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Abstract

:

Surface displacement is an common environmental geological phenomenon in the Beijing Plain. Research on surface displacement in the Beijing Plain has mainly focused on vertical surface displacement, whereas the horizontal displacement has scarcely been studied. To investigate the 3-D surface displacement in the Beijing Plain, we construct a leveling-constrained multidirectional PS-InSAR 3-D surface displacement estimation method to obtain the 3-D surface displacement information. The results show that the surface displacement in the study area during 2016–2018 was mainly vertical displacement with two main northern and southern subsidence centers; the vertical displacement ranged from −150 mm/year (down) to 5 mm/year (up), and the east–west horizontal displacement ranged from 20 mm/year (east) to 22 mm/year (west). Validation results show that the 3-D surface displacement estimation results agree well with leveling data and GPS data, indicating the reliability of the 3-D surface displacement datasets. The 3-D surface displacement results show that horizontal displacement is obvious in the areas with a large vertical displacement in the eastern Beijing Plain. Additionally, the horizontal displacement is directed toward the center of vertical displacement. The compressive strain is observed close to the centers of vertical displacement, whereas tensile strain occurs far from the centers of vertical displacement. The main cause of the 3-D surface displacement in the study area is the long-term groundwater overexploitation, especially deep groundwater exploitation. The spatial and temporal extents of displacement do not exactly match the locations of the groundwater sinks in different aquifers; instead, geological structures and stratigraphic/lithological conditions may have a combined effect. Moreover, the spatial and temporal distributions of surface displacement are closely related to ground fissure activity, and both influence each other.
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1. Introduction


Surface displacement, which refers to the environmental geological phenomenon in which the surface of the Earth’s crust is displaced [1], can be triggered by both natural factors, such as volcanic activity, glacial drift, seismicity, and landslides, and anthropogenic factors, such as mining activities and groundwater extraction. Accordingly, surface displacement constitutes a key issue that must be considered in the planning and construction of cities and large linear projects (e.g., high-speed railroads and large-span bridges; therefore, it is important to effectively and accurately monitor surface displacement. To date, surface displacement caused by the extraction of underground fluids has caused disasters globally, especially in some developed cities and regions, such as Mexico City [2], the Kanto region of Japan [3], Indonesia [4], the Beijing–Tianjin–Hebei region [5,6,7,8,9,10,11,12,13,14,15,16], and the Yangtze River Delta region [17,18,19] in China, where urban safety is under serious threat.



Land subsidence in Beijing was first discovered in 1935 and continues to develop rapidly [20,21]. In 2016, the maximum cumulative vertical displacement in the Beijing Plain reached 1864 mm, and the maximum annual displacement rate exceeded 110 mm/year. The land subsidence in Beijing is distributed mainly throughout the eastern suburbs of Bailizhuang-Dajiuting and the northeastern suburbs of Laiguangying in Chaoyang District and Tongzhou District, Changping Shahe-Baxianzhuang in Changping District, Daxing Yufa-Lixian in Daxing District, and Shunyi Pinggezhuang in Shunyi District. The continuous development of land subsidence has led to a large number of inaccurate leveling points and subsidence, which has aggravated urban flooding and affected the layout and planning of urban construction.



Conventional surface displacement monitoring usually relies on leveling surveys and the Global Positioning System (GPS). While GPS technology can continuously monitor surface displacement, the measurement density is limited by the distribution of expensive ground equipment. Furthermore, leveling measurements are limited by human, material and financial resources: the general deployment of a leveling survey consists of relatively few points, sparse routes, long monitoring cycles, and very low spatial and temporal resolutions. Consequently, it remains difficult to meet the rapid and large-scale monitoring needs of the modern disaster prevention and mitigation of surface displacement. As a new type of spaceborne geodesic measurement tool developed in the past three decades, interferometric synthetic aperture radar (InSAR) has numerous advantages, including the ability to acquire all-day, all-weather measurements over a large area (tens to hundreds of kilometers) with high accuracy (centimeter to millimeter scale) and high spatial resolution (tens to several meters); hence, InSAR technology has been increasingly recognized by experts and scholars and is widely used to monitor earthquakes [22], volcanoes [23], landslides [24], glacial drift [25], tectonic movements [26], groundwater extraction [27], mining [28], etc.



However, most existing studies have employed single-satellite synthetic aperture radar (SAR) image data to extract one-dimensional (1-D) displacement information in the line-of-sight (LOS) direction by differential interferometric synthetic aperture radar (D-InSAR) or persistent scatterer interferometric synthetic aperture radar (PS-InSAR). Nevertheless, only 1-D displacement information can be retrieved in the radar LOS direction by PS-InSAR; that is, three-dimensional (3-D) displacement information is not available. In recent years, through the efforts of some scholars at home and abroad, some methods have been developed to convert 1-D LOS displacement measurements into 3-D displacement fields, and real 3-D displacement information sufficient to represent the surface has been successfully obtained. This information is widely used to investigate surface displacement, volcanic activity, earthquakes, mining [29] and glacial drift. These methods can be broadly classified into one of the following two categories.



The first category is the InSAR 3-D surface displacement estimation technique, which mainly uses weighted least squares to retrieve the 3-D surface displacement field by combining LOS or azimuth measurements from at least two different orbits. Multidirectional LOS vector results can be obtained by the D-InSAR and multidirectional InSAR techniques for solving this 3-D problem [30,31] and can be combined with azimuth measurements obtained by offset tracking or multiple-aperture InSAR (MAI) techniques [32,33,34,35,36,37,38]. Similarly, a priori knowledge can reduce the requirement for SAR datasets [39,40]. The second type of method is to obtain the 3-D surface displacement field mainly by combining InSAR measurements with external data, especially GPS data [41,42,43,44,45,46]. This approach can obtain high-precision displacement results in all three dimensions, but the accuracy of the results depends on the surface displacement characteristics within the study area and the number and spatial distribution of GPS observation points.



