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Abstract

:

In order to study the soil–water characteristic curve and soil–water movement in the unsaturated zone of the humid plain area and investigate its influence on the regional water cycle process, this study conducted a long series of hydrometeorological data monitoring on the whole process of precipitation, evaporation, soil water content, pore water pressure and depth of groundwater level at the Jintan field hydrological test in the plain area of the Taihu Basin, China. Based on the collected data, the soil water dynamic at different depths was analyzed, and the results showed that the soil water fluctuated most frequently and drastically at a soil horizon depth of 0–40 cm, with an obvious soil moisture wetting and drying cycle. The van Genuchten model (VG model) was used to describe the soil–water characteristic curve, and the parameters of the VG model were obtained by numerical inversion of field monitoring data using numerical code (HYDRUS-1D). The obtained parameters were used to simulate soil water movement in each soil horizon for six precipitation events and were compared with the simulation results of laboratory data. The study shows that the soil water simulation based on field data is better, which verifies the accuracy and reliability of the VG model obtained from field observation and provides a reliable theoretical basis for soil water movement and the calculation of runoff yield in the plain area of the Taihu Basin.
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1. Introduction


Plain areas have always been developed agricultural regions due to the abundant water resources [1,2]. In order to ensure regional agricultural production and security, agricultural water is an important issue for regional water resources management [3,4], and the movement and presence of soil water is a scientific guarantee for efficient water use in agriculture [5,6]. The unsaturated zone is the area of soil that contains both air and moisture [7,8], where the root system of crops mostly grows. Water movement in the unsaturated zone is one of the key parts of the agricultural water cycle [9]. Research on SWCC of the unsaturated zone helps improve soil water utilization efficiency [10,11] to realize the sustainable development of regional water resource management. Meanwhile, the frequent extreme weather due to global climate change and the underlying surface changes caused by human activities have greatly affected the terrestrial hydrological cycle. The plain river network in eastern China is characterized by flat terrain and shallow groundwater. Floods are prone to occur during the rainy season, affecting the safety of people’s lives and property [12]. Mastering the mechanism of soil water movement in the unsaturated zone in this region is the key to studying the hydrological cycle characteristics and runoff generation mechanisms, which is of great significance for regional flood control forecasting and risk management [13,14].



The unsaturated zone connects surface water and groundwater and is a key part of the hydrological cycle [15,16,17]. The soil–water characteristic curve (SWCC) reflects the most basic characteristics of water in the unsaturated zone and is extremely critical for studying the existence and movement of soil water [18,19]. The SWCC represents the relationship between soil water content and pore water pressure [20,21] and is affected by many factors, such as soil texture, structure, bulk density, organic content and particle size distribution [22,23]. Many methods for measuring SWCC have been developed. Common laboratory methods for measuring pore water pressure include the pressure plate apparatus [24], the dew point potential meter method [25], and the filter paper method [26]. Common soil water content determination methods include the drying method, neutron method and ray method, all of which are determined by measuring a specific series of soil water content and their corresponding soil pressure, and then the corresponding empirical model is used to simulate the measured data series to obtain the SWCC. However, most of these methods have shortcomings, such as being time-consuming, high cost, limited range, inaccuracies and soil susceptibility to disturbance [27]. Therefore, some scholars have proposed an indirect estimation method to replace direct laboratory measurement [28]. This method estimates SWCC indirectly, mainly by establishing empirical relationships for basic soil parameters that are relatively easy to obtain. For example, predictions based on the basic physical properties of the soil combined with regression analysis [29,30], artificial neural network [31] and other pure mathematical methods are also based on the basic physical properties of the soil sample, such as bulk density, particle size distribution [32], using fractal theory to predict SWCC [33]. The basic soil properties data used for the indirect prediction method are mainly obtained in the laboratory and cannot represent the actual conditions in the field. The prediction accuracy and reliability of most indirect methods are only evaluated based on the statistical analysis of the measured data, and the predictions may not be appropriate for specific problems [34].



In recent years, many scholars have performed numerical inversion of the soil–water characteristic curve parameters and obtained SWCCs with strong adaptability. The common models for obtaining SWCC include the Brooks–Corey [35,36], van Genuchten [37], and Gardner–Russo models [38,39]. This method is more convenient, flexible and better suited to complex and variable soil conditions. However, in the current study, which is mainly reliant on laboratory data, Whisler and Zachmann [40,41] matched simulated and measured values of soil drainage flow to estimate the unsaturated hydraulic conductivity, and Šimůnek et al. [42] used the tension disk infiltration data for numerical inversion to derive parameters of soil-hydraulic characteristic, but these methods have not been validated by field experiments. Dane et al. [43] artificially controlled the upper boundary conditions in the field for the numerical inversion of SWCC parameters. In fact, the field soil conditions are very complex, and the temporal and spatial variability of soil properties makes it impossible to perfectly simulate under simple conditions. Therefore, the inversion of SWCC parameters for complex field soil profiles under natural conditions requires further research.



The study established a hydrological field test in Baitaqiao (BTQ), Jintan, Taihu Basin, to monitor basic hydrometeorological elements. Based on the field monitoring data, the VG model parameters at different depths were numerically inversed using HYDRUS-1D, and the rationality of the obtained parameters was analyzed. Then, the model was used to simulate precipitation events and obtain the soil water movement for each precipitation event. The simulation results were compared and analyzed with the results obtained from laboratory measurements to evaluate the accuracy and reliability of the SWCC model based on field observations. The exploration and application of this method can provide a basis for revealing the theoretical connection between soil water content and suction and further improve the hydrodynamic theory of unsaturated zones of plains.




