

  water-09-00947




water-09-00947







Water 2017, 9(12), 947; doi:10.3390/w9120947




Article



Measurement and Simulation of Soil Water Contents in an Experimental Field in Delta Plain



Wenjuan Hua 1,2,*, Chuanhai Wang 1,2, Gang Chen 1,2, Hai Yang 1,2 and Yue Zhai 2





1



State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, Hohai University, Nanjing 210098, China






2



College of Hydrology and Water Resources, Hohai University, Nanjing 210098, China









*



Correspondence: huawenjuan0106@126.com; Tel.: +86-159-9623-8960







Received: 8 October 2017 / Accepted: 2 December 2017 / Published: 6 December 2017



Abstract

:

Variation in soil water content in the delta plain has its own particularity and is significant for agricultural improvement, the utilization of water resources and flood risk mitigation. In this study, experimental data collected from a plot of farmland located in the Taihu Basin were used to investigate the temporal and vertical variation of soil water content, as well as the effects of individual rainfall on soil water and shallow groundwater and their interaction. The results showed that the variation of soil water content is dependent on the comprehensive influence of soil hydraulic properties, meteorological factors and shallow groundwater and the correlation to the groundwater table is the strongest due to the significant capillary action in the delta plain. A saturated-unsaturated three-dimensional soil water numerical model was developed for the study area in response to rainfall and evapotranspiration. Scenario simulations were performed with different soil depths for soil water content and the error source was analyzed to improve the model. The average RMSE, RE and R2 values of the soil water content at the five depths between the measured and simulated results were 0.0192 cm3·cm−3, 2.09% and 0.8119, respectively. The results indicated that the developed model could estimate vertical soil water content and its dynamics over time at the study site at an acceptable level. Moreover, further research and application to other sites in delta plains are necessary to verify and improve the model.
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1. Introduction


Most delta plains are lowlands, which are often densely populated and form centers of agricultural production, economic activity and transportation [1] such as the Taihu Basin in the Yangtze River Delta, East China, approximately 30% of which are lowland polders [2]. However, these areas are characterized by low elevation, flat topography, a shallow groundwater table, extensive river networks and uncertain catchment boundaries [3,4,5]. Therefore, delta plains require more attention to keep out natural hazards given their vulnerability to flooding, climatic variation and water quality deterioration. To avoid and mitigate the effects of natural and artificial disasters, exploring and simulating the specific hydrologic processes of delta plains are quite important for regional risk assessment and water resource engineering design.



Soil water content is a key state variable in the terrestrial system as it interacts with various system components [6,7] and is of great importance in many investigations and applications pertaining to agriculture, hydraulic engineering, hydrology, meteorology and soil mechanics [8,9,10]. Climatic conditions [11], vegetation types [12,13,14], topography [15], soil properties [16,17], antecedent soil water content [18] and hysteresis [19,20] determine the spatio-temporal variability of soil water content [21], which in turn affects the exchange of energy and water in the unsaturated zone of the hydrological system [22]. These exchange processes are characterized by high nonlinearity and complex feedback mechanisms [6]. Consequently, different measurement technologies (e.g., sensor technologies and distributed sensor networks [23,24,25]) and simulation models have been used to study the importance of soil water content for describing and understanding vadose zone processes [26], climate and atmospheric processes [27], soil moisture estimation [28] and so on.