Based on the accurate acquisition of 3-D surface displacement, many scholars worldwide have conducted research on the multidisciplinary retrieval of 3-D displacement information in the fields of hydrology, geology and others to investigate the causes and evolutionary mechanisms of 3-D displacement and ground fissures. For example, Qu et al. [47], Liu et al. [48] and Yang et al. [49] studied the relationship between ground subsidence and ground fissures in the Fenwei Basin and confirmed the dominance of vertical displacement in the surface displacement induced by groundwater overexploitation; they further verified that areas with large east–west horizontal displacement corresponded to areas of active ground fissures with large vertical displacement. In a study of aquifer dynamics in the Salt Lake Valley, Hu et al. [50] found that east–west horizontal displacement and vertical displacement occurred simultaneously and were both seasonal in nature, which was also reported in the Santa Clara Valley by Chaussard et al. [51].



Although many studies on the eastern Beijing Plain have shown that the surface displacement therein is mainly vertically oriented and slow with small amounts of horizontal displacement, the long-term cumulative effect of this displacement is not negligible, so it is necessary to accurately obtain the regional 3-D displacement field. Our research group has been engaged in the study of regional ground subsidence for a long time; as a consequence, some levelling data have been accumulated with a high point monitoring accuracy. Moreover, among the various available 3-D surface displacement estimation methods, multidirectional InSAR offers the best range and accuracy in estimating the 3-D surface displacement in the study area. Therefore, this paper constructs a leveling-constrained multidirectional PS-InSAR 3-D surface displacement estimation method to obtain the 3-D surface displacement field of eastern Beijing, verifies that this method can accurately reflect the evolutionary characteristics of this 3-D displacement field through leveling and GPS data, and ultimately clarifies the evolutionary and influencing mechanisms of the 3-D displacement field in combination with regional hydrogeological data. This method will provide technical support and a scientific basis for preventing and controlling regional surface displacement and its secondary hazards.



The remainder of this paper is organized as follows. Section 2 presents the background of the study area. In Section 3, the datasets and the method of processing the data are described. In Section 4, we employ the proposed leveling-constrained multidirectional PS-InSAR 3-D surface displacement estimation method to obtain the 3-D surface displacement field and verify the reliability of the InSAR-obtained results with ground level and GPS measurements. Furthermore, the spatial distribution characteristics of the surface displacement field are explored by combining spatial analysis with the estimation results of the 3-D surface displacement. In Section 5, we discuss the correlations between the 3-D surface displacement and the groundwater level and geological formations. Section 6 summarizes our conclusions.




2. Study Area and Datasets


2.1. Study Area


The study area (Figure 1) is located in the eastern part of the Beijing Plain within the warm-temperate zone with a semi-humid and semi-arid continental monsoon climate and an average annual temperature of 11–12 °C. Precipitation occurs in the area with an extremely uneven temporal distribution, with summer precipitation accounting for approximately 70% of the annual precipitation.



The Beijing Plain is located at the junction of the Yanshan, North China Plain and Taihang Mountain fault systems and, therefore, features a complex geological environment and active neotectonic activity [52]. Three main faults run through the study area: the Shunyi–Liangxiang fault, the Nanyuan–Tongxian fault and the Nankou–Sunhe fault. These faults, most of which are normal and play a key role in controlling the geological development of rift basins and depressions in this area [52], strike mainly northeast (NE)–southwest (SW) and northwest (NW)–southeast (SE). The main characteristics of these faults are shown in Table 1.



The groundwater system in the study area comprises contributions from the Yongding River, Wenyu River and Chaobai River. Quaternary sediments are widely distributed throughout the plain area, and the Quaternary aquifers in the study area are divided into four main aquifer groups according to the groundwater replenishment conditions, depth, drainage conditions, groundwater extraction levels and genesis. The lithology of each aquifer is listed in Table 2.




2.2. Dataset


The SAR dataset used in this paper consists of lift-orbit images acquired by Sentinel-1A/B, two Earth observation satellites in the Copernicus program (formerly known as the Global Monitoring for Environment and Security (GMES) program) of the European Space Agency that carry C-band synthetic aperture radars with a revisit period of 6 days. This study utilizes 44 ascending and 66 descending images (Tracks 142 and 47) acquired under vertical-vertical (VV) polarization in interferometric wide swath (IW) mode between 2016 and 2018. The spatial resolution of Sentinel-1 in IW Terrain Observation with Progressive Scans (TOPS) mode is 5 m × 20 m with a width of 250 km (https://sentinel.esa.int/, accessed on 16 July 2020). The detailed parameters of the SAR data are shown in Table 3.





3. Principle of Retrieving 3-D Displacement Data from Multidirectional PS-InSAR Measurements and Leveling Data


Direct observations of the surface from space do not represent the real surface displacement but are instead the sum of the projections of the surface displacement in the due east, due north and vertical directions in the radar LOS. Therefore, the displacement results obtained from InSAR measurements can be decomposed into the components of the above three directions according to the spatial relationship of the observation geometry. The LOS-oriented displacement observed by InSAR can be expressed as [55]:


   d  L O S   =  d u  · cos  θ i  +  d n  · sin  θ i  sin    α i  − 3 π / 2   −  d e  · sin  θ i  cos    α i  − 3 π / 2   + C  



(1)




where    d  L O S    ,    d n   ,    d e   , and    d u    denote the LOS direction and the displacement in the due north, due east, and vertical directions, respectively;   θ   is the central incidence angle;  α  is the angle (measured clockwise) between the satellite heading and the due north direction; C, representing the systematic error of the LOS direction result, is a constant caused by the displacement of the selected reference point not being zero.



