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Abstract

:

As a major grain-producing region in China, the North China Plain (NCP) faces serious challenges such as water shortage and land subsidence. In late 2014, the Central Route of the South-to-North Water Diversion Project (SNWD-C) began to provide NCP with water resources. However, the effectiveness of this supply in mitigating land subsidence remains a pivotal and yet unassessed aspect. In this paper, we utilized various geodetic datasets, including the Gravity Recovery and Climate Experiment (GRACE) and GRACE Follow On (GRACE-FO), Global Navigation Satellite System (GNSS) and leveling data, to conduct a spatial-temporal analysis of the equivalent water height (EWH) and vertical ground movement in the NCP. The results reveal a noteworthy decline in EWH from 2011 to 2015, followed by a slight increase with minor fluctuations from 2015 to 2020, demonstrating a strong correlation with the water resources supplied by the SNWD-C. The GRACE-derived surface deformation rate induced by hydrological loading is estimated to be <1 mm/yr. In comparison, GNSS-derived vertical ground movements exhibit considerable regional differences during the 2011–2020 period. Substantial surface subsidence is evident in the central and eastern NCP, contrasting with a gradual uplift in the front plain of the Taihang Mountains. Three-stage leveling results indicate that the rate of subsidence in the central and eastern plains is gradually increasing with the depression area expanding from 1960 to 2010. Based on these geodetic results, it can be inferred that the SNWD-C’s operation since 2014 has effectively mitigated the reduction in terrestrial water storage in the NCP. However, land subsidence in the NCP persists, as the subsidence rate does not turn around in sync with the change in EWH following the operation of SNWD-C. Consequently, it’s necessary to maintain and enforce existing policies, including controlling groundwater exploitation and water resources supply (e.g., SNWD-C) to curtail the exacerbation of land subsidence in the NCP. Additionally, continuous monitoring of land subsidence by GRACE, GNSS, leveling and other geodetic techniques is crucial to enable timely policy adjustments based on monitoring results.
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1. Introduction


Over the past half century, the North China Plain (NCP) has undergone remarkable industrial, agricultural, and economic growth, leading it to become one of the most water-scarce areas in China [1,2]. The overexploitation of groundwater has resulted in the NCP experiencing some of the most pronounced surface deformations worldwide due to mass redistribution [3,4,5,6]. In response, the Central Route of the South-to-North Water Diversion Project (SNWD-C) began operation at the end of 2014, aiming to alleviate the severe water resource shortage in the NCP by diverting water from the Danjiangkou Reservoir [7,8]. However, critical questions remain unanswered: what’s the spatial-temporal characteristics of the vertical land motion in the NCP? What’s the influence of SNWD-C on the land motion? Does the water supply from the SNWD-C effectively mitigate land subsidence? These issues are crucial and demand to be evaluated.



In recent decades, tremendous advancements in geodetic technologies, such as Global Navigation Satellite System (GNSS), Interferometric Synthetic Aperture Radar (InSAR), and Gravity Recovery and Climate Experiment (GRACE), have enabled them provide high-precision, sustainable, and large-scale surface observations and thus they are widely used in geoscience and hydrology [9,10,11]. Together with hydrological models, well data, geodetic data are utilized to explore the feature of groundwater deficit in the NCP [12,13]. Groundwater level measurements from the 1960s show excessive groundwater exploitation, with varying depths of groundwater extraction in different regions [5]. GRACE and well data during the 2003–2010 period in the NCP present a decline trend of 2.2 ± 0.3 cm/yr and 2.0–2.8 cm/yr, respectively [14]. The accuracy and reliability of the equivalent water height (EWH) calculated by GRACE are verified, demonstrating that the groundwater is still being consumed after 2000 [12]. Consumption and variation characteristics of groundwater reserves are further determined based on GRACE data, revealing that the piedmont plain of the NCP primarily consumes shallow aquifers, while the central plain primarily consumes deep aquifers, with the groundwater consumption rate of the piedmont being much higher than that in the central and eastern plains [15]. In the late 2014, SNWD-C began to provide large water resource for NCP, leading to the reduced groundwater exploitation in the central and eastern plains, but severe land subsidence still persists [16,17,18]. By using InSAR observations during the 2016–2018 periods, the land subsidence is observed to be prevalent in most of the NCP, with a maximum subsidence rate of 16.54 cm/yr and regional disparities in subsidence rates [19]. In order to assess the impact of SNWD-C on land subsidence in the NCP, it is highly necessary to analyze the spatial-temporal characteristics of the land subsidence before and after SNWD-C’s operation in 2014. However, previous studies have not provided comprehensive historical data to conduct such research.



