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Land subsidence, marked by a decline in surface elevation, poses a significant threat to urban infrastructure and safety. Accurate subsidence information and a reliable prediction model are crucial for prevention and control. In this study, we used persistent scatterer interferometric synthetic aperture radar (PS-InSAR) technology to obtain long-term land subsidence data and analyzed subsidence characteristics in Decheng District. By integrating hydrogeological and groundwater data, we developed a three-dimensional groundwater flow and one-dimensional compaction model through numerical simulation. Furthermore, the subsidence data monitored by PS-InSAR were used to further constrain and validate the model. The evolution trend of land subsidence under different groundwater exploitation scenarios was predicted and analyzed. The results showed that from May 2017 to December 2021, the cumulative maximum subsidence in Decheng District reached −173 mm. The subsidence area is mainly concentrated in the northern area, and its subsidence center is near Qiaoyuan Town. According to the Land Subsidence Prevention and Control Plan of Dezhou City, Shandong Province (2018–2025), we set up different groundwater mining scenarios with the goal that the rate of land subsidence in the key prevention and control area is less than 35 mm/yr in 2025.The Fluid-solid coupled model prediction analysis results indicated that a 30% reduction in groundwater exploitation is reasonable.
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1 INTRODUCTION
Land subsidence results from the consolidation and compression of loose rock and soil layers at varying depths beneath the Earth’s surface. This phenomenon is typically characterized by a reduction in the ground elevation within a certain area (Galloway and Burbey, 2011). Groundwater exploitation is one of the main causes of land subsidence, which disrupts the groundwater balance of the aquifer system. When the groundwater level decreases, the pore water pressure decreases, leading to an increase in the effective stress. This, in turn, induces subsidence of the soil structure, ultimately causing land subsidence. If the effective stress is higher than the previous consolidation value, a large part of the land subsidence is permanent and will affect the water storage capacity of the aquifer (Bonì et al., 2017; Terzaghi, 1925). Land subsidence can also cause damage to buildings and infrastructure, increasing the risk of flooding and saltwater intrusion in coastal areas (Blackwell et al., 2020; Herrera-García et al., 2021). Therefore, it is very important to obtain land subsidence monitoring information and provide land subsidence predictions.
Interferometric synthetic aperture radar (InSAR) technology can provide wide-ranging and high-precision land subsidence data. Since its first application in obtaining surface change information in 1989 (Gabriel et al., 1989), this method has been widely used in land subsidence monitoring (Costantini et al., 2017; Dong et al., 2023; Haghighi and Motagh, 2019; Miller and Shirzaei, 2015; Motagh et al., 2017; Berardino et al., 2002). Based on the traditional InSAR technique, the persistent scatterer interferometric synthetic aperture radar (PS-InSAR) technique can overcome limitations such as phase decorrelation and atmospheric delay, significantly enhancing the monitoring accuracy for obtaining more precise land subsidence data (Awasthi et al., 2022; Ferretti et al., 2000; Foroughnia et al., 2019; Hooper et al., 2004; Mateos et al., 2017).
In recent years, numerical models coupled with compaction have been applied by many scholars to predict land subsidence due to groundwater overexploitation (Fernández-Merodo et al., 2021; Lin et al., 2015; Ochoa-González, et al., 2018; Teatini et al., 2006; Zhao et al., 2021). Building upon Terzaghi and Bjerrum’s consolidation theory, scholars have proposed various coupled numerical models for assessing land subsidence, including the two-step computational model (Gambolati and Freeze, 1973), partially coupled models (Li and Zhou, 2006), and fully coupled models (Kihm et al., 2007). The two-step computational model is conceptually simple and computationally efficient. However, it does not accurately reflect the actual situation as it separates changes in the hydraulic head from soil subsidence. When the seepage field changes due to the groundwater level drop in the aquifer, the adjacent soil will also deform nonlinearly. Partially coupled models consider this aspect by adjusting the soil porosity, permeability coefficient, and other hydrogeological parameters to achieve partial coupling between the seepage and subsidence models (Zhang and Xue, 2002). In contrast, fully coupled models demand numerous parameters and involve considerable computational complexity, limiting practical application. Therefore, to accurately predict land subsidence in this study, we adopted a partially coupled model.