There is a large difference in the vertical displacement rates between the two sides of a ground fissure found in an area with active faulting, and the accompanying horizontal displacement is not negligible. Assuming that the rate of change of vertical displacement is positively correlated with the horizontal displacement rate and considering that the slope can be used for each image to calculate the maximum rate of change of the value in the direction from that image to its neighboring image, the slope of the vertical displacement rate is used to characterize its rate of change and thus to assess the magnitude of horizontal displacement.



The slope depends on the rate of change (increment) of the surface in the horizontal   ( d z / d x )   and vertical   ( d z / d y )   directions starting from the central image element. The basic algorithm used to calculate the slope takes the values of the central image element and its eight adjacent images to determine the horizontal and vertical increments. These adjacent elements are determined using the letters a through  i  (as shown in Figure 2), where e indicates the element for which the slope is currently being calculated.



Then, the rates of change of the image element  e  in the  x  and  y  directions can be calculated by the following equations [56]:


    d z   d x   =     c + 2 f + i   −   a + 2 d + g     /   8 * c e l l s i z e    



(2)






    d z   d y   =     g + 2 h + i   −   a + 2 b + c     /   8 * c e l l s i z e    



(3)







The slope of the central image element e can be calculated by substituting the rate of change in the  x  and  y  directions:


  s l o p  e  d e g r e e s   =   tan   − 1               d z   d x      2  +       d z   d y      2        ×   180  π   



(4)







According to Equation (4), the slope of the whole area can be calculated by combining the vertical displacement rate of the study area obtained by PS-InSAR. The approximate vertical displacement rate of the study area can be calculated by the following equation while ignoring the horizontal (north–south and east–west) components [57]:


   d u  ≈  d  L O S   ÷ cos  θ i   



(5)







The kriging interpolation method is chosen to interpolate the point-like vertical displacement rates onto a regular grid. According to the calculated slopes of the vertical displacement rate, the leveling measurements from the area where horizontal displacement does not easily occur are selected to remove the systematic error  C .



The ground leveling measurements screened in the above way are chosen to remove the systematic error of the LOS results. Since the horizontal displacement at the screened level can be neglected, Equation (1) can be simplified as:


   d  L O S   =  d u  · cos  θ i  + C  



(6)







According to Equation (6), the leveling results are projected upward in the LOS direction, the average error of the InSAR results in each direction is calculated, and the average error is considered to be the systematic error caused by the selection of the reference point. Then, the systematic error is removed for the InSAR results from the ascending and descending tracks.



From Equation (1), if we want to solve for the 3-D displacement field by using the InSAR results, even if the systematic error C is removed, we still need at least three different InSAR LOS directions [58]:


         d u         d e         d n        =        Γ 1         Γ 2         Γ 3        ⋅        d  L O S , 1          d  L O S , 2          d  L O S , 3         =            a 1       b 1       c 1           a 2       b 2       c 2         a 3       b 3       c 3          − 1   ⋅        d  L O S , 1          d  L O S , 2          d  L O S , 3          



(7)




where:


   a i  = cos  θ i    ,   i = 1 , 2 , 3  










   b i  = − sin  θ i  sin (  α i  − 3 π / 2 )   ,   i = 1 , 2 , 3  










   c i  = − sin  θ i  cos (  α i  − 3 π / 2 )   ,   i = 1 , 2 , 3  











The previously obtained regular grid results, the central incidence angle, and the azimuth angle in each direction are input into Equation (8) grid by grid for the calculation, and all the grids are traversed to obtain the vertical and east–west horizontal displacement components in the study area with high precision. The main processing steps are shown in Figure 3.




4. Results and Analysis


4.1. Obtaining the LOS Displacements by Implementing PS-InSAR


To measure the time-series surface displacement in the eastern Beijing Plain, the lift-track SAR data were processed separately by implementing PS-InSAR using SARProZ processing software (refer to https://www.sarproz.com/, accessed on 24 September 2018). The main processing steps are as follows: master image selection, SAR data alignment, digital elevation model (DEM) simulation, interferogram generation, PS point selection using an amplitude stability index (ASI) threshold, atmospheric phase (APS) estimation and removal, and temporal surface displacement estimation. Among them, the DEM used for removing the terrain phase is 90 m resolution Shuttle Radar Topography Mission (SRTM) (http://dds.cr.usgs.gov/srtm/, accessed on 28 September 2018) data. In addition, only PS points with an ASI greater than 0.75 were used to ensure high coherence and stability.



A total of 1,066,192 PS points were identified from 110 SAR images by the PS-InSAR technique. The density of PS points in the study area is approximately 450.77 points/km2. The left and right plots of Figure 4 present the LOS-oriented displacement rates of the ascending and descending tracks, respectively; negative values indicate subsidence, while positive values indicate uplift. The trends of the two LOS-oriented displacement results are in good agreement; the differences in the values may be due to different reference points, random errors, and different central incidence angles.



The InSAR results also reveal the heterogeneity of the spatial distribution of surface displacement in this region. As shown in Figure 4b, the areas with greater displacement are located mainly in southwestern Shunyi District, eastern Chaoyang District, and northern Tongzhou District. In addition, the maximum LOS displacement rate of −120 mm/year is observed in the Chaoyang subsidence area, and the tendency of the boundaries of several subsidence areas, such as the Chaoyang and Tongzhou subsidence areas, to join together is noted.