There are two main approaches for soil water study and prediction: field observation-based and modeling-based methods. As one of the dielectric-based techniques to determine soil water content at the local scale, the well-known time domain reflectometry (TDR) was introduced by Topp et al. [29] and has developed into a standard method to measure soil water content. It provides the apparent relative dielectric permittivity of soil determined by monitoring the travel time of a fast-rise-step voltage pulse along a transmission line connected to a suitable probe placed in the soil at the required measuring depth [8]. Nevertheless, observations of shallow groundwater and meteorology (e.g., temperature, rainfall and evaporation) should also be considered and applied to models when simulating soil water content. Two of the most widespread soil water models are the Richards equation-based models and the Bucket model. HYDRUS [30,31], which numerically solves the Richards equation for saturated–unsaturated water flow and convection–dispersion type equations for heat and solute transport, has been widely used to analyze the multi-layer soil water flow for preferential flow [32,33,34,35], transport domains for both laboratory [36,37] and field-scale applications [38,39]. However, it is not recommended to use HYDRUS for very large 3D domains such as entire catchments [40]. For certain types of applications, a successful synopsis of both monitoring and modeling issues was presented by Morbidelli et al. [41] that referred to the experimental field campaigns carried out to measure the soil water content with the TDR method in the vertical soil profiles of five different plots. However, it was not designed for delta plains with shallow groundwater. Some models coupling surface water to groundwater can also be used for soil water dynamics analysis or simulation. The SWATMOD model [42] is the coupling of the SWAT model and the MODFLOW model but tends to simulate soil percolation which skips unsaturated soil water. The MODBRNCH model [43] develops a pattern to connect the MODFLOW model and the BRNCH model where Saint-Venant equations need to be solved with much shorter steps than in the former. There are other models, like the HSPF-MODFLOW model, GSFLOW model, MODFLOW-DAFLOW model, IFM Mike model, IGSM model [44], etc., where most of these models are the direct coupling of two mature models referring to saturated and understanding the soil water, respectively, which saves much work but also has their own shortages and limitations. Furthermore, the two sub models are in an unconsolidated couple by infiltration but with independent processes and calculations. Comparatively, the Mike-SHE model [45] developed by the Danish Institute of Water Conservancy is complete with different functions but it is a model based on the actual physical process which needs a large amount of hydrologic data, topographic map and parameters. Therefore, a simplified specific model is required for conducting research in a particular location to greatly improve work efficiency, especially as the basis for an upscaling model in further work. Meanwhile, field observation is an important and pervasive way to support analysis and verification.



In this study, an experimental field was introduced in detail and measured data were analyzed in different ways. A three-dimensional numerical model was built up, calibrated and validated for the soil water flow at the study site based on the Richards equation. The basic research into soil water and addressing this as a backbone for specific model development will help us understand various hydrological processes, provide reference to improving agricultural planning and more accurate hydrological prediction. Three objectives of this study are proposed: (1) Construct a special experimental field with necessary instruments in the Yangtze River Delta to make future experiments more targeted, operable and flexible; (2) Explore the temporal and vertical variations of soil water content, the effects of individual rainfall on soil water and shallow groundwater and their interaction; (3) Seek a simplified special model for soil water estimation in the delta plain. In this paper, the field experiments and the numerical methods are provided in Section 2. The data analyses and modeling results for soil water are presented in Section 3. Several significant points are discussed in Section 4. Conclusions are made in Section 4.




2. Materials and Methods


2.1. Site, Soil Sampling and Instrumentation


The study site for the hydrological observation and field experiment is located in ZhuLin, Changzhou City in China (Figure 1a). It is part of the Taihu Basin in the Yangtze River Delta and is characterized by flat terrain and a river network. The region has a subtropical monsoon climate with 900–1100 mm annual rainfall and 1000–1500 mm annual evaporation. The soil consists of a 30 m deposit of Quaternary. The upper 0.55–0.6 m soil layer is plain fill with high clay and the lower 0.7–0.9 m consists of silty clay. From 1.9 to 3.2 m below the ground surface, the third layer is mainly composed of silt and silty sand. The phreatic water table level is located at approximately 1 m in depth. The saturated hydraulic conductivity (K) is around 3 × 10−4 m/s according to testing results.



The experimental field is isolated from the surrounding surface water with a waterproof barrier. Two drainage ditches inside and outside the impermeable materials are linked at the outlet leading to a river. Figure 1b shows the layout of the field, which has an area of 798 m2 with a length of 84 m and width of 9.5 m. Measuring instruments installed there included a video camera, a discharge meter next to a V-notch weir, a meteorological station, four soil water profiles, a groundwater observation well and some HOBO data loggers (Figure 2). Meteorological factors such as rainfall, evaporation, temperature, wind speed and direction were measured by the meteorological station. The measurements of soil water content at different depths (10, 20, 40, 60 and 100 cm) of soil profile were performed by the soil water sensors (TDR100, Campbell Scientific) and were recorded at intervals of 10 min in terms of volumetric water content obtained from the TDR signal through the universal calibration curve of Topp et al. [29]. The phreatic water table was recorded continuously with a time step of 5 min by the groundwater observation well. The HOBO data loggers recorded the water table and temperature in the ditch with a time step of 5 min. Detailed information on the vertical layout of the field is shown in Figure 1c.



