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Abstract

:

The Xi’an region of China has been suffering from groundwater depletion, ground fissure hazards, and surface subsidence for a long time. Due to the complex tectonics and frequent human and natural activities, land deformation in the region is aggravated, posing a threat to infrastructure and human life. This study adopted the multi-orbit and multi-temporal InSAR technology to measure multi-dimensional displacements and time-series displacements in Xi’an City. Through the multi-dimensional deformation verification, it was found that the control of groundwater flow direction by ground fissures is the cause of horizontal deformation. On the contrary, the flow direction of groundwater from west to east was inferred using multi-dimensional deformation. Further analysis was performed by calculating the deformation gradient of the cumulative deformation to obtain differential land subsidence and angular distortions, and it was quantitatively determined that the threshold for the generation of ground fissures caused by differential subsidence is 1/500. Then, through the mutual verification of the time series data and the groundwater level, a positive correlation was obtained. However, due to the inconsistent geological conditions and soil layers at the monitoring positions of Well 2 and Well 3, the lag time was 64 days and 4 days, respectively. Finally, the relationship between the surface deformation and the groundwater in the sustained uplift areas was explored. The Well 1 groundwater-level data with a monitoring period of 22 years and the corresponding monitoring points’ time series data were modeled; it was concluded that, in the future, the groundwater level will continue to rise and surface deformation will mainly increase, without a slowing trend. Therefore, research on the impact of surface uplift on infrastructure should be strengthened. By quantifying the relationship between land subsidence, ground fissures, and the groundwater level in Xi’an, the results of this study provide a reference for groundwater monitoring and management.
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1. Introduction


Land subsidence caused by groundwater overexploitation has become a global problem. As a geological environmental disaster, land subsidence has affected at least 200 regions worldwide in the past century due to its harmfulness, wide range of impact, and long duration [1]. These areas include not only the California Basin [2,3,4,5], the Mexico Basin [6,7,8,9], the Iran Basin [10,11], Indonesia [12], and Egypt [13], but also include in the North China Plain [14,15,16,17] and the Fenwei Basin [18,19]. Especially in large cities, such as Beijing [20,21], Shanghai [22], Suzhou [23], Wuhan [24], and Xi’an [25], land subsidence is more severe. The rapid growth of the population and increasing exploitation of groundwater resources aggravate the existing phenomenon of land subsidence, which can lead to surface cracking, uneven settlement, tilting of buildings, and damage to other urban infrastructure.



Due to human activities and complicated geological conditions, Xi’an has suffered a huge impact from land subsidence in the past 60 years. According to historical data during 1960–1996, the maximum subsidence reached 2.6 m, and according to existing InSAR monitoring results, the maximum subsidence also reached 1 m between 1996 and 2021 [25], with a total surface subsidence of 3.6 m. This is mainly due to excessive groundwater exploitation and urban development and construction. Because there is less rainfall in the Xi’an region, it is difficult to meet the demand for groundwater recharge, leading to the depletion of its groundwater aquifer system and ultimately exacerbating surface subsidence. Long-term subsidence will lead to surface fractures at the discontinuities of aquifers or geological soil layers, especially in Xi’an, where special tectonic ground fissures have formed. According to a previous geological survey report, there were 10 ground fissures before 2000, and 3 new ones developed between 2000 and 2001; this finding is consistent with the intensification seen in surface subsidence. Ground fissures may cause significant damage to infrastructure, such as buildings, transportation facilities, and underground pipelines.



Interferometric synthetic aperture radar (InSAR) is one of the most effective techniques for studying surface deformation. Previous research has proven that InSAR can be used to study the relationship between land deformation and changes in the groundwater level [26,27,28]. Combining the groundwater level with InSAR deformation monitoring can help researchers understand the compaction phenomenon of aquifers related to groundwater overextraction [29,30,31]. Many of the existing studies were conducted in the Xi’an region.



Although previous studies have successfully measured Xi’an’s subsidence using techniques such as MT-InSAR, they have neglected the influence of faults or ground fissures. Land subsidence is not only vertical deformation, but also presents three-dimensional deformation. This phenomenon also occurs in California due to the obstruction of groundwater flow by faults, resulting in three-dimensional deformation [32]. In the presence of ground fissures or faults, multi-dimensional deformation monitoring is required in order to obtain real surface deformation.