The accuracy of three-dimensional fluid-solid models is generally affected by the model parameters and calibration data. Typically, model parameters such as lithology, permeability, coefficient of storage, consolidation and porosity are derived from field measurements or experiments. However, these parameters only represent the characteristics of the experimental area, and in some areas, there is a lack of leveling observations. Therefore, it is necessary to find new subsidence monitoring data. InSAR data play a crucial role in understanding the groundwater resource distribution and variation, mapping lithologic boundaries, calculating storage coefficients of confined aquifers, and calibrating land subsidence models (Boni et al., 2020; Galloway and Hoffmann, 2007; Peng et al., 2022). At present, some scholars have used InSAR data to calibrate the parameters of 3D groundwater flow and 1D compaction model and verify the simulation results. For example, Hoffmann et al. (2003) utilized InSAR technology to obtain subsidence data for the Antelope Canyon area in California. Combining it with the subsidence package (SUB), developed by Leake (1990), which is based on Terzaghi’s (1925) theory of one-dimensional consolidation (also referred to as compaction), they estimated the inelastic drainage system number to enhance the performance of the land subsidence model and improve result reliability. Burbey and Zhang (2015) used high spatial and temporal resolution subsidence observation of InSAR and hydraulic head data to inversely calibrate the hydrogeological parameters of the development zone aquifer in the entire Las Vegas Basin. They found that the subsidence observation using PS-InSAR is extremely beneficial to accurately quantify the hydraulic parameters, and the model calibration results are far more accurate than only using the water level as the observation value and a small number of random subsidence observations. Masoud Mahmoudpour et al. (2016) used head and InSAR data for model calibration and verified that the prediction results suitably agreed with the measurement results. Ezquerro et al. (2020) used Sentinel-1 and CosmoSkyMed satellite data to obtain land subsidence data to calibrate and validate the groundwater model to improve the accuracy and reliability of the groundwater model. Ceccatelli et al. (2021) used the PS-InSAR technique to obtain subsidence information for the Pistoia region, calibrating and validating hydrodynamic model parameters. In conclusion, InSAR data provide certain advantages in correcting the hydraulic parameters of the model and verifying the prediction results.
In this paper, we selected Decheng District as the study area. First, we used the PS-InSAR method to process Sentinel-1A images and obtained the land subsidence information for Decheng District from May 2017 to December 2021. Then, combined with local hydrogeological data and groundwater data, we constructed a 3D groundwater flow and 1D compaction model using numerical simulation techniques. To verify the prediction results and correct the model parameters, we compared the prediction with the subsidence data obtained by PS-InSAR. Finally, using the numerical model corrected with subsidence data from the PS-InSAR, we predicted the land subsidence in Decheng district from 2022 to 2025. In addition, according to the goal of controlling land subsidence in Dezhou (Wang and Zhang, 2020), this study established different groundwater exploitation scenarios to predict the changing trend of land subsidence.
2 STUDY AREA
Decheng District is located in Dezhou city, Shandong Province, in the Lubei Plain. It borders Ling County in the east, Pingyuan County and Wuling County in the south, and Gucheng County, Jingxian County and Wuqiao County in Hebei Province in the west, northwest and northeast, respectively. It occurs in the border zone of the two provinces. The geographical coordinates of the area are 116°10‘15''∼ 116°30′40″E and 37°10′15''∼ 37°30′30″N, with a total area of 539.9 km2 (Figure 1). The annual average temperature in Decheng District is 12.9°C, and the annual average rainfall from 1951 to 2015 reached 570 mm (Li, 2017). The rainfall distribution is relatively uniform in space, but it is unbalanced in time, mainly concentrated from June to August. In addition, the annual rainfall varies greatly.
[image: Figure 1]FIGURE 1 | Geographical location of the study area. (A) Study area location; (B) Sentinel-1 data coverage.
Influenced by the Yanshan and Xishan movements, Decheng District is situated in a Cenozoic faulted basin, with a thick Cenozoic boundary. Depending on the burial depth, the strata relevant to human activities can be categorized into the Quaternary Plain Group, Neoproterozoic and Paleoproterozoic layers. The Quaternary Plain Formation includes the Holocene (Q4), Upper Pleistocene (Q3), Middle Pleistocene (Q2), and Lower Pleistocene (Q1) Formations. The upper part of the Quaternary Holocene Formation mainly comprises sandy clay and clayey sand, and the minimum floor buried depth is 15 m. The Upper Pleistocene is characterized by clayey sand and sandy clay, and the minimum floor buried depth is 50 m. The Middle Pleistocene is mainly clayey sandy soil and sandy clay, and contains a small amount of gypsum. The minimum floor buried depth is 100 m. The Lower Pleistocene Formation is comprising sandy clay, and contains a small amount of clayey sand, and the minimum floor burial depth reaches 160 m (Data source: Shandong Provincial Lubei Geo-engineering Exploration Institute).
