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Abstract

:

(1) Background: Simulation of soil water infiltration process and analysis of its influencing factors are important for water resources management. (2) Methods: In this study, the relative contributions of the soil water retention characteristics (SWRC) estimation, initial water content, and constant pressure head at upper boundary to the cumulative infiltration under various soil conditions were quantified based on the 1-D Richards’ equation and 900 scenarios. Scenario simulations were performed for two SWRC estimation methods (Jensen method and Rosetta); three different initial water contents (0.15, 0.20, and 0.25 cm3/cm3); five different constant pressure heads (0.5, 1, 2, 4, and 8 cm); and thirty soil samples with varying texture and bulk density. (3) Results: Rosetta representing the drying branch of the SWRC yielded higher simulated cumulative infiltration compared with the Jensen method representing the wetting branch of the SWRC. However, the Jensen method–predicted cumulative infiltration fluxes matched well with the measured values with a low RMSE of 0.80 cm. (4) Conclusions: The relative contribution of the SWRC estimation method to cumulative infiltration (19.1–72.2%) was compared to that of constant pressure head (14.0–65.5%), and generally greater than that of initial water content (2.2–29.9%). Findings of this study have practical significance for investigating the transport of water, nutrients, and contaminants in the unsaturated zone.
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1. Introduction


Knowledge of the soil water infiltration process is important for the management of water resources across spatio-temporal scale [1]. For example, urban development causes water losses. Some of them can have a substantial effect on the catchment, including soil drought. To estimate water losses due to urbanization, we need to know the process of water infiltration [2,3,4]. In addition, water infiltration has a substantial influence on availability of water and nutrients for plants, microbial activity, and chemical weathering [5,6]. In the 20th century, numerous models were established to study the process of soil infiltration, such as Richards’ equation [7], the Green–Ampt model [8], the Philip model, and the Horton model [9,10]. Richards’ equation had rigorous physical basis since this model was derived based on the Darcy–Buckingham Law and mass conservation for water movement in unsaturated soils [11]. Therefore, it has been often applied as a reference to test the accuracy of the other infiltration models [12,13,14].



Analytical solutions of Richards’ equation require the soil water retention curve (SWRC), which relates pressure head and soil water content. Soil water infiltration has been widely reported to be influenced by the SWRC, which is closely related to basic soil properties (e.g., texture and bulk density) [15]. However, direct measurement of the SWRC is time consuming and laborious [16]. Pedotransfer functions (PTFs) (e.g., Rosetta) were often used to predict the SWRC from easily measurable soil properties [17]. For example, Liao et al. [18] applied PTFs to assess the SWRCs and their spatial variability in Qingdao City, China. Minasny et al. [19] used artificial neural networks (ANNs) coupled with bootstrap aggregation to predict the SWRC and hydraulic conductivities. However, the majority of PTFs were developed to estimate the drying branch of the SWRC and neglected the wetting branch of the curve. The hysteresis phenomenon was always found when measuring the SWRC in laboratory [20,21,22]. Recently, Jensen et al. [23] proposed a theoretical approach to predict the drying branch of the SWRC from soil texture.



Richards’ equation can be solved analytically with simple geometric condition as well as initial and boundary conditions [24,25]. Previous studies have found that soil infiltration was influenced by the initial water content. For example, Hino et al. [26] indicated that the loss of infiltrated rainfall was significantly correlated with the initial water content when it does not exceed the infiltration rate of the soil. Leuther et al. [27] found that the infiltration front stability is dependent on the initial water content of the soil from two orchards in Israel. In addition, the boundary condition was also found to affect the water infiltration of soil in previous studies. As reported by Feng et al. [28], the higher water ponding depth at the soil surface induced a monotonic increase in infiltration rate for a water-repellent sand. A similar result was also observed by Hsu et al. [29] for prewetted sand columns. In this case, the relative impact of the SWRC estimation on the soil infiltration may rely on the settings of the initial and boundary conditions. Previous studies mostly considered only one or two factors affecting soil infiltration (e.g., Hsu et al. [29], Lassabatere et al. [30], and Bughici and Wallach [31]). Only a few studies assessed the coupling effects of multiple factors on soil infiltration. For example, Gong et al. [15] evaluated the coupling effects of surface charges, adsorbed counterions, and grain-size distribution on soil water infiltration. However, the response of soil infiltration to the interactions among the SWRC estimation, initial water content, and boundary condition has been rarely investigated.