In this study, we employ a combination of GRACE data and GNSS data with relatively a long period spanning from 2011 to 2020 to investigate the changes of terrestrial water storage (TWS), surface response induced by hydrological loading, and land subsidence characteristics in the NCP, with the incorporation of leveling results from 1960 to 2010 (Figure 1). Furthermore, we analyze the impact of the SNWD-C on the changes of TWS and land subsidence and discuss the question whether the operation of SNWD-C has effectively mitigated the land subsidence in the NCP.




2. Data and Methods


As the land motion caused by the change of TWS can be accurately monitored by geodetic technologies, including GNSS, GRACE and leveling, these geodetic data are accumulated and processed to provide a data basis for comprehensively analyzing the vertical land motion. Therefore, we use the GNSS and GRACE data collected in the NCP during the past decade to extract the spatial-temporal characteristics of the vertical land motion in the NCP and analyze its variation in the last half century with leveling results during the 1960–2010 period.



2.1. GNSS and Data Processing


In the NCP, there are 16 GNSS continuously operating reference stations available (shown in Figure 1) to produce the time series of daily solutions during the 2011–2020 period. The average length of observation periods is 6.7 years. We adopt the commonly used processing strategy to process the GNSS data. Based on the precise orbit and clock products provided by International GNSS service (IGS), the GAMIT/GLOBK 10.40 software is used to process the observation data by following the strategy of Wang & Shen [20], and finally the GNSS daily solution coordinate time series is obtained for each station. In the calculation process, the IERS03 model and the FES2004 model are used to correct the solid tide, polar tide, and the ocean tide, respectively [21]. The tropospheric delay is corrected by the tropospheric mapping function VMF [22]. The surface response time series generated with the atmosphere and the non-tidal ocean released by GFZ [23] are deducted from GNSS time series. Then, the function model as Equation (1) is used to solve the parameters such as long-term motion, periodic motion and step parameters in the time series based on the least square fitting method [24].


   y   t   = a + b t + c s i n   2 π t   + d c o s   2 π t   + e s i n   4 π t   +    f c o s   4 π t   +   ∑  j = 1     n   g        g   j   H   t −   T     g   j         + ε                                 



(1)







Among them, y(t) is the GNSS vertical time series, t is the observation epoch, a is the constant term, b is the annual average vertical velocity, c, d and e, f are the annual and the semi-annual term coefficients, respectively,     g   j     is the step coordinate mutation caused by the replacement of the antenna or the coseismic deformation,     T     g   j       represents the epoch of step, H is the Heaviside step function with H being 0 before the mutation or 1 after the mutation, and ε is the noise. Previously studies show that it is too optimistic to estimate the deformation rate with its value biased and its error underestimated if the error is assumed to be ‘white noise’ only [25]. Thus, in this study, noise models such as ‘white noise’ model, ‘white noise + flicker noise’ model and ‘white noise + power-law noise’ model, are used to estimate the parameters, respectively, and the optimal noise model is selected according to the Bayesian information criterion. Finally, the ‘white noise + flicker noise’ model is selected as the optimal noise model to estimate the annual average vertical velocity and its uncertainty for each station.