Decheng District is located in the alluvial plain area of the middle and lower reaches of the Yellow River, and the strata with a ground elevation higher than 260 m comprise Quaternary sediments. The strata with a ground elevation ranging from 260 to 1,300 m are the sediments of the Minghua Town Formation. Quaternary sediments exhibit a high-water content, porosity and compressibility. In contrast, the water content, pore ratio and compressibility of the Minhua Town Group sediments are low. Groundwater in Decheng District mainly exists in the pores and fissures of the Quaternary and Minhua Town Group sediments. Influenced by the geological conditions, the groundwater aquifers in the area are distributed in a strip-like manner, and when viewed vertically, the aquifers in the clay-compression layer exhibit a discontinuous convex lens structure. Within the clay-compression layer, clays and pulverized clays constitute a relative water barrier, but there is no completely continuous water barrier. Between the upper and lower aquifers, overflow can occur through the relatively weak permeable layer, thus creating a hydraulic connection. According to the burial depth, lithology, and mechanical and hydraulic characteristics, the shallow strata up to 800 m in Decheng District can be divided into eight aquifers, nine compression layers, and one topsoil layer (Figure 2), of which the third aquifer group (depth:300–500 m) and the fourth aquifer group (depth:500–800 m) are the main groundwater extraction layers (Data source: Shandong Provincial Lubei Geo-engineering Exploration Institute).
[image: Figure 2]FIGURE 2 | Hydrogeological profile of Decheng District (modified from Yang (2009)).
3 MATERIAL AND METHODS
3.1 PS-InSAR technique
In this study, we use the 114 ascending views of Sentinel-1data from 2017 to 2021. Then, the land subsidence of Decheng district is obtained by PS-InSAR technology. In addition, to validate the accuracy of the subsidence data, we selected 28 Sentinel-1 descending data from 2019 to 2021 to obtain subsidence information for comparison. Sentinel-1 is a constellation composed of two identical SAR satellites. Sentinel-1A and Sentinel-1B were launched on 3 April 2014, and 25 April 2016, respectively. Details of the selected image data are provided in Table 1. External digital elevation model (DEM) auxiliary data include Shuttle Radar Topology Mission (SRTM) V3.0 version provided by NASA, with a spatial resolution of 90 m.
TABLE 1 | Sentinel-1 dataset information.
[image: Table 1]PS-InSAR technology requires the use of amplitude and phase information to identify time-series SAR images of the same area. By analyzing the amplitude time series, pixels with higher amplitude values are selected as candidate permanent scatterers (PS). Next, the scattering characteristics of these PS candidates are analyzed for stability, further filtering out high-quality PS points and removing those likely affected by interference or noise, thereby improving the accuracy and reliability of interferometric measurements. Analyzing these PS points in the time series and considering the elimination of atmospheric phase effects help in calculating their movement relative to the satellite sensor. By considering information from densely sampled points over the entire area, land subsidence field information can be obtained.
We used the SARPROZ software to detect land subsidence in Decheng. Using the ascending view processing of Sentinel-1 data as an example, we selected the main image based on the principle of maximum overall coherence, considering factors such as temporal and spatial baselines and Doppler centroid frequency between the images. The other auxiliary images are then coregistered with the main image to generate a set of differential interferograms. After calculations, the image from 10 February 2019, is set as the main image, and other images are used as auxiliary images, generating 113 interferometric pairs. In the case of non-zero baseline, the phase obtained by interference is the sum of the phases contributed by many factors. The subsidence phase can be obtained using the PS-InSAR method by decomposing the interferometric phase as following Equation 1 (Zhu et al., 2017):
[image: image]
where φ is the differential interferometric phase obtained from the interferometric pairs, [image: image] is the phase due to orbit inaccuracies, [image: image] is the topographic phase attributed to the ground undulation, [image: image] is the delayed phase attributed to the atmosphere, [image: image] is the random noise, and [image: image] is the subsidence phase.By using precise satellite orbit data and DEM, we can remove the phase due to orbit inaccuracies and topographic phase. Due to the spatial autocorrelation of the atmosphere, the shorter the distance between points, the more similar the atmospheric conditions. By performing secondary differencing on adjacent PS points, the atmospheric delay phase can be mitigated or even eliminated to a certain extent. Additionally, since nonlinear subsidence is a low-frequency signal in the time series and the atmospheric phase is a high-frequency signal, the nonlinear subsidence and atmospheric phase in the residual phase can be separated through filtering. Filtering methods can also be used to remove random noise.