2. Materials and Methods


2.1. Study Area


The data were acquired in a field in southern Jiangsu, China, which has a subtropical climate with an average annual precipitation of 1070 mm, which is mainly concentrated from April to September each year. The mean annual temperature is 15.3 °C, and the mean annual evaporation is 1283.1 mm. The field study was conducted in a hydrologically isolated test site, which is a typical flat lowland surrounded by ditches in the Taihu Basin.



The BTQ field is located in Zhiqian, Jintan and Changzhou (31.760° N, 119.457° E) (Figure 1a,b). It was originally a fallow field and was converted to dry land for field observation. The surface elevation ranges from 4.2 to 5.8 m (Figure 1c), and the nearest river is about 170 m away. The experimental field was surrounded by ditches; the ditch to the west of the field is 1 m deep and is the main channel for drainage and irrigation in the region.



2.1.1. Design of Closed Small Watershed


The field has two drainage ditches built inside and outside with impermeable materials. The outer ditch prevented the exchange of surface water with the surrounding area, while the inner ditch was used to surround the core test area to collect and discharge the surface water generated by runoff and confluence in the study area. Both the inner and outer ditches are trapezoidal in cross-section, with an upper bottom length of 0.7 m and a lower bottom length of 0.4 m, and the average depth is from 0.3–0.4 m. The slope ratio of the ditches is 1:1000 to ensure smooth drainage. A pump was installed at the outlet of the basin to discharge the surface water into the nearby river course automatically.



A meteorological station was installed in the center of the test site to automatically and continuously monitor hydrometeorological elements, such as precipitation, evaporation, temperature, wind speed and wind direction, with a sampling interval of 10 min (Figure 1 and Figure 2a). Precipitation was monitored by a tipping bucket rain gauge, and evaporation was performed using a 255–100 evaporating pan.




2.1.2. Fine Monitoring of the Whole Process


Soil water content was monitored by the TDR (TDR310S, Acclima, Meridian, ID, USA), which has a three-electrode probe structure, and the measurements are based on the principle of time-domain reflection. That is, the propagation velocity of high-frequency electromagnetic pulse transmission lines in the soil depends on the dielectric properties of the soil, thereby calculating soil water content based on the dielectric constant [44]. Two soil water monitoring profiles were arranged in the BTQ site (Figure 1c), and the TDR probes in each profile were inserted vertically at 10, 20, 40, 60 and 80 cm below the surface, and the sampling time was 10 min (Figure 2b). The soil sensors (MPS-6, Decagon Devices) were buried 10, 20 and 40 cm below the surface in the north and south profiles of the field, and they can automatically monitor soil water potential in a range from −105 to −9 kPa [45].



In the southwest exit of the field, we constructed a concrete channel to drain the water in the ditch to the irrigation ditch outside the experiment field and installed a V-notch weir at the exit (Figure 2c). The water depths in different locations in the ditches were measured with pressure transducers (HOBO Water Level Datalogger, Onset) every 10 min, including in front of the weir, and a certain formula was used to convert it into a flow value (Figure 3). The water level–flow relationship of the V-notch weir was calibrated and verified by the laboratory.



The PVC groundwater wells with a diameter of 0.3 m and a depth of 3 m were installed in the experimental field. The buried depth of groundwater was continuously monitored every 10 min with a laser level meter (JH2004). This observation method is a non-contact measurement technique based on the principle of laser rangefinders. It sends laser pulses to a defined target, measures the time of its regenerate reflection and then converts the buried depth of groundwater according to a certain formula.




2.1.3. Basic Characteristics of the BTQ Field Soil


The basic characteristics of soil have a certain impact on SWCC [46], and understanding the various basic properties of soils is a necessary step to obtain an accurate and reliable SWCC. Considering the soil formation process of farmland and the influence of human activities, stratification of various properties of soil profiles is common [47]. Some basic properties of soils in the test site were measured and accordingly analyzed in this study.



In this study, the soil from the two profiles in the test field was sampled to analyze the basic soil properties. Samples were taken at depths of 10, 20, 40, 60 and 80 cm below the surface, and each depth was repeated three times. After the soil samples were retrieved, they were spread out in a ventilated area and left to dry naturally for 2–3 days. Impurities were removed, the soil samples were broken up and then sieved through a 2 mm filter to give a uniform texture, and finally, the soil samples were sealed for laboratory testing.



The mechanical components of each horizon of soil were measured using an MS2000 laser for particle sizing analysis [48]. The results show that the silt content of the soil samples ranged from 59.5 to 64.3%, the clay content ranged from 27.4 to 34.9%, and the sand content ranged from 5.6 to 13%. The soil texture of each horizon corresponded to silty clay loam.



The bulk density (γ) of the soil was measured using the core cutter method. The bulk density and organic matter content (OM) of the field had high vertical variability because the field was fallow before renovation. From 2015–2016, the original field was covered with about 30–40 cm of pond sediment. At a depth of 0–20 cm, the value of bulk density showed no significant variation. At a depth of 20–40 cm, the bulk density was the lower of all measured soil horizons, while the organic matter content was the highest, and the soil at this depth corresponds to the topsoil of the original field. The bulk density increased with increasing depth, beginning at a depth of 40–80 cm, while the organic matter content decreased gradually. The result conforms to the vertical distribution law of soil properties of the original cultivated field.