In this study, by analyzing the complete SAR data of the descending orbit TerraSAR (2017–2019) and the ascending orbit Sentinel-1 (2015–2022), we investigated the present-day deformation trend in Xi’an from the perspective of surface displacement mapping. We first applied the small baseline subset (SBAS) technique as a data processing method [33,34] to obtain ground deformation maps of Xi’an City. The accuracy of the InSAR displacement was verified by using real-data validation of eight levels in Xi’an. Secondly, angular distortions were obtained via the calculation of the land subsidence gradient, and the location and prediction of ground fissures were identified. We further used cross-correlation analysis to quantify the time delay effect between displacement and the groundwater level and determined their causal relationship. Using data obtained from 22 years of monitoring of groundwater-level changes and the InSAR displacement analysis, we concluded that surface deformation in the future will mainly be caused by uplift deformation and there is no sign of a slowing trend. We used the groundwater-level change curves and InSAR deformations to comprehensively analyze the temporal and spatial evolution of natural surface displacement after groundwater extraction or recharge. In addition, multiple observation geometries were used to estimate the multi-dimensional deformation, such as horizontal and vertical displacements, thereby enhancing our knowledge of the three-dimensional surface deformation that affects cities. This is another novelty of this study, as the combination of different orbital data to obtain multi-dimensional deformation has not been previously studied in the Xi’an region.



By obtaining the multi-dimensional surface deformation in Xi’an and studying the relationship between surface deformation and ground fissures, the faults and changes in the groundwater level can be used to evaluate the efficiency of groundwater management policies implemented to restore the over-developed aquifer system in Xi’an in the years to come.




2. Study Area and Data


2.1. Overview of the Study Area


Xi’an is located in the middle of the Guanzhong Plain. The main urban area is located at the junction of different tectonic units in the Weihe River Basin, with complex engineering geological conditions and abundant faults, such as the Lintong Chang’an Fault (LT-CA Fault). Additionally, Xi’an City has developed 13 ground fissures, roughly in a northeast-to-southeast direction, with the longest fissure, f7, exceeding 14 km (Figure 1a). As it is affected by these ground fissures, the funnel area with land subsidence is oval and expands rapidly to one side [35].



Figure 1 shows the geological map of the main urban area of Xi’an, where structural faults and ground fissures overlap [25]. Since the Cenozoic era, the deposits in this area have mainly consisted of sand, alluvial soil layer, proluvial sediments, and lacustrine deposits formed by loess accumulation and water flow [35]. The accumulation layer is relatively thick, especially with the loess accumulation layer exceeding 100 m. Loess is prone to surface deformation due to its unique soil properties.




2.2. Data


2.2.1. InSAR Datasets


In order to obtain the true spatial–temporal characteristics of deformation in the entire Xi’an region from 2015 to 2022, we used the SAR data from two sensors, including 25 TSX images from May 2017 to April 2019 and 187 S1 images from June 2015 to July 2022, totaling 208 images. The coverage range of the two sensors’ SAR images is shown in Figure 1c. The basic parameters of the two SAR datasets are presented in Table 1. The external DEM data were provided by NASA’s space shuttle radar terrain mission-1 (SRTM), with a spatial resolution of 30 m, for simulating and eliminating the terrain phase [36].




2.2.2. Field Datasets


	(1)

	
Hydraulic head







In the Xi’an study area, the relationship between the groundwater level and surface deformation was explored using three long-term observations of groundwater monitoring data. The hydraulic head observation frequency is once a month. The recorded depths of the three wells are 80–130 m from the ground, indicating that groundwater exploitation occurs in deep confined aquifers (Figure 1a).



	(2)

	
Level







There are eight level stations located within our study area (Figure 1a), obtained from two periods, 2015–2016 and 2020–2021, respectively, and used for InSAR data accuracy verification.