The deform phase [image: image] is obtained by remove other phases in that original interferometry phase using the method described above. It has been shown that the displacement along the horizontal direction is much smaller than the vertical displacement in the Shandong area, so the line-of-sight (LOS) subsidence can be converted into vertical subsidence using trigonometric transformation.
According to previous research (Guo L et al., 2003), the horizontal displacement in Decheng area is much smaller than the vertical displacement, so the line-of-sight (LOS) subsidence can be converted into vertical subsidence using trigonometric transformation:
[image: image]
In Equation 2, [image: image] is the vertical displacement, [image: image] is the LOS displacement, and [image: image] is the angle of incidence.
3.2 3D groundwater flow and 1D compaction model constrained by InSAR subsidence information
In this study, we established a three-dimensional numerical model for unsteady groundwater flow using MODFLOW-2000 in Groundwater Modeling Systems (GMS) software, and a land subsidence model was constructed by using the SUB package Based on Terzaghi’s one-dimensional consolidation theory, the land subsidence model can accurately predict land subsidence by simulating the delayed drainage and compression processes of low permeability layers and interlayers over time. To further optimize the model, the subsidence field monitored by PS-InSAR was used to adjust the parameters of the subsidence model and verify the prediction results. Finally, we established various groundwater extraction scenarios based on the subsidence control objectives in Dezhou city. These scenarios were used to analyze the changes in land subsidence in Decheng District from 2023 to 2025. The technical flowchart is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Technical flow chart.
3.2.1 3D groundwater flow model
Seepage is the flow of water or other liquids through a geotechnical medium. Below the water table air is scarce in the geotechnical medium and the pores are mainly filled by water. Groundwater mining leads to a decline in pore pressure, which increases effective stress and causes compaction. Therefore, to simulate land subsidence in the soil and water model, the first step is to establish a seepage model to understand groundwater flow. Based on Darcy’s law, the 3D flow differential equation of groundwater is shown in Equation 3:
[image: image]
where (x, y, z) ∈ [image: image]; [image: image], [image: image] and [image: image] are anisotropic permeability coefficients in the main direction respectively (m/d); [image: image] is the head value (m) of the point (x, y, z) at time [image: image], [image: image] is the source and sink item (1/d), [image: image] is the specific storage (1/m), and [image: image] is the time (d); [image: image] is the seepage area.
The solution conditions for the 3D flow differential equations of groundwater are the initial conditions as well as the boundary conditions, which can be expressed as follows:
[image: image]
In Equation 4, [image: image] is the original water table of the point (x, y, z) (m); and t is time (d); S1 is the first boundary of the seepage area, [image: image] is the head at the first boundary; S2 is the second boundary of the seepage area, [image: image] is the normal direction of the boundary; [image: image] is the flow function per unit area at the second-class boundary; [image: image] is the permeability coefficient in the normal direction of boundary; α and β are known functions on the third class boundary of the seepage area.
In this paper, according to borehole data and hydrogeological reports of the study area, the complex hydrogeological conditions in Decheng District are generalized and stratified by using GMS. We categorize soil layers with similar hydrogeological characteristics within the study area into a single layer. The strata below 460 m in the Decheng District are divided into five layers. The first four layers correspond to the topsoil layer, the first compression layer, the first aquifer, the second compression layer, and the second aquifer as depicted in Figure 2. Influenced by groundwater mining, the third to fifth aquifers exhibit unified hydraulic connections and similar hydrogeological conditions, leading to their consolidation into a single aquifer group. The fifth layer of the model corresponds to this aquifer group. Shallow groundwater is associated with the topsoil layer, while deep groundwater corresponds to the fifth layer of the model. We use a rectangular grid tool to divide the study area into a 5-layer grid with 110 rows and 110 columns, totaling 12,100 cells, as shown in Figure 4. The lateral boundaries of the model are generalized as general head boundaries, with boundary flow rates calculated according to Darcy’s Law. Vertically, since the upper boundary receives atmospheric precipitation infiltration and agricultural irrigation return recharge, and groundwater is discharged through evaporation, the upper boundary is treated as a surface recharge-discharge boundary; the bottom boundary is generalized as a water-impermeable boundary.