The PS-InSAR LOS results of the descending orbit were substituted into Equation (5), following which we obtained the vertical displacement rate field with a resolution of 50 m × 50 m by using kriging interpolation. In addition, Equations (2)–(4) were applied to calculate the slope of the vertical displacement rate throughout the study area (Figure 4). As shown in Figure 5, the slope is low in most of the study area. Comparing the spatial distribution of the slope with the LOS-oriented displacement map in Figure 4 reveals that the slope is relatively high at the margins of the subsidence areas and that the magnitudes of the slope are positively correlated with the subsidence rates of the corresponding subsidence centers. The frequency distribution of the subsidence slopes in the study area was statistically analyzed. Based on a priori knowledge, the horizontal displacement in the study area is not negligible where the slope is in the top 20% (i.e., where the slope exceeds 2.45 × 10−3). Since the subsidence slope is positively correlated with the horizontal displacement rate, the subsidence slope values at the leveling points were extracted, and the leveling points located at slope values lower than 2.45 × 10−3 were selected for the following accuracy evaluation and systematic error removal.



To evaluate the accuracy of the InSAR results, the InSAR-obtained displacement results were compared with 11 ground leveling measurements. The mean value of the PS point measurements near each benchmark (distance of less than 100 m) was calculated as the corresponding InSAR measurement result assuming no significant change in the ground elevation within this radius. The displacement information acquired by PS-InSAR is along the SAR observation direction (LOS direction). Thus, through previous studies and a priori knowledge, the SAR results in the study area with a small displacement slope were assumed to be projected in the vertical direction with respect to the corresponding incidence angle, and the leveling points were screened using a map of the LOS direction displacement slope. The leveling measurements were then projected onto the two LOS directions to verify the InSAR results. The comparison results (Figure 6a,b) show that the InSAR and leveling measurement results are basically consistent, but some systematic errors are observed.



Further statistical calculations (Table 4) show that the absolute errors of the ascending and descending results are within 10 mm, the average error is within 3 mm, and the root-mean-square-error (RMSE) is within 6 mm, indicating that the results are reliable. The average error was used to remove the systematic error from the LOS results of the ascending and descending orbits to carry out the next step of estimating the 3-D surface displacement field.




4.2. Retrieving the Vertical and East–West Displacement Components by the Proposed Approach


SAR satellites usually fly in polar orbits that are nearly parallel to the north–south direction, so they are less sensitive to the horizontal displacement in the north–south direction than to that in the vertical and east–west directions. Moreover, the horizontal displacement in the north–south direction is not the main displacement component in the study area; thus, if the north–south displacement is substituted into the calculation, it will reduce the impacts of the results in the other two directions. Consequently, the displacement in the north–south direction is ignored in the proposed method to improve the calculation accuracy in the other two directions. It follows that only the displacement results in the two LOS directions are needed for the proposed method. Then, Equation (7) can be simplified as follows:


         d u         d e        =          a 1     b 1         a 2     b 2          − 1   ⋅        d  L O S , 1          d  L O S , 2          



(8)







With the proposed leveling-constrained multidirectional PS-InSAR 3-D surface displacement estimation method, we decomposed the leveling-constrained LOS displacement time series and velocity fields into the vertical and east–west components by combining the PS-InSAR results from the Sentinel-1 ascending and descending orbits with the observed imaging geometry. By obtaining the imaging geometry (i.e., satellite heading and central incidence angle) of the lift-orbit SAR dataset, we were able to calculate the vertical and east–west horizontal displacement fields. Figure 7a,b show the corresponding directional components. In the plot of the vertical displacement rate (Figure 7a), negative values indicate subsidence, while positive values indicate uplift. The results show that the areas with extensive linear features are mainly located in southwestern Shunyi District, eastern Chaoyang District, and northern Tongzhou District, which is in good agreement with the spatial distribution of LOS displacement, indicating that the main displacement direction in this area is vertical. The maximum vertical displacement rate of −150 mm/year occurs in the Chaoyang subsidence area.



In the east–west horizontal displacement rate map (Figure 7b), negative values indicate the horizontal movement of the ground to the west, while positive values indicate horizontal movement to the east. The displacement rate in most areas is within ±5 mm/year. However, in some areas, there is non-negligible east–west horizontal displacement (e.g., areas A,B in Figure 7). The maximum westward displacement rate in the study area is 22 mm/year, located in the eastern part of area B, and the maximum horizontal eastward displacement rate is 20 mm/year, located in the southeastern part of area B.



The accuracies of the vertical and east–west horizontal components of the 3-D displacement estimation results were evaluated using ground leveling measurement data and GPS data, respectively. A comparison between the vertical displacement field and the interpolated lift-track LOS results (Figure 8) shows generally good agreement between the InSAR and measured results. The 11th leveling point was removed in the previous section due to the large slope at this location; the accuracy of the resolved vertical displacement at this point is slightly higher than that of the PS-InSAR results. We extracted the east–west horizontal displacement rate at this point, which is −6 mm/year, which may be one of the reasons for the difference in the accuracy of the 3-D displacement results.



Further statistical analysis (Table 5) reveals that the maximum absolute error of the estimated vertical displacement in the 3-D surface displacement field is 9.46 mm, the average error is 1.24 mm, and the RMSE is 4.29 mm. Likewise, the maximum absolute error of the east–west horizontal displacement is 4.65 mm, the average error is 2.88 mm, and the RMSE is 3.40 mm. Moreover, the accuracy in the vertical direction is higher than that in the east–west direction. The improvement of the vertical displacement accuracy may be due to the removal of systematic errors. In addition, there is generally good agreement between the east–west horizontal displacement data and the GPS results, but some systematic errors remain. We believe that these systematic errors may be due to the measurement range: the InSAR results are averaged over a 50 × 50 m range, while the GPS results are point measurements.





5. Discussion


In this section, we obtained deformation information every six months and made several profiles through ground fractures and faults. The spatial and temporal evolution of surface deformation in the eastern plain of Beijing is investigated. We also discuss the relationship between surface deformation and groundwater level, fractures and fractures.