The saturated water content (θS) is measured using the oven-drying method [49]. The saturated water content is 0.473 cm3/cm3 at a depth of 0–10 cm (Table 1), and its value is obviously reduced at a 10–20 cm depth. As the soil porosity increases, the bulk density decreases, the soil relatively loosens and the saturated water content increases. The saturated water content exhibits the greatest variability, as does bulk density, at a depth of 20–40 cm. In the depth range of 40–80 cm, the saturation water content value is relatively stable. In general, the vertical variability of saturated water content in this region shows similar characteristics to the bulk density, indicating that the saturated water content of the soil is closely related to the bulk density.



The saturated hydraulic conductivity (Ks) was measured using the constant-head method [50] based on Darcy’s law of saturation. The cross-sectional area of the core used was 20 cm2, the height was 5 mm and the total volume was 100 cm3. The measured values of the saturated hydraulic conductivity of the sampled soil profile decreased with increasing depth, which is inconsistent with the irregular vertical spatial variation of the soil’s physical and chemical properties. This is caused by the uncertainty of the measurement.





2.2. Study Method


2.2.1. The van Genuchten (VG) Model


The VG model was used to fit the SWCC of the laboratory- and field-measured data. The VG model can cover the entire range of the pressure head. Therefore, it is widely used in soil water studies [37]. The VG model is applicable to most soil structures, and only the soil samples with a distinct bimodal pore size distribution do not work well. The soil in this study is silty clay loam, and the VG model has high accuracy in fitting SWCC.
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where θ (m3/m3) is the soil water content, θr and θs (m3/m3) are the residual and the saturated soil water contents, respectively, α (kPa−1) is the reciprocal of the intake value, h (cm) is the pressure head, and n characterizes the uniformity of the porous medium.


  m = 1 −  1 n   



(2)








2.2.2. Numerical Code (HYDRUS-1D)


HYDRUS is a series of software developed by the U.S. Salinity Laboratory in 1991, containing three series: 1D, 2D and 3D [51]. HYDRUS-1D is commonly used to simulate the vertical movement of soil water in unsaturated zones, and Richards equation is used to describe the movement of one-dimensional unsaturated soil water flow; the formula is as follows [52]
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where t (d) is time, h (cm) is the pressure head, θ (m3/m3) is the soil water content, z (cm) is the vertical space coordinate, K (h) (cm/d) is unsaturated water conductivity and s (z,t) (cm/d) is root-water-uptake rate.



In this study, HYDRUS-1D has applied to inverse the VG model parameters of 0–10, 10–20 and 20–40 cm soil horizons, and the obtained parameters were used to simulate the soil water movement in the BTQ site under precipitation conditions. The upper boundary conditions of the model are set as atmospheric boundary conditions with the surface layer, that is, the precipitation and evaporation data actually monitored in the field. The lower boundary condition chooses a variable pressure head, and the pressure head value is the simulated depth minus the buried depth of groundwater. The initial conditions are set as the soil water content of the profile, and observation points were set at 10, 20 and 40 cm to observe the changes in soil water content in each soil layer.




2.2.3. Numerical Inversion of VG Model Parameters


The VG model parameters based on field monitoring were obtained by numerical inversion of field monitoring data with HYDRUS-1D. The VG model parameters based on laboratory observation were obtained by using the RETention Curve (RETC) inversion of laboratory observation data. The two VG models were compared, analyzed and applied to the simulation of soil water movement under the condition of rainfall infiltration in this region.



The hydrometeorological data monitored in the field from 27 April 2018 to 9 January 2021 were processed. During the study period, 13 precipitation events were screened. The screening criterion was when the total precipitation exceeded 10 mm and the time interval between precipitation events was not less than 24 h. The criterion was used to identify single-peak precipitation events and to reduce the impact of previous precipitation on the process of soil water movement. The 13 precipitation events were divided into two parts, and seven of them were used as input conditions for numerical inversion of the VG model parameters, and the remaining six precipitation events were used to verify the accuracy of obtained VG model in simulating the soil water movement process.



In the laboratory, soil samples were repeated three times in soil layers 10, 20 and 40 cm of two profiles where the TDR was installed. The series of pressures and corresponding soil water content of the collected soil samples were measured by the pressure film meter method (Figure 4). In the laboratory, the soil sample was immersed in water for 24 h to saturation, the total weight of the core and the soil sample was measured with an electronic balance, and then the soil sample was placed on the clay plate in the pressure chamber. The pressure sequence was set to 10, 30, 50, 100, 300, 500 and 1500 kPa, and the soil samples that had reached a steady state under each pressure condition were weighed to calculate the corresponding soil water content. After the soil reached equilibrium at 1500 kPa, the core and the soil sample were placed into an oven and dried until the weight no longer changed, resulting in a sequence of the pressure and the corresponding soil water content. By inputting the soil pressure and the corresponding water content into RETention Curve (RETC), the SWCC of the laboratory was obtained.



Since the SWCC is a highly nonlinear function, the least squares method was used to fit the value of each parameter. The fitting degree was measured by RMSE (root mean square error) and a nonlinear regression correlation index, R,
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where n is the number of observation points, θi and θi* are observed and predicted values of the water content, respectively, and θ* is the arithmetic mean of the water content.






3. Results


3.1. Soil Water Dynamics in the Field


3.1.1. Meteorological and Hydrological Characteristics


The basic meteorological and hydrological characteristics, such as precipitation, evaporation, temperature and groundwater depth, were observed at the BTQ site from 1 April 2018 to 9 January 2021 (Figure 5a,b,e). The groundwater depth from 23 October 2019 to 4 December 2019 was lost due to instrument failure. During the observation period, the total precipitation was 3188 mm, the total evaporation was 2943.9 mm and the average temperature was 23.6 °C.