3. Method


3.1. SBAS-InSAR Data Processing


The SBAS-InSAR has become the most commonly used time-series deformation processing algorithm since 2002 [33]. After acquiring   N   SAR images of repeated observations and setting a spatio-temporal baseline threshold to form   M   interferograms, differential interferometry and phase unwrapping were performed on selected interferometric pairs, which were finally geocoded to obtain the final unwrapped interferogram. Next, we utilized the final unwrapped interferogram with a short baseline as the observation value, and considered the sequential interferometric phase as the unknown parameter; then, the relationship between the two can be expressed as:


  δ φ = B φ  



(1)




where   δ φ =   [   δ φ   1   ,     δ φ   2   ,   ⋯ ,     δ φ   M   ]   T     represents the known vector of the unwrapped phases of   M   differential interferograms,   φ =   [   φ   1   ,     φ   2   ,   ⋯ ,     φ   N   ]   T     represents the   N   parameters to be solved, and   B   is the design matrix. The unknown parameters   φ    can be solved by the least square (LS) and singular value decomposition (SVD) method:


  φ =   (   B   T   B )   − 1     B   T     δ φ  



(2)







Finally, we obtained the average deformation rate map and time series maps.



In this study, GAMMA software was used to process the data from the Sentinel-1 and TerraSAR satellites, and the SBAS-InSAR technology was utilized separately for each dataset. After generating the differential interferograms, NASA’s 30 m resolution digital surface model (DSM) for the space shuttle radar terrain mission (SRTM) was used to remove registration errors caused by terrain phases and fluctuations, phase unwrapping was performed using minimum-cost flow (MCF), and the atmospheric phase delay and removal related to altitude were calculated. Finally, the least squares and singular value decomposition (SVD) were used to estimate the land subsidence based on the Sentinel-1 data from 2015 to 2022 and the TerraSAR data from 2017 to 2019.




3.2. Multi-Dimensional Deformation Method


The InSAR-monitored deformation over each point of each frame is a one-dimensional (1D) projection along the LOS direction (    d   L O S    ) of the three-dimensional (3D) surface displacement (east–west component (    d   e    ), north–south component (    d   n    ), and up component (    d   u    )) [37]. Its estimation is as follows:


    d   L O S   i   =   c o s θ   i   ·   d   u   −   s i n θ   i   s i n     α   a z i   i   − 3 π / 2   ·   d   e   −   s i n θ   i   c o s     α   a z i   i   − 3 π / 2   ·   d   n    



(3)




where     θ   i    ,     α   a z i   i   ,   and     α   a z i   i   − 3 π / 2   represent the   i   SAR satellite incidence angle, the included angle between the   i   SAR satellite’s flight direction and the north direction, and the included angle between the range direction and the north direction, respectively.



Due to the nearly north–south flight direction of the existing SAR satellites, their monitoring results are less sensitive to north–south displacement; therefore, the north–south displacement has a low contribution to the LOS value and can be ignored. When there are both ascending and descending data in the study area, the assumption that     d   n   = 0   is made, and the     d   u     and     d   e     components are solved as follows:


         d   L O S   a s c   =   c o s θ   a s c   ·   d   u   −   s i n θ   a s c   s i n     α   a z i   a s c   − 3 π / 2   ·   d   e         d   L O S   d s c   =   c o s θ   d s c   ·   d   u   −   s i n θ   d s c   s i n     α   a z i   d s c   − 3 π / 2   ·   d   e         



(4)







When the study area covers only one geometric observation (ascending or descending), we can solve for the     d   u     component as follows:


    d   u   =     d   L O S   i       c o s θ   i      



(5)








3.3. Angular Distortions and Differential Subsidence


Differential subsidence at the edge of the surface deformation zones often occurs at the discontinuity of an aquifer structure, which is the main origin of shallow fault development, cracks, and urban infrastructure damage [38]. When evaluating the harm caused by land subsidence, we can measure the harm based not only on the annual average deformation rate or total subsidence, but also based on the different settlement   ∆   d   u i     between the two points under consideration [39], and then the value can be transformed into an angular distortion   β  . The solution is as follows:


  β =   ∆   d   u i     l    



(6)




where   l   is the distance between the two points.



The calculation process of Equation (4) can be considered as fitting the slope of the central pixel in a 3 × 3 unit window with the plane of the surrounding 8 units, which is consistent with the standard method used for evaluating digital elevation data in GIS [40]. This process is calculated using the average maximum technique, as shown in Figure 2.