The objectives of this study were to (i) compare the Jensen method– and Rosetta-predicted SWRC for simulating soil infiltration process based on an indoor downward water infiltration experiment in a soil column and (ii) quantify the relative contributions of the SWRC estimation, initial water content, and boundary condition to soil infiltration based on scenario analysis, with consideration of various soil conditions.




2. Materials and Methods


2.1. Soil Data Resources


Thirty soil samples were selected from the Unsaturated Soil Hydraulic Database (UNSODA) database [32] (Table 1). The soil particle-size distribution, organic matter content (OMC), and bulk density (BD) of the 30 soils were provided. The modified logistic growth (MLG) model was applied to obtain the full description of soil particle-size distribution [33]:


W = 1/(1 + a * exp (−b * Dc)),



(1)




where W is the cumulative weight percentage (%) corresponding to particle diameter D (μm), and a, b and c are empirical parameters. Figure 1 shows that the predicted cumulative grain-size distribution by using the MLG model matched well with the measured one. The clay (<0.002 mm), silt (0.002–0.05 mm), fine sand (0.05–0.5 mm), and coarse sand contents (0.5–2 mm) of each soil sample were then determined. From Table 1, the BD, OMC, coarse sand, fine sand, silt, and clay contents ranged between 0.72–1.81 g/cm3, 0.00–5.60%, 0.00–80.00%, 4.40–100.00%, 0.00–55.91%, and 0.00–62.00%, respectively, indicating a large discrepancy among different samples. In addition, it was also found that the content of organic matter in soil with low BD was generally higher [34].




2.2. The Jensen Method


Jensen et al. [23] developed a theoretical approach to predict the drying branch of the SWRC from texture by scaling volumetric particle fractions to pore volume fractions. The reason is that there is a similar shape between the particle-size distribution and the SWRC [35]. They proposed five functions for water contents at pF 1.7, 2.0, 2.2, 2.7, and 3.0. Recently, Liao et al. [36] further modified the Jensen method for estimating the wetting branch of the SWRC. For pF 1.7, 2.0, and 2.2, the functions of water contents are expressed as


θ(Ψ) = ω θs (1 − (VCS + β1 VFS) * (VCS + VFS)),



(2)




where ω is an empirical parameter, θs is the saturated water content, VCS and VFS are the relative volume coarse sand and fine sand, respectively, and β1 is a parameter reflecting the water filling degree of the pores of the fine sand fraction. For pF 2.7 and 3.0, the functions of water contents are obtained:


θ(Ψ) = ω θs (1 − (VCS + β1 VFS + β2 VS) * (VCS + VFS + VS)),



(3)




where vs. is the relative volume silt, and β2 is a parameter reflecting the water filling degree of the pores of the silt fraction. The ω and β1 values ranged between 0.63–0.72 and 0.87–0.96 for the five pF values, respectively, while the β2 value equaled to 1 at pF 2.7 and 3.0. The obtained five data pairs of pressure head and water content were then used to parameterize the van Genuchten [20] model to predict the continuous wetting branch of the SWRC. The van Genuchten model is given as


θ(h) = θr + (θs − θr)/[1 + (α h) n] (1 − 1/n),



(4)




where θr is the residual water content (cm3/cm3), and α and n are shape-defining parameters.



Rosetta implemented five hierarchical PTFs for the estimation of SWRC [17]. The hierarchical in PTFs allowed the estimation of van Genuchten model parameters using limited (textural classes only) to more extended (texture, BD, and one or two water retention points) input data. Rosetta was based on ANN analyses combined with the bootstrap method, thus allowing the program to provide uncertainty estimates of the predicted SWRC. In this study, for a comparison purpose, the soil water retention parameters were predicted with both the modified Jensen method [36] (representing the wetting branch of the SWRC) and the Rosetta software [17] (representing the drying branch of the SWRC) using particle-size distribution and bulk density.