Soil samples were collected using a corner with a 100 cm3 volume sample ring at 0.10, 0.20, 0.40, 0.60 and 1.00 m depths near the sensor probe below the ground surface in the experimental field. First, the oven-drying method was used to verify the accuracy of the soil water content measured by the sensor. The results indicated that the value measured by the sensor was systematically higher than by the oven-drying method. The range of calibrated soil water content was further determined by the membrane pressure gauge method. The soil water content at a pressure of 0 kPa and 30 kPa was determined as the saturated value (maximum) and the field capacity (minimum), respectively. The rest of the soil water content data were calibrated in proportion. Pan evaporation measured by the evaporation gauge (255-100 Novalynx Analog Output Evaporation Gauge, Campbell Scientific, Inc., Logan, UT, USA) was used to calculate potential evapotranspiration. The physical properties and grain composition of soil samples at 10, 20, 40, 60 and 100 cm depths in the north, center and south of the experimental field were measured by certified professionals. Some of the results are shown in Table 1, which can presumably reflect the spatial heterogeneity of soil.




2.2. Mathematic Model and Parameters


2.2.1. Equations of Saturated-Unsaturated Soil Water Flow


Water moves from where the soil water potential is higher to where it is lower. The soil water potential in the unsaturated zone is constructed of gravitational potential and matric potential, while the saturated zone is composed of gravitational potential and pressure potential. Gravitational potential is expressed as the pressure head of vertical position, z; pressure potential shows as the positive pressure head, h; and matric potential is represented as the negative pressure head, h, based on the assumption of a 0 air pressure. Soil water potential, ψ, is expressed as pressure head, h.



The Darcy Buckingham equation [46] is substituted into the continuity equation based on the principle of mass conservation and the storage term is modified to construct saturated-unsaturated flow conditions, then the 3D Richards equation in partial differential form expressed by the pressure head h is as follows:


    ∂  ∂ x    [   K x  ( h )   ∂ h   ∂ x    ]  +  ∂  ∂ y    [   K y  ( h )   ∂ h   ∂ y    ]  +  ∂  ∂ z    [   K z  ( h ) (   ∂ h   ∂ z   + 1 )  ]  + W =  [   S f   u s  + C ( h )  ]    ∂ h   ∂ t     



(1)




where Kx(h), Ky(h) and Kz(h) are the hydraulic conductivities in the x, y and z directions, respectively; h is the pressure head (L); and W is a volumetric source or sink term (L3·L−3·T−1) including rainfall infiltration, evapotranspiration and so on. C(h) is the specific moisture capacity (L−1); Sf is the saturation ratio (=θ/η); θ is the moisture content; η is the porosity; and us is the specific storage (L−1). Equation (1) involving the saturated zone is called the modified Richards equation [47].



Hydraulic conductivity can be calculated from this empirical equation by the Van Genuchten [48] parametric functions:


     K ( h ) =  K S       [  1 −      |  α h  |    n − 1        (  1 +    |  a h  |   n   )   m     ]   2       (  1 +    |  a h  |   n   )     m 2        h < 0     K ( h ) =  K S    h ≥ 0     



(2)




where Ks is the saturated hydraulic conductivity; h is the pressure head; α and n are fitting parameters in the soil water retention curve; and m = 1 − 1/n, n > 1.



Paniconi et al. [49] modified van Genuchten and Nielsen’s [48] closed-form equation for hydraulic conductivity using the moisture retention curve. Thus, the specific moisture capacity C(h) can be calculated by:


     C ( h ) =   ( n − 1 ) (  θ s  −  θ r  )    | h |    n − 1        |   h s   |   n    ( 1 + β )   m + 1       h ≤  h 0      C ( h ) = 0   h >  h 0      



(3)




where θr is the residual water content; θs is the saturated soil water content; β = (|h/hs|)n; hs is the air entry pressure head (L); n is a fitting parameter in the soil water retention curve; m = 1 − 1/n; and h0 is a parameter solved on the basis of a given value of C(h) = us.




2.2.2. Rainfall Infiltration


Rainfall and evapotranspiration are treated as the volumetric source or sink term (W) in the modified 3D Richards equation. The rainfall is going down and up is taken to be the positive direction for the z-axis, so the infiltration rate of the land surface is defined as Iz2. The value of Iz2 is dependent on the magnitude relationship between rainfall intensity and infiltration capacity, which is equal to the smaller one. The volumetric source from rainfall can be calculated as follows:


   W =  I  z 2   Δ x Δ y   



(4)




where    Δ x Δ y    is the area of the grid cell.