[image: Figure 4]FIGURE 4 | Three-dimensional numerical simulation grid map of Decheng District.
Based on the data from the water resources bulletin, statistical yearbook, and groundwater level data from the China Geological Environmental Monitoring Institute (https://geocloud.cgs.gov.cn), we have constructed our groundwater data set. We determine the initial conditions of groundwater flow field and construct a three-dimensional numerical model of unsteady groundwater flow by using MODFLOW. In this paper, the initial parameter values were based on empirical hydrogeological parameters. We compare the observed groundwater level with the calculated groundwater level, and then adjust the model parameters by trial estimation-correction method until the calculated results meet the model prediction standards. The adjusted model parameter values are shown in Table 2.
TABLE 2 | Values of hydrogeological parameters for each layer.
[image: Table 2]3.2.2 1D compaction model
Based on the numerical model of three-dimensional unsteady groundwater flow in Decheng district, three-dimensional groundwater flow and one-dimensional compaction model is established by combining Terzaghi consolidation theory. We then compared subsidence information from InSAR monitoring with the model’s results, adjusting parameters to improve the model’s accuracy.
In Terzaghi’s consolidation theory, it is assumed that clay drains vertically, groundwater only flows vertically, and soil only undergoes vertical compressive subsidence, ignoring horizontal strain, thus yielding the following differential equation of seepage consolidation, as shown in Equation 5:
[image: image]
where [image: image] is the diffusivity (specific storage/vertical hydraulic conductivity) in the groundwater community (cm2/s); [image: image] is the pore water pressure; z is the component in the vertical direction in space; and t is time.
According to Terzaghi’s consolidation theory, for linearly elastic soils, the vertical subsidence caused by the pumping process can be shown in Equation 6:
[image: image]
where [image: image] is the thickness variation of clay layer.; [image: image] is the head difference; [image: image] is the skeletal component of specific storage; and [image: image] is the initial thickness of the clay layer. The land subsidence value at a given point on the surface can be regarded as the sum of the vertical compression of all compression layers below that point, which can be shown in Equation 7:
[image: image]
where [image: image] is the number of layers, [image: image] and [image: image] is the storage coefficient and hydraulic head change of the ith layer, respectively.
In the three-dimensional flow differential equation of groundwater, the amount of water storage change per unit volume of water-containing medium per unit time can be divided into the water storage change of the compressible layer and the water storage change of other water-containing media. Distinguishing the soil skeleton specific storage between elastic and inelastic can be obtained:
[image: image]
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In Equation 8, [image: image] is flow per unit volume for the compressible interbeds; [image: image] is defined as the ratio of compressible interbeds volume over the total aquifer system volume; [image: image] is the skeletal specific storage of interbeds. In Equation 9, [image: image] is the preconsolidation stress; [image: image] is the elastic skeletal component of specific storage; [image: image] is the inelastic skeletal component of specific storage. Combined with the groundwater three-dimensional flow differential equation, the following Equation 10 can be obtained:
[image: image]
The coupling of a three-dimensional groundwater flow model and a one-dimensional soil subsidence model can be achieved.
In this paper, a 1D subsidence model is established in the SUB package. After calibrating the model and obtaining results that met generally accepted calibration criteria, the elastic (reversible) and inelastic (irreversible) subsidences of sediments in the aquifer was simulated by SUB package. We need to assign parameters to different layers, such as the vertical hydraulic conductivity, pre-consolidation hydraulic head, initial hydraulic head, equivalent interlayer thickness, the elastic and inelastic skeletal component of specific storage. The mathematical model is solved by three-dimensional finite difference program MODFLOW, and the land subsidence is solved by SUB package. Based on the subsidence information obtained from InSAR, we know that the land subsidence is serious in Yuanqiao Town in the north of the study area. When correcting the model, we choose the subsidence data from InSAR to compare with the simulation data of Yuanqiao Town. At the same time, according to the comparison results, the model parameters are constantly modified until the model accuracy meets the predictable standard.