The maximum daily precipitation was 161.5 mm on 17 August 2018, followed by 101.5 mm on 10 August 2019. It was observed that extreme precipitation events in this region occurred in July or August of each year, which is thought to be caused by typhoons in summer. In general, the precipitation in 2018–2020 is mainly low to moderate precipitation events with less than 25 mm/d. In this region, the temperature is the highest in August of each year, with an average temperature above 30 °C, and the evaporation is also the highest, with a daily average evaporation of over 4.6 mm, while December has the lowest temperature, with an average daily evaporation of less than 1.5 mm. The variation rules of daily average temperature and daily evaporation are basically consistent, and their fluctuations are seasonal, which is related to the seasonal intensity of solar radiation in this region.



The depth of measured groundwater ranged from 0.05 to 1.29 m, and the annual average buried depth was 0.53 m, which is the result of irrigation through artificial channels to control the groundwater level for agricultural production. The measured groundwater dynamics show a rapid response to each heavy precipitation event. With the end of precipitation and continuous evaporation, the groundwater level showed a gradual decrease. For instance, consider the analysis of the precipitation and groundwater level change process from 8:00 on 17 June to 8:00 on 22 June 2019 (Figure 6). Precipitation began at 18:20 on 17 June, but was not intense enough to cause changes in groundwater. When continuous precipitation began at 22:40, the groundwater level began to respond and rapidly rose after 50 min. At 9:10 on 28 June, the groundwater level showed a slight decrease with the cessation of precipitation. When the precipitation ended at 19:40, the groundwater level slowly decreased due to continuous evaporation. At 6:30 on 20 June, the second precipitation event began, and the groundwater level began to rise 70 min later. However, due to the low intensity and discontinuous precipitation, the groundwater level began to decrease slowly after rising to a certain level.




3.1.2. Dynamic Analysis of Soil Water Content and Suction


Soil water content (m3/m3) and suction (-kPa) were monitored at the BTQ site from 26 April 2018 to 9 January 2021 (Figure 5c,d). Due to instrument failure, data were not recorded from 14 January to 20 January 2019 and from 5 June to 8 July 2020. The buried depth of groundwater in BTQ is shallow, so only the unsaturated zone of soil suction at a depth of 0–40 cm below the surface was observed. The water content of the soil horizon at a depth of 0–10 cm ranged between 0.184 and 0.458 m3/m3. The soil water content value range at a 10–20 cm depth is similar to that of a 20–40 cm depth, which is from 0.239–0.400 m3/m3 and 0.236–0.433 m3/m3, respectively. The soil water content ranges from 40–60 and 60–80 cm depth, which is from 0.393–0.447 and 0.369–0.486 m3/m3, respectively.



The minimum measured water content of soil horizons at depths of 0–10, 10–20, 20–40, 40–60 and 60–80 cm was 37, 60, 55, 88 and 79% of the measured maximum, indicating that the soil in this region was basically moist due to the continuous replenishment of shallow groundwater. The soil water content in the depth range of 0–40 cm showed a rapid response to rainfall. Strong precipitation events caused a rapid increase in soil water content. As precipitation ceased and evaporation continued, the water content showed a gradual decrease. The fluctuation of soil water content, whether by precipitation or evaporation, decreases significantly with increasing depth, which is an indication of the gradual weakening of the influence of external conditions on deeper soils. For soil horizons below 40 cm, the soil water content did not respond significantly to precipitation and remained basically stable, except for the abnormal fluctuation from 19 September–9 December 2019. It is presumed that the soil horizon is basically in the saturated or capillary zone above the groundwater surface. Therefore, depths below 40 cm were not considered in the field and laboratory comparisons.




3.1.3. Drying and Wetting Cycle of Soil


During the study period, representative soil wetting and drying processes were analyzed (Figure 7). The typical soil wetting process (Figure 7a) was the precipitation event that started at 18:20 on 17 June 2019, with a total precipitation of 45.9 mm. The soil water content of the 0–40 cm horizon below the surface significantly increased, and the suction also decreased to the lowest recorded value. The response time of soil water content and suction to precipitation became longer with the increasing depth, and at 10–20 cm depth, the trend of soil water content was different from that of suction. Soil suction showed a sharp decrease, while water content slowly increased. In addition, at 20–40 cm depth, the changes in soil water content and suction are not synchronized, where the suction decreased first, and the water content increased about 3 h later. These are all special phenomena caused by rapid infiltration, that is, the change in soil suction or soil water content lag behind on the other side in order to maintain the equilibrium of soil [53]. Even for vertical infiltration at the same point, the changes in soil water content and suction are not identical, which can be obtained by field monitoring. In contrast, the laboratory measurement can only be performed on a single soil sample and cannot understand the response of each soil horizon to a specific vertical infiltration event.



In the process of drying (Figure 7b), the accumulated precipitation was only 2.3 mm, and the temperature fluctuated between 26.4 and 38.5 °C. With constant evaporation, the soil water content and suction of each horizon of soil gradually began to change. The soil water content of each depth of the soil gradually decreased with time, and the soil water content at a depth of 0–10 cm changed from 0.377 to 0.234 m3/m3. At the same time, soil suction gradually increased, and the change was first fast, then slow. From day 11, the change in soil suction was relatively stable. A previous study [54] on evaporation characteristics of soil change over time speculated that the soil water content decreases to a certain value during this period. Soil evaporation is limited by soil moisture, providing only low and stable evaporation and not by evaporation under adequate water supply conditions. Therefore, the consumption of soil water was also relatively low, and the changes in soil water content and suction were relatively flat from the curve. In addition, the variation in soil water content and suction are consistent.