2.2. GRACE and Data Processing


Due to the elasticity of the Earth’s solid structure, the surface undergoes deformation as a result of the redistribution of mass loading [26,27,28]. GRACE satellite can accurately monitor the gravity field change information of the earth, and the data is widely used to estimate the real surface response caused by hydrological loading. EWH is commonly calculated to estimate the TWS within a region, assuming that the TWS is the product of the EWH and area of the region. And the change of EWH reflects the change of TWS. We used the monthly Release 06 GRACE solutions provided by the Center for Space Research (CSR). The solutions were expressed in the form of spherical harmonics (SH) coefficients truncated to degree and order 60. During the data processing, the degree 2 order 0 (C20) coefficients in the GRACE data were replaced by estimates obtained from satellite laser ranging [29]. The observation period of GRACE data is from January 2010 to June 2017 and the observation period of GRACE-FO data is from June 2018 to December 2019. Monthly geocenter estimates calculated by Swenson et al. [30] were used to account for the degree 1 coefficients of the gravity field, which GRACE does not observe. The influence of tides such as ocean tides, solid tides and solid polar tides, atmosphere and glacial isostatic adjustment (GIA) was deducted from GRACE data. Gaussian smoothing with a radius of 350 km and a decorrelation filter (order 6, polynomial order 4) are used to reduce high frequency noise and north–south stripes [31]. GRACE data was used to calculate the EWH change as follows [32]:


  σ ( θ , φ ) =   a   ρ   e     3   ρ   w       ∑  l = 0   ∞      ∑  m = 0   l        P  ¯    l   m   ( c o s θ ) (   2 l + 1   1 +   k   l     ) [   S   l m   s i n ( m φ ) +   C   l m   c o s ( m φ ) ]      
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where,     ρ   e     and     ρ   w     are the average density of the earth and the water, respectively, a is the average radius of the earth. θ and φ are the colatitude and longitude, respectively.       P   n   m    ¯  ( c o s θ )   is the fully normalized Legendre function of degree n and order m,     S   l   m     and     C   l   m     are spherical harmonic coefficients of the geoid change.     k   l     is the Love number relative to the center of mass of the solid Earth, perpendicular to the direction of tidal forces.



The vertical deformation due to hydrological loading changes can be calculated using GRACE as follows [33]:


  ∆ h ( θ , φ ) = a   ∑  l = 1   ∞      ∑  m = 0   l        P   n   m    ¯  ( c o s θ ) (     h   l     1 +   k   l     ) [   S   l m   s i n ( m φ ) +   C   l m   c o s ( m φ ) ]      



(3)




where     h   l     is the Love number in the radial direction relative to the center of mass of the solid Earth.




2.3. Leveling and Data Processing


The leveling started early in the NCP, and was measured during the 1960–1980, 1980–1990, and 1990–2010 three periods. Thus, we used these data to explore the spatial-temporal characteristics of vertical land motion in the past half century. The distribution of the leveling lines is illustrated in Figure 1. The average distance between successive benchmarks of the network is less than 4 km, and benchmarks integrated into the bedrock are positioned approximately 400 km apart along the leveling lines. In order to suppress the influence of leveling errors, the orthometric correction in height differences were applied to eliminate the influence of the non-parallel equipotential surface with the field gravity data. According to the precise leveling specifications outlined by the Standardization Administration of the People’s Republic of China in 2006 [34], it is noteworthy that distinct tolerances are specified for the root mean square of discrepancies in bidirectional leveling, labeled as     M   ∆     in Equation (4), and for the leveling error per kilometer, denoted as     M   W     in Equation (5). The variability of these tolerances depends on the specific classification of the leveling survey. For first-order leveling surveys, the prescribed tolerances for     M   ∆     and     M   W     are 0.45 mm and 1.0 mm, respectively. In contrast, second-order leveling surveys allow 1.0 mm for     M   ∆     and 2.0 mm for     M   W    . The results of multi-stage leveling are derived from the study of Su et al. [35], where an elaborate processing strategy is comprehensively detailed.


    M   ∆   = ±    1   4 n     ∑  i = 1   n        ∆   i   2       L   i         



(4)




where     Δ   i     represents the misclosure of the ith segment in bidirectional leveling surveys,     L   i     denotes the length of the ith segment, and n signifies the total number of leveling segments.


    M   W   = ±    1   N     ∑  i = 1   N        W   i   2       F   i         



(5)




where     W   i     is the ith leveling loop misclosure,     F   i     is the ith leveling loop length, N is the number of the leveling loop.