The data processing procedure consists of two steps (Figure 3). Step one estimates the land subsidence via an InSAR time-series analysis of the multi-orbit SLC data stacks. Step two jointly analyzes the groundwater level, ground fissures, and land subsidence to explore their relationship.





4. Results


A short baseline interferometric measurement network was created using the Sentinel-1A data for the ascending orbit and the TerraSAR data for the descending orbit, and interferogram pairs were generated, as shown in Figure 4. The resolution of the Sentinel interferogram is approximately 20 m × 20 m; five rounds of multi−look generation at distance and one multi−look generation at azimuth were performed. The resolution of the TerraSAR interferogram is also 20 m × 20 m; the Goldstein filtering method was used to eliminate noise from the interferogram, and the MCF was used to unfold the interferogram. To reduce data processing errors, we selected interferograms with a coherence greater than the average threshold of 0.5. We used time-domain high-pass filtering to remove some high-frequency turbulent atmospheric data. Finally, we used the LS method to convert the short baseline interference phase into a sequence interference phase, and we multiplied the phase by a constant,   − λ /   4   π  , to obtain the deformation time series.



4.1. InSAR Monitoring Velocity Map


Figure 5 shows the map of deformation rate in the study area from 2015 to 2022. It can be seen clearly that there are five subsidence funnels with a maximum settlement rate exceeding 40 mm/yr, and an uplift zone with a maximum uplift rate exceeding 15 mm/yr.



In addition, in order to obtain the true spatial–temporal characteristics of deformation, we calculated the vertical deformation rate field for different years. Figure 6a–f shows the deformation patterns of 2016, 2017, 2018, 2019, 2020, and 2021–2022, respectively. The spatial pattern of deformation from 2015 to 2022 was inconsistent, and the deformation rate varied over time. From 2016 to 2017, settlement was still the main deformation, with a maximum deformation rate exceeding −150 mm/yr. From 2018 to 2019, the phenomenon of surface subsidence disappeared, leading to surface uplift, with a maximum rate of 40 mm/yr. The uplift phenomenon is related to groundwater recovery. In 2020, the surface slightly uplifted, with a relatively small amplitude of uplift. The spatial–temporal characteristics are most obvious from 2021 to 2022, with the largest uplift amplitude and deformation rate exceeding 60 mm/yr. Due to the fact that most areas of the surface have risen rather than sunk, there is a trend of uplift. Based on the available research in the area, it can be inferred that the groundwater in this aquifer has achieved significant recharge over the past seven years. However, the rate of deformation recovery is less than settlement, and, finally, the overall effect still manifests as settlement. Therefore, it is inferred that irreparable non-elastic compression deformation occurs in the aquifer.



Figure 7 shows the map of the vertical deformation rate based on the TerraSAR data in the study area from 2017 to 2019, which is consistent with the deformation spatial distribution of the Sentinel-1 data shown in Figure 6. It is also evident that there are multiple subsidence funnels with a maximum subsidence rate exceeding −45 mm/yr, and two uplift zones with a maximum subsidence rate exceeding 30 mm/yr. The difference from the Sentinel-1’s results is that there is a linear surface uplift area, which is referred to as the “Happiness Forest Belt Development Area”, a large-scale urban development project. Large-scale urban infrastructure construction can also bring about surface deformation.



To further analyze the spatiotemporal evolution patterns of key regions, we selected three subsidence center points (P1–P3) shared by the Sentinel-1 and TerraSAR results, as shown in Figure 8. P1 is located in the YHZ area, where groundwater was overexploited from 2015 to 2018, leading to the most severe land subsidence. The rapid rebound phenomenon in October 2018 occurred due to the implementation of artificial water injection. P2 is located in the DYT area and showed an uplift phenomenon from 2015 to 2022; the uplift phenomenon occurred more rapidly from 2021 to 2022. P3 is located in the FQY area, and after a long period of continuous settlement, it started to rebound in 2021. With the issuance of the start of artificial water injection projects, the completion of water transfer hub projects, and groundwater extraction restrictions, land deformation in the Xi’an region continues to rebound, and in the future, land deformation in Xi’an City will mainly be uplifted.