5.1. Time Series Evolution of Surface Displacement in the Eastern Beijing Plain


Figure 9 and Figure 10 present the evolution of the vertical cumulative displacement, the east–west horizontal cumulative displacement spanning the period from January 2016 to September 2018. To observe the development of regional displacement, the annual average subsidence rate contours are plotted at 50 mm/year intervals. During the research period, the vertical deformation and the east–west horizontal deformation were gradually developing. The maximum value of the eastward horizontal displacement appeared on the west side of the area where the vertical displacement was less than −100 mm, while the maximum value of the westward horizontal displacement appeared on the east side of the area (also where the vertical displacement was less than −100 mm). In other words, the horizontal displacement was spatially corresponded to the extreme values of the corresponding vertical displacement areas, and the displacement direction was oriented toward the center of those corresponding vertical displacement areas. Comparing the vertical and horizontal displacement time series results reveals that the cumulative horizontal displacement increased with increasing vertical displacement in the corresponding displacement zone, i.e., they were positively correlated.



To further investigate the spatial characteristics of the east–west horizontal displacement, profile a–a′ was established through the Shunyi–Liangxiang fault in area A (Figure 7), and profile b–b′ was constructed through the subsidence center in area B. Figure 11 shows magnified views of the surface displacement in these two areas (marked with black rectangles in Figure 7).



The vertical displacement rates and east–west horizontal displacement rates on profiles a-a′ and b-b′ were obtained, and the slope of the vertical displacement rate and the absolute value of the east–west horizontal displacement rate were calculated. The results are shown in Figure 11. Figure 11e demonstrates that the east–west horizontal displacement rate was within ±4 mm/year in most areas of profile a–a′, but at f1, the east–west horizontal displacement rate reached −8 mm/year, and the vertical displacement rate at f1 abruptly changed. From profile b–b′, we found that the trends of the vertical and east–west horizontal displacement along the profile direction are similar, and the maximum values all appear near I. Additionally, comparing the displacement results at I and II suggests that even if the vertical displacement rates vary widely among the different areas, when the slope of the vertical displacement rate changes to a similar extent, the east–west horizontal displacement exhibits a similar response. However, in the area between III and IV, the east–west horizontal displacement rate does not change significantly even though the slope of the vertical displacement rate increases significantly. According to Figure 11, profile b–b′ is oriented approximately east–west, and no significant vertical displacement occurs in the area along profile b-b′ between III and IV, but Figure 11c displays a region with large vertical displacement in the southern part of the area between III and IV, and in the north–south. Therefore, it is presumed that the slope change in this section corresponds mainly to the horizontal displacement in the north–south direction; that is, the horizontal displacement in the area between III and IV is mainly oriented north–south.



According to the right-hand panels of Figure 11e, the displacement at I and II is eastward, while that at III and IV is westward. The area between II and III exhibits the largest vertical displacement rates on profile b–b′, so the east–west horizontal displacement direction tends to point toward the corresponding displacement center of the vertical displacement zone. Moreover, by analyzing the displacement information along both profiles a–a′ and b–b′, the area closest to the vertical displacement center displays extrusion strain, while tensile strain characterizes the areas far from the vertical displacement center. Liu et al. confirmed this finding by conducting indoor simulated pumping experiments [59]. In the horizontal displacement zone, the east–west horizontal displacement rate increases with increasing distance from the center of the corresponding vertical displacement area, and the horizontal displacement rate reaches its maximum value in the area with the largest vertical displacement slope, but the horizontal displacement rate gradually decreases with distance from this area.




5.2. Correlation between the Surface Displacement and Groundwater Level


As shown in Figure 7a, Jinzhan (area B) suffered the most severe cumulative subsidence in the Beijing Plain, and in recent years, the surface displacement rate in the Jinzhan area has continued to exceed 100 mm/year. The extraction and utilization of groundwater has been gradually reduced since the introduction of water from the south into Beijing at the end of 2014; hence, the proportion of the groundwater supply to the annual water supply decreased from 52% in 2014 to 45% in 2016. The introduction of southern water into Beijing and the replacement of private wells have helped to alleviate the excessive extraction of groundwater and have slowed the continued development of ground subsidence to a certain extent. However, the rate of ground subsidence in this region remains high. The spatial relationship between the groundwater level and vertical displacement in 2018 is shown in Figure 12. In the four subplots (a, b, c, and d), the contours indicate the water levels of the unconfined aquifer, the first confined aquifer, the second confined aquifer, and the third confined aquifer, respectively. Figure 12 demonstrates that the groundwater levels in the second and third confined aquifers are relatively low compared to those of the unconfined aquifer and the first confined aquifer; moreover, the displacement zones are distributed in the vicinity of the groundwater sink, and thus, the groundwater being exploited in this region originates mainly from the second and third confined aquifers [6].



Currently, the land use types in the Jinzhan area are mainly urban land and urban greenery. Although groundwater is no longer being overexploited following the replacement of private wells and the relocation and vacating of factories [60], environmental applications and residents living in this area continue to rely on southern water and tap water. Nevertheless, the groundwater in the area, especially the deep groundwater, remains at low levels because it is more difficult for deep sources of groundwater to recharge and recover. The overexploitation of groundwater has led to a decrease in groundwater level, a decrease in pore water pressure and an increase in the effective stresses in the aquifers. As deep groundwater cannot be recharged quickly, the aquifer skeleton becomes compressed with continued extraction, which triggers surface displacement.



Figure 13 shows the spatial relationships between the groundwater level and horizontal displacement in the east–west direction. In the four subplots (a, b, c, and d), the contours represent the water levels of the unconfined aquifer, the first confined aquifer, the second confined aquifer, and the third confined aquifer, respectively. Most of the horizontal displacement is distributed at the edge of the groundwater sink, and the shape of the horizontal displacement zone is most similar to the outlines of the second and third confined aquifer contours. However, comparing Figure 1 and Figure 12 indicates that the spatial pattern of the displacement zone matches the distribution of the compressible layer thickness well. Although the north-northeast-trending Shunyi–Liangxiang fault and northwest-trending Nankou–Sunhe fault are located near the area, the spatial distribution of the displacement zone does not follow the obvious controls of these faults, which indicates that the surface displacement in the area is less likely to be influenced by fault activity.