3.2. Results of Parameter Inversion


In the study period, the parameters of the VG model were obtained through numerical inversion of seven precipitation events and ten drying processes in the BTQ site. The actual measured wetting and drying processes in the field were compared with the curves obtained by inversion based on field data and those obtained in the laboratory (Figure 8). The distribution of laboratory measurement points and field observation data is consistent in the soil horizon at 10–20 cm depth because this soil horizon happens to be the compacted horizon of the overlying soil, with high bulk density and relatively uniform pore distribution. However, the laboratory measurement points out that the 0–10 and 20–40 cm horizons did not overlap with the field observation points. In general, it can be seen that the soil water content measured in the laboratory is higher than that observed in the field under the same water-wetting condition. On the one hand, the two horizons of soil were the current and the original topsoil horizon with relatively complex and heterogeneous soil pore structures. On the other hand, the soil samples observed in the laboratory were subjected to vibration during collection and transportation, and the soil structure was changed to some extent.



The saturated water content is the water content of the soil when all the pores are filled with water. When analyzing the soil water content measured in the field, the maximum water content was considered as the saturated water content. The saturated soil water content (θs) measured in the field was 0.458, 0.400 and 0.433 m3/m3 at 0–10, 10–20 and 20–40 cm depths, respectively. The saturated water content of each soil horizon obtained from the inversion of parameters based on field wetting processes was 0.454, 0.400 and 0.441 m3/m3 and the θs obtained from the drying processes were 0.451, 0.400 and 0.440 m3/m3. The residual soil water content values obtained in the laboratory for each soil horizon were 0.207, 0.196 and 0.232 m3/m3, and those obtained based on the wetting and drying processes in the field were 0.158, 0.135, 0.048 m3/m3 and 0.134, 0.046, 0.016 m3/m3, respectively (Table 2).



The results for the reciprocal of the intake values (α) based on field data were 0.19, 0.13, 0.11 for wetting and 0.14, 0.09, 0.1 kPa−1 for drying, while the values obtained in the laboratory were 0.04, 0.03 and 0.04 kPa−1. The values of the uniformity of porous medium (n) based on field data were 1.32, 1.21, 1.18 and 1.26, 1.13, 1.16, and the values obtained in the laboratory were 1.49, 1.47, and 1.58.



In addition, the inversion of parameters based on field-monitored soil wetting and drying processes showed RMSEs (root mean square error) of 0.014, 0.009, 0.013 and 0.014, 0.012, 0.010 m3/m3 for 0–10, 10–20, and 20–40 cm depths, with R correlation indices of 0.842, 0.847, 0.787 and 0.949, 0.937, 0.807, respectively.




3.3. Soil Water Dynamic Simulation


Rainfall causes floods in the watershed of the study area, and it is of great significance to analyze the variation of soil water under rainfall conditions in the region. Soil water movement was simulated for the remaining six precipitation events, A1, A2, A3, A4, A5 and A6, during the study period using the SWCC obtained from the field-wetting process and laboratory, as shown in Figure 9. The characteristics of the six precipitation events (Table 3) showed that they were mainly moderate precipitation events, which were consistent with the precipitation characteristics of the plains of the Taihu Basin.



Soil water movement simulations for the six precipitation events were observed (Figure 9) and compared with actual field monitoring. (Figure 9, Table 3 and Table 4). The total precipitation for A1 was 28.7 mm, and the maximum rain intensity was 16 mm/h. The precipitation was concentrated at 18:00 on 25 May. In this precipitation event, the soil was relatively wet at the beginning and became saturated soon after the precipitation started. The RMSE of the simulated soil water movement process from the VG model obtained, based on field monitoring data, were 0.003, 0.005 and 0.002 m3/m3, and R was 0.983, 0.89 and 0.714, respectively. The total precipitation of A2 was 36.4 mm, but the precipitation duration was long, with a maximum of 4.5 mm/h. The soil gradually became saturated from dryness. In this case, the fitted R of the three soil layers based on field monitoring data were 0.007, 0.017 and 0.004, while the R was 0.026, 0.027 and 0.006, respectively, based on the laboratory analysis. A3 and A2 had similar characteristics, but A3 soil was relatively wet before the onset of precipitation, with little change in soil water content, especially in deeper soil. The field monitoring instrument showed slight fluctuations within the allowable error range, while the curve of deep soil moisture content was relatively flat and did not fluctuate during the simulation. Therefore, the simulation was good in other soil layers, but the correlation of soil moisture movement simulation in the 20–40 cm soil layer was poor, with a value of 0.05. The total precipitation in A4 was 64 mm, and the precipitation was concentrated in the early stage. The decrease in groundwater depth makes the deep soil saturate quickly, while the surface soil is gradually saturated in the later precipitation process. The VG model parameters obtained based on field data can simulate the actual situation. The precipitation of A6 was relatively concentrated, and the rain intensity was strong. The soil responded quickly after the precipitation started. The field simulation results for each horizon of soil in A6 showed the field data simulations RMSE of 0.015, 0.014, and 0.009 m3/m3, compared with laboratory-based RMSE of 0.042, 0.02 and 0.01 m3/m3, respectively.