3. Results


3.1. Spatio-Temporal Characteristics of Changes of Terrestrial Water Storage


The mean EWH variation time series, derived from the GRACE and GRACE-FO data in the NCP, is depicted in Figure 2. The time series of EWH distinctively exhibits an annual cyclic pattern, consistently reaching a trough around the mid-year and a peak at the beginning or end of the year. Analyzing the EWH trend reveals a distinct water storage deficit within the NCP, with the rate of −7.5 mm/yr from 2011 to 2015. However, the deficit in water storage has been significantly mitigated from 2015 to 2020, with the rate changing to 0.35 mm/yr. Considering the operation of SNWD-C at the end of 2014, it can be inferred that the water storage is mainly affected by the SNWD-C with its water supply to the NCP, resulting in water storage slightly increased. The earlier water storage deficit trend is consistent the result from GRACE data during the 2003–2012 period but differs in magnitude for the deficit rate of −1.23 cm/yr [17]. The rate of descent has been slowed down, suggesting a recent reduction in terrestrial water loss. Before the SNWD-C, the long-term EWH trend showed a certain decline, with the maximum of trend not exceeding 15 mm/yr in the NCP. Comparing rate variations before and after the operation of the SNWD-C, it indicates a significant mitigation in the loss of TWS, implying that supplemental water can effectively meet the overall consumption needs of the region.



Moreover, we calculated the rates of EWH spanning 2011 to 2015 and 2015 to 2020 across the entire NCP, illustrated in Figure 3. This analysis revealed a significant divergence in water storage between the southern and northern regions of the NCP, with the considerably larger loss rate of −10.54 mm/yr in the south compared to that of −3.84 mm/yr in the north. Specifically, during the 2011–2015 period, provinces in the southern NCP like Hebei, Henan and Shandong experienced substantial water loss, which could be attributed to the dense concentration of agricultural cultivation and the extensive need for large-scale irrigation in these regions [36]. According to GRACE and well observation data, the consumption rate of TWS was 4.65 cm/yr from 2003 to 2013 in the piedmont plain, primarily utilized for agricultural production [15]. This rate was much higher compared to the average EWH change in the whole NCP with rates of −7.5 mm/yr and 0.35 mm/yr for the 2011–2015 and 2015–2020 periods, respectively (as illustrated in Figure 2). Conversely, the central and eastern regions, influenced more by industrial and human activities, exhibited a lower consumption rate of water resources. This difference suggests that intensive irrigation practices significantly deplete water resources. After the operation of the SNWD-C, the pressure of water scarcity in the NCP has been alleviated, leading to a cessation of significant water loss in agricultural regions. Additionally, there has been a conspicuous replenishment of terrestrial water reserves with EWH change rate of 1.77 mm/yr in Tianjin, Beijing and northern Hebei, which may be due to the fact that these regions are not short of water.




3.2. Characteristics of Land Subsidence


In the decades preceding advancements in water resource management, the NCP experienced extensive groundwater extraction due to insufficient surface water resources to fulfill the demands of human activities, resulting in significant land subsidence in the region. Analysis of TWS variations based on GRACE data spanning the period from 2011 to 2020 reveals that the soil moisture content in the region has been adequate to support growth following the implementation of the SNWD-C. However, it remains uncertain whether the rate of land subsidence has synchronically reduced, necessitating further quantitative analysis. Therefore, we utilized GNSS vertical displacement time series to extract this signal, isolating the nonlinear motion caused by mass loading. Due to the strong seasonal correlation between GRACE and GNSS signals, as depicted in Figure 4, the deformation caused by water mass migration is deducted from the GNSS vertical time series to derive accurate surface settlement deformation. Notably, significant land subsidence is evident in the central and eastern regions of NCP. The maximum observed motion rate reaches 67.94 mm/yr (as presented in Table 1). However, the land deformation in the vicinity of Taihang Mountains does not exhibit pronounced changes. These findings underscore substantial regional variations in land subsidence across the area. From the perspective of time scale, most GNSS stations did not record the obvious change in motion rate before and after SNWD-C, suggesting that the supply of water resources has ceased to intensify the reduction in motion rate or alleviate the exacerbation of land subsidence.