4.2. Accuracy Assessment


To validate the InSAR results, we used leveling data from 2016 and 2020 to verify the accuracy of the InSAR results. Figure 1a shows the position of the level stations. Figure 9 shows a comparison of the level measurement results in 2016 and 2020. The STD of the differences is 3.1 and 2.5 mm in 2016 and 2020, respectively. Meanwhile, a field survey was also conducted, as shown in Figure 10. There are cracks in the houses in the subsidence funnel area, and large cracks appear on the surface, as shown in Figure 10a,b. In the area with ground cracks, there are also two sides falling away from an arching phenomenon in the middle, as shown in Figure 10d, further verifying the accuracy of the monitoring results. Overall, the precision of the InSAR measurement is high enough to investigate land subsidence.



In addition, a cross−comparison verification of the vertical InSAR results for S1 and TSX was also conducted, and the results are shown in Figure 11. The root mean square error (RMSE) is 2.3 mm/yr, and the correlation coefficient (    R   2    ) is 0.73. Due to the low correlation coefficient, it can be inferred that surface deformation not only involves vertical deformation, but also horizontal deformation.




4.3. InSAR Multi-Dimensional Deformation


From the cross-validation, it was found that surface deformation in Xi’an has not only vertical deformation, but also horizontal deformation. We solved the multi-dimensional deformation using the S1 data of the ascending orbit and the TSX data of the descending orbit. Under the premise of ignoring the north–south deformation, a two-dimensional deformation rate field was obtained, which is shown in Figure 12, and based on this, the ground fissure and fault data were superimposed. As shown in Figure 12a, it can be concluded that surface deformation in Xi’an City is mainly vertical deformation, and the multiple deformation boundaries formed are consistent with the boundaries of ground fissures, especially between the f7 and f8 ground fissures, where there is a clear surface uplift boundary. As shown in Figure 12b, it can be concluded that there is a significant narrow horizontal deformation in Xi’an, especially between the f7 and f8 ground fissures, where there is a horizontal deformation moving eastward. Based on the analysis of the hydrogeological data, it can be concluded that the direction of the groundwater flow is affected by ground fissures, which hinder the diffusion of groundwater and force the direction of the groundwater flow to follow the direction of the ground fissures, leading to horizontal deformation.





5. Discussion


5.1. The Relationship between Subway Construction and Deformation


Ground subsidence has a negative impact on the construction and operation of urban rail transit systems, as it is considered the most serious type of disaster. Ground subsidence affects the stability of a subway system and its surrounding infrastructure. Identifying land subsidence during construction and operation is crucial for the safety of subways. This study used long-term time-series displacement to study the impact of ground subsidence caused by underground earthwork excavation during subway construction and surface deformation caused by groundwater extraction on subway lines. We analyzed the distribution of subway ground subsidence and quantified the time-series variation characteristics of deformation throughout the entire period, including construction and operation. The subway displacement rates obtained using the Sentinel-1 data from 2015 to 2022 and the TerraSAR data from 2017 to 2019 are shown in Figure 13. A statistical analysis was conducted on the maximum displacement and average displacement rates of six subway lines, and the results are shown in Table 2. From the deformation maps and statistical data, it can be concluded that the Xi’an subway lines are relatively stable, and only the deformation of the ground subsidence funnel area is large. For example, Line 2, Line 3, and Line 5 cross the ground subsidence funnel area in the YHZ District of the Yanta District and the FQY District of the Changan District. The average deformation rate of Line 2, Line 3, and Line 5 ranges from −24 mm/yr to −33 mm/yr.



The construction period of Line 5 Phase I was from January 2016 to December 2020. We combined the construction period and the operation period as the “life cycle” of the subway line, with the construction period of Line 5 from January 2016 to December 2020 and the operation period of Line 5 from December 2020 to July 2022. We obtained the “life cycle” deformation monitoring results, as shown in Figure 14, and we selected typical P1 points and plotted the time series deformation, as shown in Figure 15. The land deformation during the construction period showed linear subsidence and the cumulative deformation reached −138 mm in December 2020. Then, during the operation period from January 2021 to July 2022, for a total of 19 months, the ground subsidence was −22 mm, and the deformation still existed, but a slowing trend was obvious, which was in line with the natural sedimentation pattern. Comparing the optical images of 2017 and 2022, it can be concluded that the reason for the severe deformation area of the subway system here is caused by the excavation construction of the subway line, as shown in Figure 16.