A5 occurred from 8:00 on 24 March to 8:00 on 29 March 2020, with a total precipitation of 49.7 mm. In this precipitation event, there were two precipitation processes, and the time interval was less than 24 h, so it was classified as a precipitation event. The first precipitation ended at 8:00 on 27 March, but the soil did not reach saturation. With the end of precipitation and continuation of evaporation, the surface soil water content gradually decreased, but due to the short time interval considered, the parameters of deep soil did not change significantly. At 20:00 on the 27th, the second precipitation started, and the soil water content increased accordingly. This complex process of initial surface wetting, drying and finally wetting causes difficulty for the simulation. Due to the limitations of the model, the whole process cannot be adequately represented, so the simulation results were not satisfactory.



The mean RMSE (Table 4) of 0–10, 10–20 and 20–40 cm soil horizons fitted in the field were 0.015, 0.018 and 0.013 m3/m3, all less than 0.02. For the correlation index R (Table 4), the values were 0.968 and 0.864 at a depth of 0–10 and 10–20 cm, which were greater than 0.8. However, at a depth of 20–40 cm, the fit was not satisfactory, with a value of 0.588. The results of simulated soil water movement based on laboratory data showed that the average RMSE for each soil horizon was 0.025, 0.020 and 0.014 m3/m3, and the R was 0.895, 0.819 and 0.435, respectively.





4. Discussion


4.1. Influencing Factors of Soil Water Movement


Through the analysis of six simulated precipitation events, it is found that rainfall is the main source of soil moisture change in this region. Among them, the soil water content of A4 changed the most after precipitation, and the soil water content at 10, 20 and 40 cm depth increased by 0.269, 0.105 and 0.080 m3/m3, respectively. A1 showed the smallest change in soil water content, with an increase of 0.035, 0.007 and 0.004 m3/m3 at 10, 20 and 40 cm depths. The varying degree of soil water content under each precipitation event is in the order of A4 > A5 > A6 > A2 > A3 > A1, while the total precipitation is in the order of A4 > A5 > A2 > A6 > A1 > A3. The difference between the total precipitation of A6 and A2 is 1.2 mm, but the precipitation duration of A2 is comparatively longer, and the total evaporation is 6 mm, which is 3 mm higher than that of A6. Therefore, the change in soil water content is not as great as that of A6. The variation in soil water content in A1 is lower than in A3 because A1 occurs in summer with a total evaporation of 10.3 mm, while A3 occurs in winter with a total evaporation of 3 mm. During precipitation, the greater the evaporation, the smaller the change in soil water content.



From the above analysis, it can be seen that precipitation is the main factor of soil water movement, evaporation also has a certain impact on the change of soil water content, and the movement of water in the topsoil is comparatively more violent; the deeper the soil, the smaller the change in water content. Zhou et al. [56] found that changes in soil water content are affected by precipitation, vegetation types, soil evaporation and other factors. Wang et al. [57] found that different texture configurations of soil had certain effects on water movement and solute transport according to experiments. The soil texture in this region is silty clay loam. In the future, we will consider establishing field test sites in different regions to explore the influence of different soil textures on soil water movement



Soil texture, precipitation and evaporation are the main factors affecting soil water movement [58], which helps to understand better the rules of soil water movement and the process of runoff in humid plain areas with similar characteristics.




4.2. Accuracy of VG Model Parameter Inversion


Some researchers proposed an improved VG model for clayey soils. Compared with the BC model [35,36], the VG model has a higher fitting accuracy for the SWCC of sandy and silt loams [39]. VG model parameters are the basis for understanding and accurately simulating soil water movement and the key to improving the simulation accuracy [59]. Based on the soil characteristics in the study area, the VG model was finally selected for the dynamic simulation of soil water. The VG model parameters obtained from the field wetting and drying process data were compared and analyzed with those obtained from the laboratory, and the differences were evident for all the soil horizons.



The saturated soil water content (θs) measured in the field was 0.458, 0.400 and 0.433 m3/m3 at 0–10, 10–20 and 20–40 cm depths, respectively. The values of θs obtained from the wetting and drying processes were closer to the actual monitoring values. However, the θs of each horizon of soil obtained in the laboratory is relatively large because the soil becomes dry during sampling and transport, resulting in a decrease in soil viscosity. Residual water content [60] (θr) refers to the soil water content decreasing to a critical value, and the soil water content will not decrease when the suction continues higher. The minimum water contents at depths of 0–10, 10–20 cm and 20–40 cm in this area are 0.184, 0.239 and 0.236 m3/m3, respectively. By definition, θr should be less than the minimum soil moisture content. Therefore, it can be concluded that the value of θr for the 0–10 cm soil horizon obtained in the laboratory is unreasonable. In addition, the reference value of θr in the VG model for silty clay loam is 0.089 [55], which shows that the results obtained from field observations are more consistent with the soil types in this area. For the parameters α and n, there is a large gap between the parameter values obtained by laboratory data and those obtained by field data. By comparing the results, it is concluded that the parameters α and n obtained by field data are generally closer to the corresponding parameter reference values of 0.19 and 1.23 for silty clay loam [55] in the region.



In the field data, the RMSE of soil wetting and drying processes at 0–10, 10–20 and 20–40 cm depths were all lower than 0.015 m3/m3, and the correlation indices, R, were all higher than 0.787. The statistical results indicated that the inversion parameters of the field observed data were comparatively better. Liyama [53] and Sorbino et al. [61] found that the θ measured in the field were often about 10% smaller than those in the laboratory. This suggests that it is difficult to restore the actual SWCC in the field only by laboratory observation data. In addition, the practicability of SWCC based on field observation in soil water movement simulation needs to be further evaluated and validated.