We utilized GRACE data to calculate the annual average EWH and the surface deformation rate resulting from the migration of water masses. Additionally, we used the GNSS data to estimate the vertical land motion rate at each station during the 2011–2015 and 2015–2020 periods, detailed in Table 1. Notably, the HAHB station exhibits the most rapid decline in EWH before the implementation of the SNWD-C and experiences the slowest recovery after the implementation. In contrast, the loss of terrestrial water in Beijing is the smallest and the recovery is the most obvious after the water supply. Moreover, there is a widespread increase in EWH across the NCP following the implementation of SNWD-C. Despite substantial fluctuations in EWH at GNSS stations like HAHB, HEHD, HELY, etc., the rate of surface displacement caused by water mass migration is below 0.5 mm/yr. Consequently, the results show that the surface displacements resulting from hydrological loads influenced by the SNWD-C are minimal, nearly negligible compared to the obvious surface deformation observed by GNSS.



The land motion rates derived from GNSS data show negligible changes at most stations before and after the SNWD-C. However, the HECX station near Cangzhou in western Hebei province is experiencing intensified land subsidence even after water resource supply by the SNWD-C. This inconsistent motion is also evidenced by InSAR results in the adjacent region. Zhang et al. used InSAR observations from Envisat/ASAR and RadarSAT-2 data to calculate land subsidence with rate of −11.3 mm/yr in the Cangzhou area from 2003 to 2010, consistent with the changes in deep groundwater [37]. In contrast, the InSAR data spanning 2016 to 2019 revealed a steep increase, showing a trend rate of −39.7 mm/yr [19], indicating an increasingly severe land subsidence. The hydraulic head observations from 2003 to 2019 indicated a delayed release of the aquitard, likely due to prior hydraulic head reductions and a continuous decline, potentially driving the escalating land subsidence rates [16]. These findings imply that despite the short-term operation of the SNWD-C with surface water recharge, it might not be adequate to alleviate the land subsidence caused by overexploitation of groundwater.





4. Discussion


4.1. The Relationship between Land Subsidence and Groundwater Changes


Due to the decreased precipitation in the NCP, soil moisture content and surface water storage have subsequently reduced, leading to that individuals have to extract more groundwater to compensate the water shortage, and finally causing a significant depletion of groundwater between 2013 and 2016 [38]. The depletion of groundwater has affected the surface subsidence rate to a certain degree [39], particularly evident at the three GNSS stations like TJBD, TJWQ, and HECX, with severe land subsidence. However, the water resource supply by the SNWD-C changes the situation, partially meeting the needs of human beings while also alleviating the loss of groundwater reserves in the NCP [40]. The evidence indicates that the surface water has supplemented shallow groundwater to a certain extent, yielding a positive impact on shallow groundwater in Beijing [41]. Nonetheless, not all regions in the NCP have experienced a reversal from subsidence to uplifting because of the water supply by the SNWD-C. For instance, the subsidence rates at TJBD and TJWQ stations during the 2015–2020 period remained comparable to those recorded from 2011 to 2015 period (detailed in Table 1). GRACE measurements indicate that the loss of groundwater has not continuously deteriorated and there is a slight increase in terrestrial water reserves in the NCP (Figure 2 and Figure 3), implying a potential correlation between groundwater fluctuations and land subsidence. However, for the HECX station, the land subsidence rate has continuously increased after the operation of the SNWD-C, emphasizing persistent concerns about groundwater loss in specific regions of Cangzhou. Despite minimal declines in terrestrial water storage in some areas of NCP or almost no decline, the phenomenon of land subsidence persists [19]. The key geological and hydrogeological conditions contributing to ground subsidence in the NCP involve a multilayered aquifer system with deep-pressured confined water-bearing strata and relatively thick normally consolidated or unconsolidated compressible clay layers [42]. Compared with the change of groundwater, there is a lag in land deformation which may be caused by compression process of soil layer. Moreover, it is recommended that the long-term deformation rate changes observed by GNSS can be employed to analyze the relationship between groundwater changes and land subsidence in the NCP.