5.2. The Relationship between Ground Fissures and Deformation


Figure 17a shows the cumulative deformation results in Xi’an City from 2015 to 2022. It can be seen that most of the area presents as an uplift area, which also includes multiple settlement funnel centers and multiple settlement boundaries. To better reflect the deformation boundary, the deformation map was separated into an uplift and a subsidence map. Figure 17c shows that the subsidence funnels have obvious boundaries, Moreover, as shown in Figure 17b, it can be seen that the uplift area presents a linear shape that matches the ground fissures, and there are clear boundaries in the uplift area between ground fissures f7 and f8. Discontinuities in deformation often present the most hazardous areas. Further calculation of the differential subsidence and acquisition of angular distortions is needed.



According to the subsidence difference calculation method adopted in this study, the differential subsidence and angular distortions were extracted from the total subsidence (Figure 17a), and the results of the angular distortions were obtained, as shown in Figure 18. It can be seen clearly that there are two significant differences in deformation, as well as significant angular distortions, located in the YHZ area and the DJP area, respectively.



In these areas, within seven years, the differential subsidence has exceeded 25 cm, with a resolution unit of 100 m (0.25%), which is converted into an angular deformation β of 1/400 (i.e., 0.14°). We need to further determine the critical settlement gradient threshold related to the generation of ground fissures in order to quantitatively assess the harmfulness of the ground fissures. We established four hazard level categories based on    β  : low (  β   ≤   1 / 3000  ), medium (  1 /   3000 < β   ≤   1 / 1500  ), high (  1 / 1500 < β   ≤   1 / 500  ), and very high   ( β > 1 /   500  ) [41], as shown in Figure 19, indicating an increasing likelihood of damage, therefore compromising the serviceability of the urban infrastructure affected. The zone of very high hazard is around the YHZ area. In this study, we statistically analyzed the two regions with the largest angular deformations, and the result shows that severe surface fissures have begun to occur with an angular distortion of 1/500, which is consistent with the study of ground fissures in Mexico City [41].



Based on the research above, we believe that there is an undiscovered ground fissure in the YHZ area; thus, we identified the deformation boundary and angular damage area of the YHZ area as the location of the ground fissure, as shown in Figure 20. The red dashed line represents the predicted ground fissure, and the red solid line represents the existing ground fissure in Xi’an. This study can provide a dual quantitative and qualitative evaluation for the study of ground fissures in Xi’an.




5.3. The Relationship between Groundwater and Deformation


The measurement of surface displacement can serve as a supplement to groundwater monitoring, as the surface displacement reflects changes in the groundwater reserves, benefiting from the high resolution of the InSAR technology. Data on the groundwater level can also be used to reveal the causes of surface deformation. We selected the groundwater level curves of Well 2 and Well 3 presented in Figure 1 and the time series results of the nearest InSAR monitoring point. As shown in Figure 21a, the groundwater level of Well 2 first decreases and then rapidly increases. The reason for the rapid increase is due to human water injection, which causes the water level to quickly rise. At the same time, the surface also shifts from surface subsidence to surface elevation. During the period from 2015 to 2018, the groundwater level decreased by 22 m and the surface subsidence was 200 mm. However, during the period from 2018 to 2021, the groundwater level rose by 30 m and the surface elevation was 76 mm, indicating that most of the displacement at the Well 2 site area was inelastic. As shown in Figure 21b, the groundwater level of Well 3 shows an upward trend, and the corresponding surface also shows an upward phenomenon. Based on Figure 21, it can be seen that their changes over time have good consistency, and there is a positive correlation between the groundwater level and the displacement time series, indicating that the land uplift and subsidence in Xi’an are controlled by the groundwater injection and exploitation processes.