4.3. Application of Soil–Water Characteristic Curve


In order to verify the reliability and accuracy of the SWCC, the precipitation event was simulated by HYDRUS-1D with the measured precipitation, evaporation and groundwater level as the input conditions of the model. The soil water movement simulated based on field data was compared and analyzed with the laboratory simulation results.



The average RMSE of 10, 20 and 40 cm horizons of soil water movement simulated by SWCC based on field monitoring data were 0.0150, 018 and 0.013 m3/m3 (all less than 0.02 m3/m3), with R values of 0.968, 0.864 and 0.588, respectively. All of the fit indexes were better than the laboratory (Figure 9). The error of this study is close to that of Wu et al. [62], who simulated the soil water movement in the black soil area of Northeast China, wherein they obtained a simulation error within ± 10%. Wang et al. [63] also confirmed that HYDRUS-1D could accurately describe water movement in stratified soil; their RMSE for calibration and validation ranged from 3.2 to 10% and from 2.5 to 13.6%, respectively.



In summary, it is believed that the simulation based on field data can reproduce the water movement and change process more accurately, which is consistent with the law of precipitation infiltration in the plain area and provides a reliable theoretical basis for the calculation of soil movement and runoff production in the plain area.



In addition, it is necessary to consider further the impact of hysteresis in the water balance process [64] and increase the simulation of soil runoff and flow in the field [65] so as to improve further the simulation accuracy and the calculation results of the model and obtain an SWCC suitable for the plain area of the Taihu Basin.





5. Conclusions


In this study, a small-scale field experiment of soil water movement in an unsaturated zone was carried out at the BTQ experimental base in the Taihu Basin. The data of precipitation, evaporation, soil water content, soil suction and groundwater depth were continuously monitored every ten minutes to explore the characteristics of soil water variation in the field, and the SWCC was constructed and compared with the curve obtained using common laboratory methods. The process of soil water movement in the unsaturated zone under the condition of precipitation was simulated to explore the mechanisms of soil water movement in the unsaturated zone of the Taihu Basin. The key findings are summarized below.



Through the analysis of the collected soil physical and chemical properties and hydrometeorological data, the results showed that the soil in the test area is silty clay loam, and the soil moisture frequently varied from April to September each year but remained stable from October to March. The extent of soil wetting and drying due to external conditions decreases with depth, and the soil horizon above 40 cm in depth is basically in the saturated zone, or the capillary zone when just below this depth. Soil water changes most frequently and severely in the soil horizon at 0–40 cm depth below the surface. The soil water content and suction in the field were analyzed, and the characteristics of soil water variation in this region were summarized by describing the typical dry–wet soil processes.



The values of soil hydraulic characteristic parameters obtained from the inversion of field data are quite different from those measured in the laboratory. Compared with those measured in the laboratory, the field-measured curves in each depth range are more consistent with the characteristics of silty clay loam and the real situation in the field.



The precipitation events were simulated by using the parameters obtained from the inversion of the wetting process data measured in the field and the results measured in the laboratory. The RMSE of 0–10, 10–20 and 20–40 soil horizon simulations are 0. 015, 0.018 and 0.014 m3/m3, respectively. In all the horizons of soil, the simulation results based on the field data showed significantly better correspondence than the results of the laboratory simulation and were more consistent with the changes in soil water content measured in the field.



This research method is feasible for small-scale experimental areas, and some scholars suggest that it is meaningful to extend the discovered mechanism to small- to catchment-scale [66]. Therefore, the soil hydraulic characteristic parameters of this experimental base can be referred to when studying other humid plain areas. In humid plains, the vegetation is abundant, and root water wetting and leaf transpiration have a certain influence on soil water movement, which will be considered in further study. In addition, the observation of surface runoff data should be added to simulate the hydrological process of the BTQ experimental field and reflect the hydrological cycle characteristics and runoff generation mechanisms of the humid plain areas.
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Figure 1. (a) Sites of the study in the Taihu Basin, (b) Baitaqiao (BTQ) hydrology test site location and its surroundings, and (c) surface elevation and instrumentation in the BTQ site. 
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Figure 2. (a) Observation instrument in the core test area of BTQ site, (b) the soil water profile measurement sensors, and (c) the V-notch weir at the outlet. 
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Figure 3. Stage–discharge relationship of V-notch weir at the outlet. 
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Figure 4. Test device for the pressure film meter method. 
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Figure 5. Meteorological and hydrological characteristics, soil moisture content and suction dynamics in the BTQ area from 2018/4/26 to 2021/1/9: (a) precipitation process, (b) daily evaporation and temperature, (c) soil water content of each horizon, (d) soil suction of each horizon and (e) ground−water depth. 
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Figure 6. Response of groundwater level to precipitation from 2019/6/17 8:00 to 2019/6/20 8:00. 






Figure 6. Response of groundwater level to precipitation from 2019/6/17 8:00 to 2019/6/20 8:00.