4.2. Variation Characteristics of Land Subsidence in the NCP


In order to investigate the variation of land vertical deformation in the NCP over a longer period, we utilized the leveling results of three phases spanning the past 50 years across the region (Figure 5), with average errors of the vertical movement rates of ±2.49, ±1.42 and ±1.31 mm/yr for the 1960–1980s, 1980–1990s and 1990–2010s periods, respectively [35]. It is shown that the plain near front of the Taihang Mountains has consistently maintained a slow uplift throughout the entire observation periods. Initially, only Tianjin and its adjacent areas were experiencing serious land subsidence. However, over time, the subsidence areas gradually expanded in the central and western NCP, with persistent soaring subsidence rate in regions like central Hebei Province, especially during the 1990–2010 period. In Henan province, the land experienced uplift during the 1960–1980s but underwent subsidence in the subsequent decades (1980–1990s and 1990–2010s). This shift can be attributed to the excessive utilization of water resources in the process of agricultural development.



In order to comprehensively understand the variations of the land subsidence variations in the NCP over the past decade, the subsidence rate derived from GNSS for the 2011–2020 period (Figure 6) is compared with the rate obtained from the leveling during the 1990–2010 period (Figure 5c). The comparison reveals an excellent agreement between the two datasets over the past decade. The plain in front of the Taihang Mountains continues to demonstrate a slow uplift, while the central and eastern regions, including Beijing and Tianjin, are undergoing substantial subsidence. It’s noteworthy that no loss of EWH was detected by the GRACE results during the 2011–2020 period. The main factors leading to ground subsidence in the NCP are manifested as strong compressible thick layers of loose sediments, along with dynamic conditions of the groundwater system, such as groundwater extraction. The sediments beneath the North China Craton represent alternating sequences of sand layers and high-compressibility clay layers. Due to long-term excessive groundwater extraction, the groundwater level has significantly declined, resulting in extensive ground subsidence in the region [42]. However, land subsidence showed an increasing trend during the period 1960 to 2010. After the supplement of SNWD-C, the central and eastern parts of the NCP are at a certain rate of subsidence, preventing further intensification of subsidence. This suggests that water recharge has a substantial impact on land deformation in the region.




4.3. The Influence of SNWD-C on Changes of Terrestrial Water Storage and Land Subsidence


GNSS stations with nearly a decade of observation data revealed obvious subsidence in the central and eastern parts of the NCP, while showing minimal variation in the piedmont plain. Notably, significant land subsidence was observed at TJWQ, TJBH and HECX stations. As shown in Figure 6c, the sedimentation rate observed after the SNWD-C is almost the same as that of 2011–2015 and even faster in some cases. Interestingly, despite the distance of SNWD-C from western Hebei province, the more pronounced land subsidence observed by GNSS in this area may be attributed to inadequate water supply [43]. However, the broader coverage of SNWD-C seems to have mitigated further exacerbation of land subsidence in multiple areas. For most GNSS stations with no obvious land subsidence observed, it can be seen that the trend had little change before and after of SNWD-C. These stations are generally distributed in the front of the Taihang Mountains, predominantly reliant on shallow groundwater consumption. Consequently, their vertical land change seems to be less affected by groundwater fluctuations [15].



The SNWD-C has played a crucially important role in replenishing terrestrial water reserves and even contributing to the replenishment of shallow groundwater [41]. The depth of groundwater exploitation is closely linked to the geological structure of the region [15]. In the central and eastern parts of the NCP, the compressible layer ranges from approximately 100 to 260 m in depth, with the primary mining aquifer located within this stratum [44]. The continuous exploitation of groundwater stands as the primary driver behind the accelerated increase in land subsidence velocity in this area. The water supply from SNWD-C emerges as a crucial factor in elevating groundwater levels within this stratum, elucidating why the observed land subsidence velocity measured by GNSS has not continued to increase. The calculation results of GNSS stations in the southern part of the NCP, exemplified by HAHB (shown in Figure 7), show that the land subsidence in the area near the SNWD-C has been significantly slowed down or even uplifted, implying abundant water resources provided by SNWD-C to the region. This supply not only satisfies the water demands of the local population but also significantly aids in mitigating land subsidence, providing a strong condition for slowing down the land subsidence.