2.2.3. Potential Evapotranspiration


Evapotranspiration in this model is treated as a combination of transpiration and evaporation. Potential evapotranspiration (PET) can be calculated using two different options. The first option is the pan evaporation technique, which requires daily measured pan evaporation values and pan coefficients. In this method, PET is calculated as:


   P E T =  C  p a n    E  p a n     



(5)




where Cpan is the pan coefficient, which is generally equal to approximately 0.7; and Epan is the measured pan evaporation [50]. Actual evaporation (Ea) is assumed to be equal to PET in the moist areas empirically and applied to the land surface as a negative flux boundary condition.





2.3. Boundary Conditions


In this model, variable boundary conditions are used to describe rainfall (infiltration) and evapotranspiration processes. The rainfall reaching the land surface is treated as a specified flux boundary condition. If the total head on the land surface is greater than the maximum ponding depth, this means that the infiltration capacity has been reached and the boundary condition is changed to a specified head boundary condition. Similarly, the evapotranspiration is applied to an outward flux boundary at the surface (i.e., a Neumann boundary) until water arrives at the top surface of the soil. Then, if the soil water content is reduced to a specified minimum water content, the boundary conditions are set to a prescribed minimum pressure (i.e., a Drichlet boundary), which infrequently occurs considering the climate characteristics in this region. The maximum potential evapotranspiration is first calculated [22].



The boundary condition at the bottom was specified as a free drainage condition and the water flux through the bottom was considered as an approximation of groundwater recharge due to the soil water contents in the deep (more than 100 cm) being relatively steady. The soil water pressure and pressure head at the water table at the beginning of each simulation period were used to characterize the initial condition. The soil water pressures can be calculated by the van Genuchten model with the soil water content measured by the soil water content sensor. The measured value of the pressure head at the water table is zero.




2.4. Model Calibration


Relative error (RE), root-mean squared error (RMSE) and the coefficient of correlation (R2) between the simulated and observed soil water content were calculated to evaluate the accuracy of the model [51,52]:


   R E =  |      ∑  i = 1  n    S i        ∑  i = 1  n    O i      − 1  |    



(6)






   R M S E =    1 n    ∑  i = 1  n      (   S i  −  O i   )   2        



(7)




where Oi is the observed; Si the simulated soil water content and n is the sample size. The match between the model prediction and observation increased as the relative error and root-mean squared error decreased.





3. Results and Discussion


3.1. Data Set Analysis


Figure 3 presents several meteorological elements and volumetric soil water content observed at the experimental field during 2014. Rainfall was mostly concentrated between April and September, with the maximum appearing in July reaching about 100 mm a day. The evaporation had roughly same tendency as the daily mean temperature. The trend of soil water content of the topsoil at the depth of 10 cm resembled that of the daily mean temperature and rainfall [53]. It changed less than the daily mean temperature but had large fluctuations (the greatest variation was about 37%) with rainfall. The soil water content at five depths had similar varying tendency, while the fluctuation range became smaller and values gradually increased from a depth of 10 cm to 100 cm. Higher values of soil water content appeared between the depths of 60 cm and 100 cm, ranging from 0.44–0.563.



3.1.1. Effect of Rainfall on the Soil Water Content


To investigate the impact of rainfall on soil water content at different depths, a representative rainfall event was selected to record the soil water content in a soil profile before, during and after it with a time step of one hour (Figure 4a). Before the rain, the soil water content first increases, then decreases with increasing soil depth, where the maximum was 0.458 at a depth of 60 cm. This difference may be caused by the combined effect of evapotranspiration, the supply of shallow groundwater and disparities in soil property at different depths. The increasing soil depth produced a mild drag on the increase of soil water content with the rainfall, which may be due to different field capacities. The soil water content of the topsoil increased greatly at a depth of less than 40 cm and the maximum increment at 0.2 appeared at a 10 cm depth. The soil water content at the depths of 60 cm and 100 cm were similarly always the maximum, while producing relative minimum increments of 0.03 with the rainfall. The soil water content at the depths of 10 cm and 2 0 cm stopped increasing and at 20 cm and 40 cm depths tended to be the same after the rainfall process.