2.3. Soil Water Infiltration Experiment


An indoor ponded infiltration experiment was performed in a single vertical column of uniformly packed loam passed through a 2 mm sieve. The soil BD, OMC, coarse sand, fine sand, silt, and clay contents were 1.40 g/cm3, 2.04%, 0.50%, 45.11%, 44.80%, and 9.59%, respectively. θs was determined as 0.372 cm3/cm3 using the gravimetric method, while the saturated hydraulic conductivity (Ks) was measured as 0.057 cm/min in the laboratory by variable falling head method. Figure 2 shows the sketch map of the experiment equipment. The soil column had a size of 60 cm in height and 18.3 cm in width. There were gravel layer and drainage room under the soil column. After installing the soil column, the height of the Markov bottle was then fixed to ensure ponded infiltration under the constant pressure head of 2 cm. The Markov bottle readings were recorded in the process of soil infiltration. The experiment was over when the water was overflowed from the drainage. Due to the short duration of the experiment, the effect of evaporation on soil infiltration can be neglected.




2.4. Numerical Method and Scenario Simulation


The 1-D Richards’ equation was employed to simulate the soil infiltration process and can be formulated as


∂θ/∂t = ∂/∂z [K (∂h/∂z + 1)],



(5)




where t is time, z is the spatial coordinate, and K is the unsaturated hydraulic conductivity, which can be determined by the Mualem [37] model. The solution of Equation (5) requires knowledge of the initial soil profile water distribution:


θ(z, t) = 0.08 cm3/cm3   t = 0,



(6)







The upper boundary condition is defined by the constant pressure head at the soil surface:


h(z, t) = 2 cm   z = 0, t > 0,



(7)







While the lower boundary condition was defined as the free drainage at the depth of 60 cm:


∂h/∂z = 0   z = 60 cm, t > 0,



(8)







The 1-D Richards’ equation was solved by the Galerkin finite element method. In order to assess the coupling effects of the SWRC estimation, initial water content and upper boundary condition on soil infiltration with consideration of various soil conditions, a total of 900 scenarios were established: (i) 30 soil samples from the UNSODA database representing different soil conditions; (ii) two SWRC estimations (using the Jensen method and Rosetta software [17]) reflecting hysteresis impacts on soil infiltration; (iii) three initial water contents which are 0.15, 0.20, and 0.25 cm3/cm3, indicating the relative dry, intermediate and relatively wet conditions, respectively; and (IV) five constant pressure head values (0.5, 1, 2, 4, and 8 cm) at the upper boundary. For each soil sample, the Ks value was estimated with Rosetta using soil texture and bulk density. All scenario simulations were run with the same lower boundary condition (free drainage).




2.5. Evaluation Criteria and Contribution Rate Analysis


The performance of the model was evaluated by the coefficient of determination (R2), the root mean squared error (RMSE). A good model will have a high R2 and low RMSE. The multiple regression method was applied to quantify the relative contribution rates of different influencing factors to cumulative infiltration for each soil sample. The standardized regression equation can be expressed as


YCI = a1 X1 + a2 X2 + a3 X3,



(9)




where YCI is the standardized cumulative infiltration, a1, a2, and a3 are the standardized regression coefficients, and X1, X2, and X3 are the standardized values of the independent variables. The classical approach of the dummy variables was used for qualitative variable, i.e., the SWRC estimation method (1 for Jensen method and 0 for Rosetta software). The relative contribution rate of each factor to cumulative infiltration (CRi) can be calculated as


CRi = |ai|/(|a1| + |a2| + |a3|)



(10)