5. Conclusions


In this study, we have utilized the GRACE and GNSS data spanning from 2011 to 2020, along with leveling data from 1960 to 2010, to analyze the changes in EWH and land subsidence in the NCP over the past ten years. Our investigation yields the following findings:




	(1)

	
Between 2011 and 2015, the GRACE-derived EWH results exhibited a noticeable decline in mean EWH across the NCP. This reduction was more pronounced from north to south, highlighting substantial losses. However, after the implementation of SNWD-C, the provision of water resources has alleviated losses attributed to agricultural irrigation in the southern part of the NCP and has provided supplementary effects on the water reserves in other regions.




	(2)

	
The GNSS-derived land subsidence rate indicates no significant change in land subsidence velocity before and after the implementation of SNWD-C, particularly in the middle east of the NCP. This suggests that short-term water supply might not immediately alleviate land subsidence resulting from excessive exploitation of groundwater. Areas far away from SNWD-C, such as central Heibei province, continue to experience serious land subsidence due to limited recharge from water resources. However, there is a discernible uplift in the southern part of NCP affected by the SNWD-C. Therefore, GNSS observations provide valuable insights into groundwater changes in the NCP and offer a reference point for understanding these variations.




	(3)

	
By combining the leveling data of the last 50 years, we analyzed the vertical changes of the land in the landscape over the past decade. Between 1960 and 2010, the land subsidence area in the central and eastern NCP progressively expanded, accompanied by an increasing subsidence rate. Nevertheless, the results calculated from GNSS and GRACE data demonstrate that the magnitude and trend of the sedimentation rate in this area are comparable to those of the leveling results from 1990 to 2010. This suggests that the intensification of land sedimentation rate has been restrained by controlling groundwater exploitation and water resource supply such as SNWD-C over the last decade. For regions where the subsidence is not obvious, the SNWD-C appears effective in counteracting the influence of excessive utilization of water resources in the early stage. However, for regions experiencing severe subsidence, the extent to which the subsidence rate can be significantly decelerated still requires verification through observational data on a more extended time scale.
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Figure 1. Distribution of GNSS sites and leveling lines across the North China Plain. The colored circles represent GNSS stations and the color depicts observation duration of GNSS. Leveling points are denoted by crosses during three periods with blue for 1960–1980s, red for 1980–1990s, and green for 1990–2010s. The NCP region is highlighted in light orange. The purple line represents SNWD-C route. The inset map delineates the study region located in China. 
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Figure 2. The average EWH time series of the whole NCP. The EWH time series is depicted by the blue line. The red and green dotted lines, respectively signify the trend of EWH with their values before and after the SNWD-C, respectively. 
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Figure 3. The average annual variation rates of EWH with their values for the northern, southern and whole NCP during the 2011–2015 (a) and 2015–2020 (b) periods, respectively. The northern and southern NCP is divided by the dashed black line. 
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Figure 4. (a) The observed GNSS (gray dot) and GRACE (red star) time series. (b) The fitting results with non-tidal ocean and atmospheric effects removed at BJSH, TJWQ, HAHB and HELQ stations. The blue solid line and dotted line, respectively represent the fitted annual and semi-annual signals in the GNSS time series. The red solid line and dotted line, respectively represent the annual and semi-annual signals in the GRACE time series. 
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Figure 5. Land deformation is observed by leveling data during the 1960–1980s (a), the 1980–1990s (b), and the 1990–2010s (c) periods, respectively. 
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Figure 6. The arrows represent the land deformation observed by GNSS data during the 2011–2015 (a) and the 2015–2020 (b) periods, respectively. (c) The serious land subsidence observed by GNSS stations named TJWQ, TJBH and HECX. The gray dots denote the GNSS time series. The red and green dashed lines, respectively represent the trend during the 2011–2015 and 2015–2020 periods. 
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Figure 7. GNSS raw data and fitting results for stations BJFS, BJSH, TJBD, HELQ, HELY, HETS and HAHB. The gray dots denote the GNSS time series. The red and green dashed lines, respectively represent the trends during the 2011–2015 and 2015–2020 periods. 
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Table 1. Equivalent water height (EWH) change, surface displacement caused by water mass migration (SDWM), and the trend calculated with GNSS.
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Station