4 RESULTS AND DISCUSSION
4.1 Acquisition of information of land subsidence based on the PS-InSAR technique
4.1.1 Accuracy verification
We use the PS-InSAR method to obtain subsidence information from both descending and ascending Sentinel-1 data in Decheng District. We verify the accuracy of our subsidence data by comparing the results from these two datasets. As shown in Figure 5A, the correlation between the two InSAR monitoring results is 0.95. Histograms are generated based on the differences between the two sets of InSAR monitoring results. and as shown in Figure 5B, the mean value of the deviation of the two sets of results is 3.56 mm/a, and the standard deviation is 13.59 mm/a. The consistency of subsidence monitoring results of two different InSAR data sets further shows the reliability of InSAR monitoring results.
[image: Figure 5]FIGURE 5 | Accuracy verification of InSAR data. (A) Consistency of the PS-InSAR monitoring results for the ascending and descending orbits; (B) Distribution of the differences in the PS-InSAR monitoring results for the ascending and descending orbits.
4.1.2 Characterization of land subsidence in Decheng District
As shown in Figure 6, from May 2017 to December 2021, the maximum cumulative subsidence in Decheng District reached −173 mm, the subsidence area mainly occurs in the northern part of Decheng District. The center of subsidence is located in the northern part of the city near Yuanqiao town. The maximum annual subsidence rates from 2018 to 2021 are −43 mm/yr, −46 mm/yr, −43 mm/yr, and −42 mm/yr, respectively (Figure 7). These rates indicate that the land subsidence development rate in Decheng District remains relatively stable. The subsidence survey of the Shandong Geological and Mineral Exploration and Development Bureau showed that the land subsidence area in Decheng District was located in the western part of Decheng District from 1991 to 2016, and the center of the subsidence occurred near the No. One National Cotton Factory (Figure 8). Compared with the subsidence monitoring results of this study, the land subsidence center in Decheng District has been transferred from the vicinity of Guomian No.1 Factory to the vicinity of Qiaoyuan Town.
[image: Figure 6]FIGURE 6 | Cumulative subsidence in Decheng District from May 2017 to December 2021. (A) Cumulative subsidence from May to December 2017; (B) Cumulative subsidence from May 2017 to December 2018; (C) Cumulative subsidence from May 2017 to December 2019; (D) Cumulative subsidence from May 2017 to December 2020; (E) Cumulative subsidence from May 2017 to December 2021.
[image: Figure 7]FIGURE 7 | Average annual rate of subsidence in Decheng District from 2018 to 2021. (A) Average annual subsidence rate in 2018; (B) Average annual subsidence rate in 2019; (C) Average annual subsidence rate in 2020; (D) Average annual subsidence rate in 2021.
[image: Figure 8]FIGURE 8 | Cumulative subsidence in Dezhou from 1991 to 2016 (modified from Jia et al. (2021)).
4.2 3D groundwater flow and 1D compaction model constrained by InSAR subsidence information
4.2.1 Accuracy verification of 3D groundwater flow model
In this study, the set identification period ranged from January 2018 to December 2020, and the validation period ranged from January 2021 to December 2021. We used the shallow and deep groundwater flow fields from January 2018 as the initial conditions, and the groundwater flow field from January 2020 as the final fitting conditions. Groundwater flow field data and well monitoring values were used to validate the model calculations. It can be seen from Figure 9 that the fitting of shallow and deep groundwater flow can meet the requirements of the model. At the same time, the measured value of water well is compared with the calculated value of model. Based on Figure 10, the simulated groundwater levels are generally at the same level as the actual groundwater levels. The actual groundwater levels show significant seasonal fluctuations, with a maximum difference of 1.2 m. Most of the time, the error is within 1 m, which is within an acceptable range. Due to the lack of deep groundwater well monitoring data, the accuracy of the simulation results is based on the flow field comparison results shown in Figure 9.
[image: Figure 9]FIGURE 9 | Validation of shallow and deep groundwater flow depth(m) in January 2020, the solid line represents the measured groundwater depth, while the dashed line represents the simulated groundwater depth: (A) Verification of the shallow groundwater flow field; (B) Verification of the deep groundwater flow field.
[image: Figure 10]FIGURE 10 | Comparison of the simulation results and the monitoring results of the wells in the shallow layer: (A-C) Comparison of the monitored and simulated groundwater depth for three wells.