In comparison, the decrease of soil water content is mainly caused by evapotranspiration without human activity. The pan evaporation measured in this experimental field was used to calculate potential evapotranspiration in the model. A 12-day evaporation period is shown in Figure 4b, which indicated that the soil water content decreased mostly at a depth of less than 20 cm, particularly in the topsoil at a 10 cm depth with the evaporation. The differences between Figure 4a,b suggested that the soil water content was more sensitive to rainfall than evapotranspiration and that the effects of rainfall could reach deeper soil layers. Therefore, soil water contents above the 20 cm depth are essentially controlled by rainfall and evapotranspiration [20] and those below the 40 cm depth are mainly controlled by rainfall and shallow groundwater in this field.




3.1.2. Combined Effects of Rainfall and Water Table Depth on Soil Water Content


The experimental field where the study was conducted is a typical site in the Taihu Basin with a river network. Figure 5b–f show the variations in shallow groundwater table (depth: 0.237–1.491 m) and soil water contents (θ: 0.266–0.563) at the depths of 10, 20, 40, 60 and 100 cm during different rainfalls. The annual dynamic changes in Figure 5a presents a positive correlation between the water table depth and soil water content between depths from 10 cm and 60 cm. The soil water content increases with increasing soil depth when the shallow groundwater table falls and is at a relatively low level with no rainfall. However, when the water table starts to rise, the distribution rule begins to be broken due to the rainfall. The soil water content at a depth less than 10 cm can usually go beyond that at depths between 20 cm and 40 cm under rainfall, while the soil water content at depths of 60 cm and 100 cm (θ: 0.44–0.563) are always much greater than the others (θ: 0.266–0.492). Soil water content at a depth of 100 cm is relatively stable with values around 0.513 and its slight increase appears earlier than the rising of the water table. This indicates that the soil water and groundwater are mainly supplied by rainfall and the soil water content at the depths of more than 100 cm can obtain enough recharge from the groundwater [54] by capillary pressure to remain fairly constant when there is little or no rain. However, the soil water content at depths less than 60 cm can increase considerably and quickly with rainfall and decrease gradually with evaporation as it is too far relatively to receive enough groundwater recharge.



Furthermore, the soil water content at a depth of 100 cm decreases when the water table falls to where it is still above the depth of 1 m. This may be due to the falling water table decreasing the pressure on the residual gas in the soil pore, so that the volume of gas becomes relatively greater and the soil water content decreases. Similarly, the special stage where soil water content at a depth of 60 cm exceeds that at a depth of 100 cm occurs when the shallow groundwater table is above a depth of 60 cm for a fairly long period of time. This may be caused by the difference of soil properties [55] at the two depths and the rising water table above a depth of 60 cm increases the pressure on the gas in the soil pore at a depth of 60 cm, which makes the volume of gas relatively smaller and the soil water content greater.



The rainfall conditions and details of shallow groundwater table for Figure 5b–f are given in Table 2. When the rainfall was as small as 9.3 mm (Figure 5b), only the soil water content at depths of 10 cm and 20 cm increased by 0.051 (16.5%) and 0.017 (5.1%), respectively. Instead of rising after the rain, the shallow groundwater table fell by 0.079 m (8.3%). This was because the long period of rainfall before had allowed the water table to rise significantly and then began to fall with evaporation, despite this small rain. At the same time, the soil water content of the deep layers remained relatively stable for capillary rise [56,57]. When the rainfall increased to 17.5 mm (Figure 5c) and 30.8 mm (Figure 5d), the water table rose by 0.065 m (5.2%) and 0.360 m (31.0%), respectively. This difference was caused by a relatively high-intensity rainfall and a low initial water table for the latter. During these two rainfall events, the soil water content at depths of 10, 20 and 40 cm all increased and the increment decreased with the increase of depth, which ranged from 0.091–0.019 (27.7–5.0%) for the former and 0.129–0.025 (46.2–7.1%) for the latter. The difference was that, in the former case, the value of the soil water content at a depth of 60 cm approached that of a depth of 100 cm and remained increasing, while in the latter case, the soil water content at a depth of 100 cm was 0.06 greater and increased much more than that at a depth of 60 cm. This indicates that only when the rainfall intensity is high enough can the soil water content at depths of more than 100 cm increase remarkably or quickly. Additionally, the soil water content at a depth of 60 cm in May was generally greater than that in March, which suggested that evaporation was less able to influence the deep soil layer with the onset of the rainy season and intermittent rains could make the soil water content at depths less than 60 cm change with the seasons [20,53], forming an annual cycle similar to a cosine curve (Figure 5a). However, soil water content and shallow groundwater table tend to be steady values when the rainfall was more intense or heavier. Figure 5e,f show that under rainfalls of 72.3 mm and 138.6 mm, respectively, the rainfall intensity of the former was nearly three times higher than the latter. The soil water content at a depth of 10 cm increased 0.118 more under conditions of higher intensity than a larger amount of rainfall. Although the soil water content at the other depths in the former case all increased normally, only that at a depth of 20 cm increased by 2.7% in the case of the latter. Furthermore, the water table rose by only 0.056 m with the largest amount of rainfall in this study, which was only one tenth that of the former. The differences indicate that the shallow groundwater table is greatly controlled by rainfall and evaporation and the initial depth of the water table decides the sensitivity.