Name

	
2011–2015

	
2015–2020




	
EWH

cm/yr

	
SDWM

mm/yr

	
Motion Rate

mm/yr

	
EWH

cm/yr

	
SDWM

mm/yr

	
Motion Rate

mm/yr






	
BJFS

	
−0.18   ±   0.76

	
−0.33   ±   0.29

	
  1.58 ± 1  .08

	
0.35   ±   0.35

	
−0.40   ±   0.18

	
1.57   ±   0.72




	
BJSH

	
0.03   ±   0.80

	
−0.40   ±   0.30

	
0.23   ±   1.12

	
0.44   ±   0.34

	
−0.41   ±   0.18

	
  1.34 ± 0  .92




	
TJBD

	
−0.15   ±   0.78

	
−0.35   ±   0.30

	
−0.22   ±   1.04

	
0.43   ±   0.35

	
−0.41   ±   0.18

	
−0.32   ±   0.76




	
TJBH

	
−0.34   ±   0.73

	
−0.29   ±   0.29

	
−13.88   ±   1.60

	
0.38   ±   0.36

	
−0.40   ±   0.19

	
−14.92   ±   1.44




	
TJWQ

	
−0.26   ±   0.75

	
−0.31   ±   0.29

	
−42.11   ±   2.10

	
0.38   ±   0.36

	
−0.40   ±   0.18

	
−  41.68 ± 2  .07




	
HECX

	
−0.56   ±   0.69

	
−0.23   ±   0.27

	
−20.93   ±   1.08

	
0.26   ±   0.38

	
−0.38   ±   0.19

	
−32.27   ±   1.10




	
HELQ

	
−0.63   ±   0.67

	
−0.20   ±   0.26

	
3.46   ±   0.95

	
0.16   ±   0.38

	
−0.37   ±   0.18

	
2.85   ±   0.75




	
HELY

	
−0.94   ±   0.65

	
−0.13   ±   0.26

	
0.96   ±   1.08

	
0.07   ±   0.41

	
−0.35   ±   0.19

	
2.57   ±   0.72




	
HETS

	
−0.13   ±   0.78

	
−0.36   ±   0.30

	
3.48   ±   1.09

	
0.48   ±   0.35

	
−0.42   ±   0.19

	
2.95   ±   0.80




	
HAHB

	
−1.27   ±   0.69

	
−0.05   ±   0.26

	
−0.96   ±   0.89

	
0.02   ±   0.46

	
−0.35   ±   0.19

	
0.84   ±   0.62




	
SDLL

	
−0.77   ±   0.65

	
−0.17   ±   0.26

	

	
0.19   ±   0.40

	
−0.37   ±   0.19

	
−14.49   ±   0.91




	
SDZH

	
−0.70   ±   0.64

	
−0.23   ±   0.27

	

	
0.27   ±   0.39

	
0.38   ±   0.20

	
−4.55   ±   0.87




	
HESZ

	
−0.75   ±   0.66

	
−0.18   ±   0.26

	

	
0.14   ±   0.39

	
−0.36   ±   0.19

	
−67.94   ±   1.21




	
HEQY

	
−0.51   ±   0.69

	
−0.23   ±   0.27

	

	
0.20   ±   0.38

	
−0.37   ±   0.18

	
9.3   ±   0.86




	
HEHD

	
−1.14   ±   0.65

	
−0.08   ±   0.26

	

	
0.03   ±   0.43

	
−0.35   ±   0.19

	
2.48   ±   1.12




	
HEZD

	
−0.66   ±   0.67

	
−0.19   ±   0.26

	

	
0.15   ±   0.38

	
−0.37   ±   0.18

	
−0.98   ±   0.89
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