4.2.2 Accuracy verification of 1D compaction model
In the SUB package of GMS software, the initial subsidence is set to the cumulative subsidence from May 2017 to December 2017. We compared the InSAR monitoring results from 2018 to 2020 with the model simulations and adjusted the model parameters. The land subsidence in 2021 is then simulated and verified against InSAR monitoring results. The numerical simulation results of land subsidence rates in Decheng District for 2021 were compared and analyzed with the InSAR monitoring results. Figure 11 indicates that the model effectively reflects the distribution characteristics of land subsidence in Decheng District for 2021.
[image: Figure 11]FIGURE 11 | Comparison between the InSAR monitoring results and the simulation results of the subsidence rate in 2021 (mm/yr): (A) Simulation results; (B) InSAR monitoring results.
To better illustrate the land subsidence simulation results for different areas, we select six validation points at the center of the subsidence funnel, the edge of the subsidence funnel, and the area without serious subsidence, and the locations of the validation points are shown with red markers in Figure 1. The land subsidence simulation results for each validation point were compared and validated against the InSAR monitoring results for the period from 2018 to 2021.
As shown in Figure 12, the validation results indicate that the overall fitting effect at each validation point is favorable. The maximum difference between the simulation results and the actual land subsidence does not exceed 10 mm, demonstrating that the numerical simulation model accurately reflects the real land subsidence trend. This confirms that using PS-InSAR monitoring data as constraints to improve the simulation accuracy of the land subsidence model is effective, meeting the needs for subsidence prediction and subsequent analysis.
[image: Figure 12]FIGURE 12 | Comparison of the cumulative land subsidence simulation results with the InSAR data. (A–E) Comparison of subsidence monitoring values and simulated values at six verification points.
4.3 Prediction of the evolutionary trends in land subsidence
4.3.1 Prediction of subsidence under the current groundwater extraction scenario
Based on the established 3D groundwater flow and 1D compaction model with InSAR constraints for Decheng District, we simulated land subsidence in the study area from 2022–2025. We use May 2017 as the initial time with cumulative subsidence, and the groundwater extraction rates from 2021 are used as current extraction rates for subsidence prediction.
Under the condition of maintaining the current groundwater exploitation state, as indicated in Figure 13, the location of most areas exhibiting notable subsidence in Decheng District did not change significantly, and they are still mainly concentrated in the northern, eastern and northeastern areas of Decheng District, with subsidence showing a trend of continued development and increase. By December 2025, the maximum cumulative land subsidence amount in Decheng District will reach 303 mm, with the center of subsidence near Songguantun Street and Yuanqiao town. In the study area, regions with an average annual subsidence rate exceeding 30 mm/yr include the areas around Ertun Town, Tianqu Street, Songguantun Street, Qiaoyuan Town, and Zhaohu Town, particularly near the boundary of Decheng District. Additionally, parts of the western section of Yunhe Street also have an average annual subsidence rate exceeding 30 mm/yr.
[image: Figure 13]FIGURE 13 | Cumulative land subsidence in Decheng city from 2017–2025. (A-E) 2017–2021 for the InSAR monitoring results; (F-I) 2022–2025 for the numerical modeling results.
4.3.2 Prediction of subsidence under different reduced groundwater extraction scenarios
Based on the Land Subsidence Prevention Planning in Dezhou City, Shandong Province (2018–2025)” control targets, aiming for a land subsidence rate of less than 35 mm/yr at the center of subsidence in key prevention areas by 2025, we established three groundwater extraction scenarios: reductions of 10%, 30%, and 50%. We simulated land subsidence in Decheng District under these scenarios and created annual subsidence rate maps for 2023 to 2025, as shown in Figure 14.
[image: Figure 14]FIGURE 14 | Annual subsidence rate of Decheng District from 2023 to 2025 under different groundwater extraction scenarios: (A-C) Subsidence rate for each year under Scenario I; (D-F) Subsidence rate for each year under Scenario II; (G-I) Subsidence rate for each year under Scenario III.