The maximum soil water content varied at different depths and the natural minimum of shallow groundwater table depth was around 0.2 m in the field. Soils were wetted to the degree of saturation from 26.6 to 56.3%. This was closely associated with the soil properties, soil hydraulic properties, capillary action and hydrologic characteristics of the plain river network in this region [57,58,59]. Therefore, it was significant to calculate or calibrate the values of the hydraulic parameters for the five soil zones separately in the model. The ranges of several hydrological factors were accepted by experimental data analysis and provide reference for inputting the model parameters and validating the model.



The relationship between the soil water content (θ) and rainfall (P) or water table depth (H) were analyzed using the Pearson correlation analysis method [60] (Table 3). The soil water contents were positively correlated with rainfall in topsoil, while there was weak correlation between them below the depth of 20 cm as only topsoil water can be replenished when there is not much rainfall. However, the soil water contents were all negatively correlated with the shallow groundwater table to varying degrees and the correlation between the water table and soil water content was relatively strong in the deep soil layers, which was strongest at a depth of 100 cm. The results indicated that the soil water contents in the topsoil at depths between 10 cm and 20 cm were much more affected by meteorological factors than groundwater, while those below depths of 40 cm were related to the shallow groundwater table in the field. High values of soil water content were observed at the deeper soil layers and strong correlation between soil water content and the water table were found at a depth of around 100 cm. The capillary action is significant in this region and the height of this capillary rise can be quite substantial [56,57].





3.2. Parameter Calibration and Model Validation


Based on the field observations and laboratory experiment results, the numerical model was calibrated to identify reasonable values of the parameters. The experimental field was divided into a 98 × 14 × 200 three-dimensional grid of cuboid cells with corresponding measured elevations. The time step-size used in the computation was one hour. Model calibration was based on the data obtained from 1 January to 30 June 2014 using the measured soil moisture contents at various depths (10 cm, 20 cm, 40 cm, 60 cm and 100 cm) as the initial condition. It was found that the change rule of soil water contents at different depths were various when simulating the soil water with observed data as the boundary conditions. Accordingly, each soil layer was independently given hydraulic parameters.



The parameters θr, θs, α, n, Ks and l at the study site were finally identified by calibration and the results are shown in Table 4. To illustrate the performance of the model, comparisons between the simulated and observed values of the soil water content at five depths from 1 January to 30 June 2014 are shown in Figure 6. The agreement of the results is indicated by the relatively large values of R2 and the comparatively small values of RE and RMSE, which are listed in Figure 7 and Table 5.



The model provided good simulations of hourly soil water content compared to the hourly soil water sensor measurements with relatively small RMSE values that were less than 0.05 and comparatively large R2 values of more than 0.6. The values of RE at depths less than 20 cm were over 9%, which were much bigger than those below a 40 cm depth. These discrepancies may be related to uncertainties in the estimation of potential evapotranspiration, which was calculated using pan evaporation data measured out of the experimental field. Additionally, the runoff and discharge in the field deserve further investigation to improve the simulation results [61].



The observed soil water contents increased and decreased more slowly than the simulated values after most rainfall events in the upper layers of soil, while a contrary relationship appeared in the deeper soil layers. A tendency of overall increasing of soil water contents from winter to summer was more obvious in the measurements than simulation. These may be caused by the shallow groundwater table in the field being connected to the water table of the whole plain. Many influential factors can make the shallow groundwater table change out of the control of the direct atmospheric boundary such as irrigations for huge regions of farmland and irregular precipitation in space and time [20,53].