The Jinzhan area has a thick compressible layer, which, together with the overextraction of groundwater, has led to the formation of an elliptical vertical displacement field. In addition, we found a symmetrical east–west horizontal displacement zone relative to the center of subsidence, which may be due to the strong dynamic water pressure that formed in the seepage direction during the migration of groundwater from the periphery to the subsidence center under continuous groundwater extraction; moreover, the kinetic energy generated by the dynamic water pressure on solid particles produces an obvious viscous drag effect on the aquifer skeleton [59]. The accumulation of this viscous drag effect throughout the aquifer creates an area of concentrated tensile strain within the overlying soil layer. In addition, a drop in the water table makes the water-bearing formations deform vertically, resulting in the 3-D displacement of the overlying clay layer.



To further discuss the relationship between the groundwater level and surface displacement in each aquifer, profile e–e′ was established through the displacement center, and its location is shown in Figure 12. Figure 14 plots the vertical displacement rates and east–west horizontal displacement rates, respectively, versus the water level in each layer. The morphology of the groundwater sink in each aquifer does not exactly match the displacement area. Hence, we tentatively suggest that the groundwater level is responsible for the displacement in this area, but the spatial spread of displacement may be the result of the joint action of groundwater level variations and other factors.




5.3. Correlations between the 3-D Surface Displacement and Fissures and Active Faults


To discuss the relationships between the active faults and 3-D displacement of the surface, we superimposed the surface displacement with the surface traces of the main active faults and ground fissures that pass through the study area (Figure 7). Obvious differential displacement occurs on both sides of some of the faults and ground fissures, and the shapes of these displacement zones are highly consistent with the trends of the faults, which indicates that the spatial distribution of surface displacement is controlled by the faults and ground fissures to some extent in the eastern part of the Beijing Plain. To better understand the differences in displacement between the two sides of the faults and ground fissures, we plotted profiles across three vertical faults (the left panel of Figure 11e), as shown in Figure 15. In the vicinity of these ground fissures and faults, we detected obvious changes in the slope of vertical displacement, and tensile strain was discovered in the east–west direction. On some parts of the faults and ground fissures, we noted obvious differences in displacement on both sides, and the shapes of these displacement areas are highly consistent with the trends of these linear structures, which indicates that the spatial distribution of surface displacement is controlled by faults and ground fissures to some extent in the eastern Beijing Plain.



As shown in Figure 11, there are obvious differences between the ground subsidence rates and east–west horizontal displacement rates in the areas northwest and southeast of the airport; specifically, the ground subsidence rate to the northwest is larger than that to the southeast, and both sides are deformed horizontally to the west; however, extrusion strain occurs on the northwest side, whereas tensile strain occurs on the southeast side. The boundary between these two sides is essentially along the Shunyi–Liangxiang fault, indicating a correlation between the surface displacement and the fissures and active faults in this area. Such differential subsidence has continued for many years, and obvious cumulative effects can already be seen, as they have triggered the appearance of ground fissures [57].



In Section 5.2, the relationships between the groundwater level and surface displacement are discussed, and it is concluded that the overexploitation of groundwater is the main driving force for the surface displacement in the eastern Beijing Plain. This inhomogeneous surface displacement is closely related to the occurrence and development of ground fissures in the eastern Beijing Plain. Taking f1 (the ground fissure near the airport in Shunyi District) in area A as an example, the long-term overexploitation of the confined aquifer approximately 70–200 m below the surface in Shunyi District has led to a decrease in the groundwater level, a decrease in pore water pressure, and an increase in the effective stress in the aquifer. As deep groundwater cannot be recharged quickly, the aquifer skeleton becomes compressed, triggering surface displacement. The Nanfashin displacement center to the north and the Houshayu displacement center to the west also experienced obvious surface displacement and were significantly affected by uneven local displacement. The period of ground fissure activity coincides with the period in which ground subsidence rapidly developed. A borehole investigation showed that the vertical slip rate along the Shunyi–Liangxiang fault is approximately 0.03 mm/year, which is much smaller than the displacement rate detected by InSAR, indicating that the activity of F1 cannot fully explain the recent ground fissure activity. Generally, ground fissures formed by uneven displacement triggered by groundwater pumping will show distribution characteristics related to the height of the groundwater level; accordingly, subsidence tends to be more severe corresponding to lower groundwater levels. However, there is no significant difference in the groundwater table on either side of f1 (Figure 12). The early mid Quaternary Shunyi–Liangxiang fault is a normal fault, and thus, thick, fine-grained, loose and highly compressible sediments formed on the hanging wall of this fault; furthermore, the Quaternary sediment thickness varies greatly on both sides of the fault. In this case, the fault controls the spatial distribution of differential displacement, and the differential displacement between the foot and hanging walls leads to the formation of ground fissures.



The left panels of Figure 11e show that the slopes of vertical displacement and the rates of east–west horizontal displacement increase closer to the Shunyi ground fissure in the vicinity of the airport, and the slopes and rates reach their peak at the main fissure. The peak horizontal displacement is −10 mm/year along profile a-a′, and the maximum differences between the two sides of the fissure are 28 mm/year in the vertical displacement rate and 6/year in the east–west horizontal displacement rate, with the horizontal displacement oriented toward the center of the vertical displacement area. Similar characteristics are also found for the Songzhuang ground fissure. According to the left panels of Figure 15 the vertical displacement slope and east–west horizontal displacement rate are larger closer to the ground fissure and reach their peak at the main fissure. The peak horizontal displacement along profile c–c′ is −7 mm/year, the maximum difference in the vertical displacement rate between the two sides of the ground fissure is 27 mm/year, and the maximum difference in the east–west horizontal displacement rate is 13 mm/year.



