, due to the
notable decline in the water head at the early stage, the scatter and
disappearance of redundancy pore water pressure in the aquifer
lags significantly behind the groundwater variation. Therefore,
the deformation characteristics of the W2 soil layer indicated
inelastic deformation, and the water storage coefficient was the
same as that of the inelastic skeleton. The ratio of sand to clay
in well W5 was relatively low, but the soil layer deformation
characteristics mainly indicated elastic deformation, and the
water storage coefficient was elastic. Based on the stress–strain
analysis of the W5 well (see Fig. 9), the average annual water
level change remains basically unchanged, and most of the wells
are located in the water-bearing sand layer. Although the ratio
of sand to clay is small, the effective stress of the soil does not
increase under the condition of small annual water level changes,
and well W5 exhibits elastic deformation characteristics.

D. Advantages and Limitations of the Framework

In this study, we proposed a new research framework that
combines the PS-InSAR method and MGWR model to obtain
land subsidence data for different aquifer groups and then invert
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the water storage coefficients of different aquifer groups. The
advantage of this framework is that it can obtain settlement data
of spatial scale stratification in the absence of layered standard
data, which can then invert the water storage coefficient of spatial
scale stratification.

Note that when using this framework to estimate the water
storage coefficient, we assume that the water storage coefficient
is constant throughout the entire study period (2018–2021). Gen-
erally, this assumption is reasonable in our study, particularly
for most areas that have experienced significant land subsidence.
However, due to the large number of PS points and the limitations
of the MGWR model on the amount of input data, we adopted
a 1 × 1 km grid to serve as the input sample points for the
model, reducing the number of sample points while preserving
the original geographic feature information. This usually leads to
changes in the value of the water storage coefficient. In the future,
with the improvement of the algorithm, we can use the ps point
as the input point of the sample model to obtain more accurate
results. In addition, this article did not consider the differences
in hydrogeological conditions in different regions. In the whole
study area, we use the same settlement compression ratio. In fu-
ture research, we will consider the hydrogeological conditions of
different regions for zoning, obtain the layered settlement com-
pression ratio in different regions, and estimate the water storage
coefficient.

VI. CONCLUSION

The long-term development of land subsidence in Beijing
has resulted in the loss of aquifer storage capacity. A research
framework has been proposed that combines PS-InSAR tech-
nology with spatial correlation models to obtain settlement
information and water storage coefficients of different aquifer
groups. This framework was applied to the Beijing Plain area to
examine the deformation characteristics of various soil masses
under various water head variation modes, retrieve the water
storage coefficient of different aquifers at the spatial scale, and
evaluate the water storage characteristics of different aquifer
groups.

The research results indicate that the main factors influenc-
ing land subsidence in the two major settlement funnels were
the FCA, SCA and TCA, and the settlement proportions of
the different compression layer groups were 14.75%, 23.65%,
33.44%, and 28.16%, respectively. The range of water stor-
age coefficients for phreatic water and the first, second, and
third confined aquifers is between 0.002×10−3−641.58×10−3,
0.003×10−3−806.18×10−3, 0.005×10−3−484.58×10−3 and
0.003×10−3−608.7×10−3, respectively. The water storage
coefficient of the elastic skeleton roughly shows a trend
of increasing from north to south and from west to
east, which is related to the seasonal fluctuations in the
aquifer thickness and groundwater level in the Beijing Plain.
The water storage coefficient of the inelastic skeleton is
mainly distributed in areas with relatively thick compress-
ible layers and a significant decrease in the groundwater
level.

With the continuous development of subsidence, the water
storage performance of the aquifer group is continuously declin-
ing. These findings contribute to managing the sustainable use of
groundwater resources and controlling subsidence. It is demon-
strated that the research framework proposed in this article can
serve as an effective tool for obtaining settlement information
and the skeleton water storage coefficient of different aquifer
groups.
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