The previously calibrated model was further validated based on the observation data from 1 July to 31 December 2014, using the measured soil volumetric water contents of different soil layers at depths of 10 cm, 20 cm, 40 cm, 60 cm and 100 cm to construct the initial condition. Results are shown in Figure 6. On the whole, the simulated results were close to the observations, especially for the soil water contents in deep soil. The average RMSE and RE values of the soil water content at the five depths were 0.0192 cm3·cm−3 and 2.09%, respectively. The coefficient of correlation (R2 = 0.8119) showed an acceptable correlation between the measured and simulated hourly soil water contents. As indicated in Figure 6, the modeling simulation slightly overestimated the soil water contents at soil depths less than 100 cm, which was the opposite of calibration results. This difference may be caused by the seasonal changes as the observations from summer to winter had the opposite tendency of those from winter to summer, being affected by seasonal variations of several meteorological elements. Moreover, the shallow groundwater table in the study site is controlled by the water table of the whole area and is influenced by anthropogenic recharge and discharge and the temporal and spatial variations of rainfall. Therefore, further investigation will take the problems of a series of uncertain factors and scale in consideration to illustrate the changes in soil water content and improve the model [62,63,64].





4. Conclusions


Soil water is a determinant part in the interaction between surface water and groundwater, both of which are important for crop growth and for farm planning decisions. Furthermore, it affects flood risk mitigation and increases in productivity.



In the present study, to research the temporal and vertical change rule of soil water contents as a typical example for delta plains, two approaches were combined: First, a special experimental field was set up in a delta plain and targeted observations for soil water content were conducted where a series of analyses of soil water content data indicated that soils in this field were wetted to the degree of saturation from 26.6–56.3% and the maximum soil water contents varied at different depths. The capillary action was significant in this region and the height of this capillary rise could be quite substantial and the soil water contents at depths of more than 100 cm could obtain enough recharge from the groundwater to remain fairly constant. Second, a simplified 3D soil water numerical model, especially for delta plains was built, which treated the complete subsurface space as a unified whole and the soil water in the unsaturated zone was integrated with the saturated flow. The simulation results were close to the field observations and followed short-term responses to hydrological events, although the longer-term seasonal trend needed to be improved. The results indicated that the model could be used to calculate soil water content in three dimensions based on the given rainfall data, especially for where the capillary rise of the soil is significant. Temporal and spatial expansion should be the orientation of future research activities. The model should be further improved for long-term simulation suitability and be applied in basin scale.
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Figure 1. Field tests: (a) Site of the study in Taihu Basin; (b) layout of the experimental field; and (c) vertical layout of the field (0.0–2.0 m depth). 
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Figure 2. View of the some measuring instruments installed in the experimental field: (a) meteorological station; (b) soil water profile and sensors; (c) groundwater observation well; and (d) HOBO data logger. 
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Figure 3. Daily mean temperature (°C), evaporation (mm), rainfall (mm) and volumetric soil water contents (cm3·cm−3) at five depths of soil layers: 10, 20, 40, 60 and 100 cm at the experimental field, from 1 January 2014 to 31 December 2014. 
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Figure 4. Soil water content at different depths of a soil profile: (a) during a rainfall event; and (b) during the 12-day evaporation period. Lines B1 to B3, D5 to D30 and A32 to A36 represent the soil water content before, during and after a rainfall event, respectively; the numbers represent the number of hours. Lines Day1 to Day12 show the soil water content from the first day to the twelfth day and the numbers represent the number of days. 
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Figure 5. Rainfall conditions: (a) Shallow water table and soil water contents at 0.10, 0.20, 0.40, 0.60 and 1.00 m soil depths during 2014; (b–f) changes under five different rainfall conditions. 
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Figure 6. Simulated results (curves) versus observed (dots) soil water contents at different depths from 1 January 2014 to 30 June 2014 for calibration (a,c,e,g,i) and from 1 July 2014 to 31 December 2014 for validation (b,d,f,h,j). Daily rainfall measurements were also plotted. 
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Figure 7. Correlation of simulated vs. observed volumetric soil water content (θ) at different depths. Results of the calibration (a,c,e,g,i) and validation (b,d,f,h,j) for the model are shown. 
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Table 1. Physical properties and grain composition of soil samples at different depths in the north, center and south of the experimental field.






Table 1. Physical properties and grain composition of soil samples at different depths in the north, center and south of the experimental field.