As shown in Figure 7, the spatial distribution of the Songzhuang fissure is consistent with that of the Nanyuan–Tongxian fault. The overall trend is 50°~30° east of north, and the fault surface tends to dip toward the northwest with an inclination angle of approximately 50°. The northwest side is the hanging wall, and the southeast side is the foot wall, which is uplifted, making this fault a normal fault. Under the influence of this fault, the sediment thicknesses and sedimentation rates of different Quaternary periods on both sides of the fault are significantly different, with the Quaternary sediment thickness on the foot wall being 553 m and that on the hanging wall being 328 m [61]. Although this fault is currently active and the ground fissure orientation is very consistent with the fault strike, comparing the InSAR-monitored displacement information with the activity rate of the fault reveals that the fault activity cannot fully explain the displacement pertaining to the ground fissure. The causes of the Shunyi fissure near the airport and the Songzhuang fissure are similar in that they were both created by the large difference in sediment thickness between the two sides of the fault exacerbated by the activity of the normal fault and by the basic reliance on the extraction of deep groundwater for industrial and agricultural purposes, resulting in the occurrence of differential displacement and the generation of fissures over many years. However, the specific characteristics regarding the origins of different ground fissures vary, as they may have been caused by differences in stratigraphic conditions, the locations of groundwater extraction wells, and/or the extraction time and extraction volume. The two sides of a ground fissure usually exhibit different surface displacement, which can change or weaken the local displacement trend. On the one hand, a large local subsidence slope disrupts the surface tension of the soil and promotes relative movement between the two sides of the ground fissure. On the other hand, the formation of ground fissures interrupts the flow of groundwater, restricts and weakens the horizontal spreading of depressions, and intensifies local subsidence. Thus, surface displacement and ground fissures promote each other.





6. Conclusions


In this paper, we take the eastern Beijing Plain as the study area and study the evolutionary characteristics and influencing factors of the regional 3-D displacement field. First, we select 110 ascending and descending track Sentinel-1A/B images and apply the PS-InSAR technique to obtain 3-D surface displacement information from 2016 to 2018. After obtaining single-track SAR-influenced displacement information using the PS-InSAR technique, we then construct a leveling-constrained multidirectional InSAR 3-D surface displacement estimation method to obtain the vertical and east–west horizontal surface displacement information in the study area from 2016 to 2018. The leveling data and GPS data are also used to verify the accuracy of the InSAR results. The results show that the maximum values of the vertical displacement, eastward horizontal displacement and westward horizontal displacement in the study period are −150 mm/year, 20 mm/year and 22 mm/year, respectively. The InSAR results are highly consistent with the leveling measurements and GPS measurements, indicating that our results are reliable. Moreover, comparing the results of the vertical displacement field before and after the estimation suggests that the accuracy of the vertical displacement field after the leveling-constrained multidirectional PS-InSAR 3-D surface displacement estimation method is higher.



A spatial overlap analysis and profile analysis were performed to analyze the evolutionary characteristics of the 3-D surface displacement time series in the study area. The results show that the surface displacement within the study area is mainly vertical displacement during the study period, but there is obvious horizontal displacement oriented toward the center of vertical displacement in the areas with large vertical displacement gradients. Hence, if the displacement is large or ground faults are active, the horizontal component of the surface displacement cannot be ignored. Extrusion strain occurs closer to the centers of vertical displacement, while tensile strain occurs far from the centers of vertical displacement. In the horizontal displacement zones, the east–west horizontal displacement rate is greater farther from the corresponding center of vertical displacement, and when the vertical displacement slope reaches its peak, the horizontal displacement rate also reaches its maximum value, after which the horizontal displacement rate gradually decreases with increasing distance.