[image: Water 14 04012 g006]







[image: Water 14 04012 g007 550] 





Figure 7. Typical soil moisture wetting and drying process; (a) Wetting beginning at 2019/6/17 18:20, and (b) the drying process beginning on 2019/7/22. 
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Figure 8. SWCC was fitted using field monitoring data and laboratory measurement points at (a) 10 cm depth, (b) 20 cm depth and (c) 40 cm depth. 
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Figure 9. Simulation of soil water dynamics of six precipitation events at (a) 10 cm, (b) 20 cm, and (c) 40 cm depths. 
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Table 1. Average and ± standard deviation of the physical and chemical properties and hydraulic parameters of BTQ soil.
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	Depth

(cm)
	Clay

(%)
	Silt

(%)
	Sand

(%)
	γ

(g/cm3)
	OM

(g/kg)
	θS

(cm3/cm3)
	Ks

(mm/h)





	0–10
	27.4 (2.18)
	59.6 (3.35)
	13 (1.14)
	1.52 (0.5)
	19.5 (2.45)
	0.473 (0.02)
	1.90 (0.11)



	10–20
	29.6 (2.06)
	64.2 (1.18)
	6.2 (2.42)
	1.56 (0.08)
	8.03 (3.71)
	0.401 (0.02)
	1.74 (0.13)



	20–40
	28.3 (1.98)
	64.3 (0.83)
	7.4 (0.86)
	1.43 (0.21)
	11.9 (4.21)
	0.426 (0.07)
	1.36 (0.2)



	40–60
	31.6 (3.93)
	61.0 (1.08)
	7.4 (1.69)
	1.45 (0.10)
	27.7 (4.89)
	0.445 (0.05)
	0.95 (0.18)



	60–80
	34.9 (1.08)
	59.5 (0.86)
	5.6 (0.97)
	1.54 (0.09)
	24.7 (4.34)
	0.434 (0.04)
	0.86 (0.08)
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Table 2. Field and laboratory parameter inversion results and fitness index.






Table 2. Field and laboratory parameter inversion results and fitness index.





	

	
Depth

(cm)

	
θr

(m3/m3)

	
θs

(m3/m3)

	
α

(kPa−1)

	
n

	
RMSE

(m3/m3)

	
R2






	
Silty clay loam (reference) [55]

	

	
0.089

	
0.43

	
0.19

	
1.23

	

	




	
Field soil wetting

	
0–10

	
0.158

	
0.454

	
0.19

	
1.32

	
0.014

	
0.842




	
10–20

	
0.135

	
0.400

	
0.13

	
1.21

	
0.009

	
0.847




	
20–40

	
0.048

	
0.441

	
0.11

	
1.18

	
0.013

	
0.787




	
Field soil drying

	
0–10

	
0.134

	
0.451

	
0.14

	
1.26

	
0.014

	
0.949




	
10–20

	
0.046

	
0.400

	
0.09

	
1.13

	
0.012

	
0.937




	
20–40

	
0.016

	
0.440

	
0.10

	
1.16

	
0.010

	
0.807




	
Laboratory observation

	
0–10

	
0.207

	
0.468

	
0.04

	
1.49

	
-

	
-




	
10–20

	
0.196

	
0.406

	
0.03

	
1.47

	
-

	
-




	
20–40

	
0.232

	
0.445

	
0.04

	
1.58

	
-

	
-
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Table 3. Characteristics of precipitation events recorded at field sites in BTQ.






Table 3. Characteristics of precipitation events recorded at field sites in BTQ.





	Event Code
	Start Time
	P

mm
	T

h
	I

mm h−1
	PMAX

mm h−1





	A1
	2018/05/24 8:00
	28.7
	48
	0.598
	16.0



	A2
	2018/11/05 8:00
	36.4
	96
	0.379
	4.5



	A3
	2018/11/16 8:00
	18.8
	48
	0.392
	2.4



	A4
	2019/06/17 8:00
	64.0
	120
	0.533
	7.1



	A5
	2020/03/24 8:00
	49.7
	120
	0.414
	8.0



	A6
	2020/04/18 8:00
	35.2
	48
	0.733
	8.3







Cumulative precipitation, P (mm); duration of rainfall, T (h); average rain intensity, I (mm h−1); maximum rain intensity, PMAX (mm h−1).
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Table 4. Fitting index of soil water dynamic simulation.






Table 4. Fitting index of soil water dynamic simulation.





	
Event

Code

	
P

(mm)

	
10 cm

	
20 cm

	
40 cm




	
Field (Laboratory)

	
Field (Laboratory)

	
Field (Laboratory)




	
RMSE

(m3/m3)

	
R

	
RMSE

(m3/m3)

	
R

	
RMSE

(m3/m3)

	
R






	
A1

	
28.7

	
0.003 (0.006)

	
0.983 (0.898)

	
0.005 (0.002)

	
0.89 (0.924)

	
0.002 (0.005)

	
0.714 (0.838)




	
A2

	
36.4

	
0.007 (0.026)

	
0.997 (0.980)

	
0.017 (0.027)

	
0.639 (0.705)

	
0.004 (0.006)

	
0.833 (0.299)




	
A3

	
18.8

	
0.017 (0.027)

	
0.889 (0.869)

	
0.008 (0.014)

	
0.927 (0.882)

	
0.004 (0.003)

	
0.050 (0.077)




	
A4

	
64

	
0.017 (0.020)

	
0.985 (0.823)

	
0.017 (0.008)

	
0.959 (0.927)

	
0.027 (0.038)

	
0.842 (0.848)




	
A5

	
49.7

	
0.029 (0.029)

	
0.962 (0.981)

	
0.045 (0.048)

	
0.789 (0.654)

	
0.033 (0.023)

	
0.468 (0.043)




	
A6

	
35.2

	
0.015 (0.042)

	
0.990 (0.808)

	
0.014 (0.020)

	
0.981 (0.882)

	
0.009 (0.010)

	
0.62 (0.505)




	
Mean

	

	
0.015 (0.025)

	
0.968 (0.895)

	
0.018 (0.020)

	
0.864 (0.819)

	
0.013 (0.014)

	
0.588 (0.435)
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