	
Soil Sample at Different Depths

	
Unit Weight (g/cm3)

	
Saturated Hydraulic Conductivity (10−4 cm/s)

	
Grain Composition (Particle Diameter)




	
<0.002 (%)

	
0.002–0.05 (%)

	
>0.05 (%)






	
N10 cm

	
1.24

	
7.44

	
29.87

	
57.07

	
13.07




	
N20 cm

	
1.13

	
13.08

	
27.20

	
60.80

	
12.00




	
N40 cm

	
1.44

	
17.71

	
27.73

	
65.07

	
7.20




	
N60 cm

	
1.43

	
23.60

	
33.60

	
59.73

	
6.67




	
N100 cm

	
1.48

	
5.24

	
42.13

	
52.80

	
5.07




	
C10 cm

	
1.12

	
21.98

	
30.40

	
58.67

	
10.93




	
C20 cm

	
1.35

	
2.49

	
29.87

	
61.87

	
8.27




	
C40 cm

	
1.50

	
8.89

	
28.80

	
61.33

	
9.87




	
C60 cm

	
1.47

	
14.98

	
33.60

	
61.33

	
5.07




	
C100 cm

	
1.43

	
7.10

	
39.47

	
56.53

	
4.00




	
S10 cm

	
1.24

	
31.11

	
32.00

	
54.40

	
13.60




	
S20 cm

	
1.21

	
22.14

	
30.40

	
60.27

	
9.33




	
S40 cm

	
1.46

	
8.05

	
31.47

	
63.47

	
5.07




	
S60 cm

	
1.47

	
9.27

	
32.00

	
62.40

	
5.60




	
S100 cm

	
1.48

	
1.23

	
40.53

	
53.33

	
6.13











[image: Table] 





Table 2. Variation of shallow groundwater table under different rainfall conditions.
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	Figure 5
	Rainfall Amount (mm)
	Rainfall Intensity (mm/h)
	Rainfall Duration (mm)
	Water Table Depth 1 (m)
	Water Table Depth 2 (m)
	Water Table Variation (m)





	(b)
	9.3
	1.47
	6.33
	0.955
	1.034
	–0.079



	(c)
	17.5
	2.19
	8.0
	1.255
	1.190
	0.065



	(d)
	30.8
	6.16
	5.0
	1.160
	0.800
	0.360



	(e)
	72.3
	16.07
	4.5
	1.423
	0.840
	0.583



	(f)
	138.6
	5.78
	24.0
	0.290
	0.238
	0.052
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Table 3. Pearson correlation analysis between daily soil water content (θ) and rainfall (P) or water table depth (H) at different soil depths.
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Pearson Correlation Coefficient




	
Soil Depths(cm)

	
P-θ

	
H-θ






	
10 cm

	
0.327

	
–0.680




	
20 cm

	
0.202

	
–0.785




	
40 cm

	
0.179

	
–0.811




	
60 cm

	
0.151

	
–0.759




	
100 cm

	
0.175

	
–0.925
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Table 4. Calibrated hydraulic parameters for the five soil zones in the model.
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	Depth
	θr
	θs
	α (1/cm)
	n
	Ks (10−4 cm/s)
	l





	0~15 cm
	0.10
	0.46
	0.013
	1.48
	2.6
	0.5



	15~30 cm
	0.10
	0.42
	0.0116
	1.35
	1.7
	0.5



	30~55 cm
	0.10
	0.42
	0.009
	1.38
	0.8
	0.5



	55~80 cm
	0.10
	0.50
	0.010
	1.43
	0.4
	0.5



	80~200 cm
	0.10
	0.49
	0.010
	1.42
	0.5
	0.5
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Table 5. The root mean square error (RMSE), mean relative error (RE) and coefficient of correlation (R2) between the simulated and observed soil water contents.
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Soil Depths (cm)

	
Volumetric Soil Water Content




	
RMSE (cm3·cm−3)

	
RE (%)

	
R2






	
Model calibration

	
10

	
0.0363

	
9.03

	
0.8920




	
20

	
0.0343

	
9.25

	
0.9516




	
40

	
0.0225

	
4.84

	
0.8818




	
60

	
0.0239

	
4.34

	
0.9494




	
100

	
0.0094

	
0.35

	
0.6769




	
Model validation

	
10

	
0.0348

	
5.13

	
0.7072




	
20

	
0.0216

	
1.09

	
0.6309




	
40

	
0.0152

	
1.28

	
0.9030




	
60

	
0.0198

	
2.87

	
0.9431




	
100

	
0.0047

	
0.08

	
0.8755
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