As shown in Figure 14, the location of the center of land subsidence remains the same in the same year under the different groundwater extraction scenarios, and land subsidence declines with decreasing groundwater extraction. Under Scenario I, the annual subsidence rate at the center of land subsidence is 34 mm/yr in 2023, increases to 36 mm/yr in 2024, and remains at 36 mm/yr in 2025. Although the rate of land subsidence is inhibited, the rate of land subsidence remains stable in the different years. Under the reduced mining conditions of Scenario II, the land subsidence rate in the study area shows a decreasing state year by year, and the annual subsidence rate at the center of subsidence declines from 34 to 32 mm/yr. The annual subsidence rate at the center of subsidence under this scenario is less than 35 mm/yr in 2025, which meets the subsidence governance requirements contained in Land Subsidence Prevention Planning in Dezhou City, Shandong Province (2018–2025), for the key prevention and control areas. Under the mining reduction conditions of Scenario III, the mitigation effect of the land subsidence rate is more obvious, and the subsidence rate at the center is 30 mm/yr by 2025.
To compare the development of land subsidence at the subsidence center and the edge of the subsidence area under the different groundwater extraction scenarios, three points are selected at the subsidence center and the edge of the subsidence area. The locations of the selected points are shown with blue markers in Figure 1, and the cumulative land subsidence at each point under the three scenarios is obtained.
As shown in Figure 15, at the land subsidence centers such as points A, B and C, with the decrease of groundwater exploitation, the accumulated land subsidence is obviously reduced. When the groundwater is reduced by 30% and 50%, the subsidence rate (the slope of the cumulative subsidence curve) gradually decreases, and the land subsidence is controlled. At the edge of subsidence at points D, E and F, with the decrease of groundwater exploitation, the development rate of land subsidence decreases obviously. We choose point F as an example, and the groundwater reduction by 30% in rate of land subsidence is obviously lower than that by 10%. Under the condition of 50% reduction of groundwater exploitation, the cumulative subsidence at this point in September, October and November 2025 is 55.16 mm, 55.38 mm and 55.60 mm respectively, and the development of land subsidence at this point tends to stop. The edge points of other similar subsidence areas rebound with time under the condition of groundwater reduction in Scenario II and Scenario III.
[image: Figure 15]FIGURE 15 | Comparison of the cumulative land subsidence under the different groundwater extraction scenarios: (A-C) Points of subsidence center area; (D-F) Points of subsidence edge area.
The above analysis demonstrates that the mitigation effect of reducing groundwater mining on land subsidence is obvious. Under the reduced mining conditions of Scenarios II and III, the subsidence rates at the center of Decheng District in 2025 will reach 32 and 30 mm/yr, respectively, which are less than 35 mm/yr, and the prevention and control target of the key prevention and control zone of land subsidence can be reached.
5 CONCLUSION
In this study, the PS-InSAR method is used to obtain time-series information on land subsidence in Decheng District from 2017 to 2021 and to analyze the spatial and temporal evolution characteristics of land subsidence. three-dimensional groundwater flow and one-dimensional compaction model under InSAR subsidence information constraints is constructed to predict the change in land subsidence in Decheng District from 2022 to 2025. Finally, the development of land subsidence under different groundwater exploitation scenarios is investigated based on the target of controlling subsidence in Dezhou city. The main conclusions are as follows.
(1) The InSAR monitoring results show that the maximum cumulative subsidence in Decheng District is −173 mm. Combined with previous land subsidence monitoring results, it is found that the center of land subsidence in Decheng District has shifted from the National Cotton No. One Factory to the vicinity of Yuanqiao town. During the study period, the size of the areas with low and medium subsidence development only slightly changed, while the areas with high subsidence development showed a decreasing stability trend.
(2) Three-dimensional groundwater flow and one-dimensional compaction model under InSAR subsidence information constraints is established for Decheng District, and the model prediction results show that under the current mining conditions, the maximum cumulative subsidence in Decheng District will reach 303 mm from May 2017 to December 2025, and the subsidence center will be near Songguantun Street and YuanQiao town. The area with an average annual subsidence rate of 30 mm/yr or more occurs in the area near Ertun town-Tianqu Street-Songguantun Street-Yuanqiao town-Zhaohu town, as well as in the western part of Yunhe Street. In the case of a 30% reduction in groundwater extraction in Decheng District, the subsidence rate decreases year by year, the subsidence rate at the subsidence center will reach 33 mm/yr in 2025, and the subsidence in some areas at the edge of the subsidence center declines or even tends to stop. Considering the comprehensive implementation effect and feasibility, a 30% reduction is a more economical and reasonable groundwater extraction choice.
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