Through the cross-correlation analysis, we determined the relationship between the vertical deformation time series and the groundwater level, which can quantify the impact of groundwater level fluctuations on land displacement. We obtained the cross−correlation coefficient parameters of two sequences, which can explain well the correlation between the land displacement time series and the groundwater level. The correlation coefficients between the groundwater data of Well 2 and Well 3 and the corresponding InSAR data are shown in Figure 22. Figure 22a shows a positive correlation between the displacement and groundwater level in Well 2, with a lag of 64 days. Figure 22b shows a positive correlation between the displacement and groundwater level in Well 3, with a lag of four days, evidencing the rapid response of land displacement to groundwater level fluctuation. Why there is a significant difference in the lag days between Well 2 and Well 3? This is because W3 well is located in a loess layer with a thickness of 100 m, while Well 2 well is located in an area with fine sand and gravel, thus leading to the different responses.



Since 2002, Xi’an has been supplied with water through the Heihe Reservoir, which greatly alleviates the phenomenon of groundwater depletion in Xi’an. As shown in Figure 23a, it is evident that the groundwater level of Well 1 well has been showing an upward trend. We further quantitatively evaluated the relationship between the secular variation in the groundwater level and the deformation of the uplifted area. The rebound of the groundwater level and the land uplift follow an exponential function curve [42,43]. We conducted an exponential regression of the groundwater level and displacement at the Well 1 site using the following equation:


  d e f ( t ) = M (   e   k t   − 1 )  



(7)




where   d e f ( t )   is the vertical deformation time series,   M   is the value that characterizes the cumulative displacement, and   k ∈ [ − 1 , 0 ]  . Firstly, the groundwater-level curve and the exponential function are well matched (Figure 23a, green line, RMSE = 4.8), showing that the groundwater level tends to be stable but is still rising. Secondly, the curve of the deformation time series and the exponential function have a good fitting (Figure 23b, red line, RMSE = 5.2), showing that the observed uplift can be explained by the elastic rebound of the pores in the aquifer system due to the groundwater level recovery. The surface uplift in Xi’an has become the main mode of surface deformation, and the harm caused by the uplift is uncertain. More research is needed in the future.





6. Conclusions


The Xi’an region has been suffering from long-time problems of groundwater depletion, ground fissure hazards, and surface subsidence. By using the multi-temporal InSAR technology and ascending C-band Sentinel-1 SAR data from 2015 to 2022, and descending X-band TerraSAR SAR data from 2017 to 2019, the land deformation was investigated and analyzed in a Xi’an urban area. There are multiple subsidence funnel areas and a narrow and long uplift area extending from the southwest to the southeast in Xi’an, and through annual deformation extraction, it can be observed that land subsidence had shifted from subsidence to an uplift phenomenon. The deformation time series is highly correlated with the variation in the groundwater level in aquifers, evidencing that surface deformation changes are controlled by fluctuations in the groundwater level. There are positive correlations between the vertical deformation time series and the groundwater levels, with lags of 64 days in Well 2 and 4 days in Well 3. Further, through the modeling and analysis of the 22-year Well 1 groundwater level and the InSAR time series data of the adjacent uplift area, it is shown that the groundwater recharge has not yet reached a stable state, and the deformation uplift has not slowed down. It can be imagined that under the implementation of the “Water Diversion Project from Han to Wei“, the uplift phenomenon in the main urban area of Xi’an will be more significant, and attention should be paid to the harm of surface uplift to infrastructure in the later stage.



Through multi-dimensional deformation research, it has been shown that, due to the obstruction of groundwater diffusion by ground fissures, the flow direction of the groundwater is forced to be consistent with the direction of the ground fissures, leading to the occurrence of horizontal surface deformation in Xi’an. This study also demonstrated that by solving the deformation gradient and angular deformation, the critical conditions for the generation of ground fissures caused by uneven settlement were quantitatively evaluated, and new ground fissures in the YHZ region were predicted.