On the basis of the above findings, the correlations between the surface displacement and the spatial distributions of the groundwater level, ground fissures and faults are discussed by combining the InSAR 3-D displacement results with regional hydrogeological data. We discover that the morphology of the groundwater sink in each aquifer is in good (but not perfect) agreement with the displacement area. The spatial elongation of surface displacement along active faults is highly consistent with the fissure direction, suggesting that faults control the displacement direction by influencing the thickness and composition of sediments on both sides of the lineament. The analysis results further demonstrate that although the fluctuation in the groundwater level is the main factor influencing the surface displacement, the spatial distribution of displacement is the result of the joint action of groundwater level variations and differences in the compressible layer thickness, fault distribution and other factors. Moreover, analyses of the regional vertical and east–west displacement characteristics and the ground fissure spreading patterns reveal that differential surface displacement easily leads to the generation of ground fissures, and the presence of ground fissures can induce local surface displacement, intensify local subsidence, and limit the horizontal spreading of groundwater sinks. Therefore, the spatial and temporal variations in surface displacement are related to the activity of ground fissures, and they promote each other.
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Figure 1. Geographical location of the study area. (a) Sentinel-1 SAR image coverage. (b) Sketched map of the study area. F1: Shunyi–Liangxiang fault. F2: Nanyuan–Tongxian fault. F3:Nankou–Sunhe fault. 
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Figure 2. Diagram of the numbering of adjacent image elements. 
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Figure 3. Framework of the 3-D surface displacement estimation method. (LOS: Line of sight.). 
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Figure 4. Annual LOS displacement maps from Sentinel-1. (a) PS-InSAR result of the ascending dataset; (b) PS-InSAR result of the descending dataset. 
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Figure 5. Slope of the vertical displacement rate. 1–11 in the image is the order of benchmark. 
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Figure 6. Comparison of the InSAR-derived surface displacement rates with those derived from GPS and leveling measurements. (a,b) Comparison of the ascending and descending InSAR LOS displacements, respectively, with the leveling measurements. 
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Figure 7. Surface displacement maps from 2016 to 2018 by using ascending and descending SAR data: (a) vertical component of the displacement field; (b) east–west component of the displacement field. (f1: Shunyi fissure; f2: Songzhuang fissure. A: Beijing Capital International Airport (BCIA); B: Jinzhan. F1: Shunyi–Liangxiang fault. F2: Nanyuan–Tongxian fault. F3:Nankou–Sunhe fault. a–a’, b–b’, c–c’, d–d’ are the displacement profiles within depressions are marked by black dashed lines). 
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Figure 8. Comparison of the InSAR-derived surface displacement rates with those from GPS and leveling measurements. (a,b) Comparison of the ascending and descending InSAR LOS displacements, respectively, with leveling measurements from 2018. (c) Comparison of the vertical displacement rates with leveling measurements from 2018. (d) Comparison of the east–west displacement rates with GPS measurements from 2017. 
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Figure 9. Time series maps showing the vertical cumulative displacement. (a: Extremum of west horizontal displacement; b: Extremum of east horizontal displacement). 
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Figure 10. Time series maps of the east–west cumulative displacement. (a: Extremum of west horizontal displacement; b: Extremum of east horizontal displacement). 
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Figure 11. Magnified views of the highlighted areas. (a,b) Beijing Capital International Airport (BCIA); (c,d) Jinzhan. (e) shows vertical and east–west horizontal displacement rates (2016–2018) and displacement rate gradients along the two profiles whose positions are marked in Figure 7. I, II, III, and IV are representative points on profile b-b′. The violet dashed lines indicate the locations of ground fissures and faults. F1: Shunyi–Liangxiang fault. F3:Nankou–Sunhe fault. a–a′, b–b′ are the displacement profiles within depressions are marked by black dashed lines The unit of the slope is 10−3°. 
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Figure 12. Spatial relationships between the groundwater level and vertical displacement. The contours in (a–d) represent the water levels of the unconfined aquifer, the first confined aquifer, the second confined aquifer and the third confined aquifer, respectively. e–e’ is displacement profile within depressions are marked by black dashed lines. 
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Figure 13. Spatial relationships between the groundwater level and east–west displacement. The contours in (a–d) represent the water levels of the unconfined aquifer, the first confined aquifer, the second confined aquifer and the third confined aquifer, respectively. e–e’ is displacement profile within depressions are marked by black dashed lines. 
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Figure 14. Relationships between the surface displacement and groundwater levels in (from top to bottom) the unconfined aquifer, the first confined aquifer, the second confined aquifer, and the third confined aquifer. Profile e–e′ is plotted in Figure 8. 
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Figure 15. Vertical and east–west horizontal displacement rates (2016–2018) and displacement rate gradients along two profiles whose positions are marked in Figure 3. I, II, III, and IV are representative points on the profile. The brown dashed lines indicate the locations of ground fissures and faults. The unit of the slope is 10−3°. 
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Table 1. Characteristics of the main faults in the eastern Beijing Plain based on Xu et al. [53]. Q2, Q3 and Q4 indicate the middle Pleistocene, late Pleistocene and Holocene, respectively. R: right-lateral, L: left-lateral. See Figure 1 for a map of the fault locations.
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	Fault Name
	Shunyi–Liangxiang

Fault
	Tongxian–Nanyuan

Fault
	Nankou–Sunhe

Fault





	ID
	F1
	F2
	F3



	Fault strike
	NNE
	NNE
	NW



	Fault property
	Normal fault (R)
	Normal fault
	Normal fault (L)



	Active time
	Q3–4
	Q3
	Q4



	Mean slip rate

(mm/year)
	0.15
	0.75
	0.3
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Table 2. Division of aquifers in the Beijing Plain [54].






Table 2. Division of aquifers in the Beijing Plain [54].





	Aquifer
	Major Lithology
	Depth Range (m)





	The unconfined aquifer
	Silt, silty sand, and sandy clay
	0–50



	The first confined aquifer
	Multiple types of gravel, sand and clay soil
	50–100



	The second confined aquifer
	Multiple types of gravel, sand and clay soil
	100–180



	The third confined aquifer
	Mainly sand
	180–300
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Table 3. Satellite information for the data used in this study.
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Satellite

	
Sentinel-1A

	
Sentinel-1A/B






	
Band

	
C




	
Orbit direction

	
Ascending

	
Descending




	
Heading (°)

	
−13.22

	
−166.59




	
Incidence angle (°)

	
43.80

	
34.07




	
Track

	
142

	
47




	
Polarization

	
Vertical-vertical




	
Image mode

	
Interferometric wide swath




	
Number of images

	
44

	
66




	
Date range

	
14 January 2016–12 September 2018

	
9 January 2016–11 September 2018
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Table 4. Statistics for validating the PS-InSAR results.
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	Data
	Validation Data
	Abs. Max

(mm)
	Abs. Min

(mm)
	Avg.

(mm)
	RMSE

(mm)





	Ascending. LOS
	Benchmark
	8.11
	0.27
	2.06
	5.50



	Descending. LOS
	Benchmark
	9.33
	0.93
	−2.38
	5.30










[image: Table] 





Table 5. Statistics for validating the leveling-constrained multidirectional PS-InSAR 3-D surface displacement estimation results.
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	Data
	Validation Data
	Abs. Max

(mm)
	Abs. Min

(mm)
	Avg.

(mm)
	RMSE

(mm)





	Asc. LOS
	Benchmark
	14.11
	0.27
	2.76
	6.54



	Des. LOS
	Benchmark
	9.07
	0.93
	−2.69
	4.66



	Vertical
	Benchmark
	9.46
	0.32
	1.24
	4.29



	East–west horizontal
	GPS
	4.65
	0.21
	2.88
	3.40
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