Our research results indicate that multi-dimensional deformation results and time-series deformation using InSAR have significant advantages in quantitatively evaluating the harm of ground fissures and the loss of groundwater reserves, which helps us to understand the relationship between ground fissures and surface deformation and evaluate the future of groundwater resource reserves in Xi’an under the background of large-scale water transfer projects.
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Figure 1. Overview of the research area. (a) Geological map of Xi’an, China, where tectonic faults and ground fissures are superimposed [25]. (b) Location of Xi’an in China. (c) Location of the research area and the SAR data coverage used in this study. 
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Figure 2. Schematic diagram of the gradient calculation method. 
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Figure 3. Flowchart of the data processing procedure (TSX: TerraSAR and S1: Sentinel-1). 
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Figure 4. Temporal and perpendicular baseline combinations for the SAR datasets from the two SAR sensors used in this study: (a) TSX and (b) Sentinel-1A. 
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Figure 5. The map of S1 mean deformation rate in the Xi’an region from 2015 to 2022. 
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Figure 6. Maps of mean vertical deformation in Xi’an for different years: (a) 2016, (b) 2017, (c) 2018, (d) 2019, (e) 2020, and (f) 2021. 
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Figure 7. Map of TerraSAR mean deformation rate in the Xi’an region from 2017 to 2019. 
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Figure 8. Deformation time series at points P1–P3 from 2015 to 2022. 
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Figure 9. Comparison of the InSAR measurements with the level measurements (a) in 2016 and (b) in 2020. 
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Figure 10. Field survey results. 
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Figure 11. Cross-comparison between S1 vertical deformation rate and TSX vertical deformation rate: (a) S1 vertical deformation rate, (b) TSX vertical deformation rate, and (c) cross−comparison results. 
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Figure 12. Multi-dimensional deformation: (a) up deformation and (b) east deformation. 
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Figure 13. Deformation rates along Xi’an subway lines. (a) Sentinel; (b) TerraSAR. 
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Figure 14. Deformation rate profile of Line 5. 
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Figure 15. Time series displacement of P1. 
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Figure 16. Optical map: (a) 2017 and (b) 2022. 
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Figure 17. (a) Cumulative subsidence map, (b) uplift, and (c) subsidence. 
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Figure 18. Analysis of subsidence-induced ground fissure hazards in Xi’an City from 2015–2022 from S1 results: (a) angular distortions, (b) angular distortions in the YHP area, and (c) angular distortions in the DJP area. 
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Figure 19. Analysis of subsidence-induced ground fissure hazards in Xi’an City from 2015–2022 from S1 results: derived classification of hazard levels. 






Figure 19. Analysis of subsidence-induced ground fissure hazards in Xi’an City from 2015–2022 from S1 results: derived classification of hazard levels.



[image: Remotesensing 15 03567 g019]







[image: Remotesensing 15 03567 g020 550] 





Figure 20. Prediction results of ground fissures (the red dashed line predicts a new ground fissure, and the red solid line shows an existing ground fissure). 
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Figure 21. Comparison between the time series of vertical deformation and the time series of groundwater-level change at two water wells: (a) Well 2 and (b) Well 3. 
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Figure 22. Correlation analysis between the times series of vertical deformation and groundwater-level change at two water wells: (a) Well 2 and (b) Well 3. 
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Figure 23. (a) Groundwater-level change at Well 1 between 2000 and 2021 and (b) ground uplift at this location between 2015 and 2022 based on the S1 data. 
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Table 1. Data of Sentinel-1 and TerraSAR.
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	Sensor
	Band
	Wavelength (cm)
	Incidence

   Angle   ( ° )   
	    Heading   ( ° )    
	Track
	Polarization
	Pass

Direction
	Number of Images
	Date Range





	S1
	C
	5.6
	39.3
	−12.9
	84
	VV
	Ascending
	187
	20 June 2015–

25 July 2022



	TSX
	X
	3.1
	28.6
	190.6
	13
	HH
	Descending
	25
	12 May 2017–

16 April 2019
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Table 2. Properties of the subway lines in the study area.
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Name

	
First

Opening

Date

	
Sentinel-1

	
TerraSAR




	
Average

Deformation

Rate

(mm/yr)

	
Maximum

Deformation Rate

(mm/yr)

	
Average

Deformation Rate

(mm/yr)

	
Maximum Deformation Rate

(mm/yr)






	
Line 1

	
15 September 2013

	
−2

	
−9

	
−4

	
−11




	
Line 2

	
29 September 2006

	
−3

	
−30

	
−4

	
−32




	
Line 3

	
08 November 2016

	
−2

	
−24

	
−2

	
−15




	
Line 4

	
26 December 2018

	
−1

	
−14

	
−3

	
−14




	
Line 5

	
28 December 2020

	
−4

	
−33

	
−3

	
−21




	
Line 6

	
28 December 2020

	
−2

	
−14

	
−1

	
−9
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