3. Results and Discussion


3.1. Test of the Jensen Method and Rosetta Software for Simulating Soil Water Infiltration


The Jensen method and Rosetta software were tested for simulating the indoor soil infiltration process. The θs, θr, α, and n values of the soil column obtained by the Jensen method were 0.372 cm3/cm3, 0, 0.0408 cm−1, and 1.430, respectively, while those values predicted with Rosetta were 0.370 cm3/cm3, 0.041 cm3/cm3, 0.0109 cm−1, and 1.517, respectively. As expected, the Jensen method–predicted α was larger than the Rosetta-estimated value. Figure 3a shows the predicted SWRCs of the soil column by using the Jensen method and Rosetta software. A substantial difference was found between the two SWRCs, showing that the Jensen method produced lower water contents than the Rosetta at the same pressure heads. In this case, the Rosetta produced higher simulated cumulative infiltration than the Jensen method using the 1-D Richards’ equation (Figure 3b). The accuracy of the Rosetta was relatively low with a relatively high RMSE of 2.49 cm. However, the Jensen method–predicted values matched well with the measured ones with a low RMSE of 0.80 cm. The positions of the wetting front at different time for the Jensen method and Rosetta software are shown in Figure 4. The wetting front obtained by the Jensen method reached the depths of 18.0, 27.6, and 40.2 cm at time t = 50, 100, and 150 min, respectively, whereas those predicted with Rosetta reached the depths of 28.2, 41.4, and 52.8 cm, respectively. As expected, the simulated wetting front by the Rosetta software advanced more rapidly than that by the Jensen method during the infiltration process.



Previous studies have been conducted to assess the hysteresis effect of SWRC on the water infiltration of various textured soils. Huang et al. [38] indicated that the simulation of the coarse-textured profile water content was improved during the infiltration process when hysteresis was taken into account. In the study by Abbasi et al. [39], a large difference was found between the measured fluxes and non-hysteresis-models-predicted values during the infiltration processes of the loamy and sandy loam soil. In our study, it is suggested that the Rosetta estimating the drying SWRC has to be used with caution when applying this method to simulate the infiltration process. In contrast, the Jensen method representing the wetting SWRC was demonstrated to be capable of predicting the water infiltration of the loam soil. However, this method was still needed to be validated for different textured soils.




3.2. Coupling Influences of the SWRC Estimation, Initial Water Content, and Upper Boundary Condition


Solving 1-D Richards’ equation by different scenarios, 900 cumulative soil infiltration fluxes were obtained. For each soil sample, the average infiltration fluxes decreased as the increase in the initial water content (Figure 5). For example, the average of infiltration fluxes of SC1300 obtained by the Jensen method decreased from 5.62 cm to 5.20 cm as the initial water content increasing from 0.15 cm3/cm3 to 0.25 cm3/cm3. The relative contributions of various factors to cumulative soil infiltration were quantified by the regression method (Figure 6). Results indicated that initial water content had a generally lesser contribution (2.2–29.9%) to cumulative infiltration compared to the SWRC estimation method (19.1–72.2%) and constant pressure head (14.0–65.5%).



From Figure 5, the average infiltration fluxes decreased as increasing initial water content. This finding agreed with classical theory of infiltration that predicted cumulative infiltration to decrease as increases of initial water content [9]. For any SWRC prediction method, an increase in constant pressure head resulted in an increase in infiltration fluxes at any point in time. Therefore, the relationship between constant pressure head and cumulative infiltration was independent of initial water content. The above results are consistent with many previous studies [29,40,41]. In addition, SC4720 with a low OMC and clay content produced higher cumulative infiltration fluxes than SC1300 and SC2020 with a high OMC and clay content at the same initial water content and constant pressure head (Figure 5). Previous studies also observed that various soil conditions (e.g., texture, structure, and OMC) largely influenced soil infiltration and redistribution processes [42,43]. In the study by Franzluebbers [44], the stratification ratio of soil OMC (OMC at 0–3 cm depth divided by that at 6–12 cm depth) was found to control the water infiltration rate. Zhao et al. [42] indicated that a sandy loam soil can produce 23% higher infiltration than the clay and silt loam soils. Therefore, soil infiltration was synthetically affected by the static soil properties and dynamic factors (initial water content and constant pressure head). In previous studies, soil infiltration had also been demonstrated to be affected by soil properties, initial water content, and constant pressure head. For example, in the study by Camps-Roach et al. [45], the dynamic effect of the capillary pressure on water infiltration was related to the soil parameters (e.g., grain-size distributions). Hsu et al. [29] reported that the magnitude of the dynamic effect of capillary pressure depended primarily on the initial moisture content, not the constant pressure head. The results suggested that the effects of different factors on soil infiltration were dynamic and intertwined.



Influences of the SWRC estimation method, initial water content, and constant pressure head on the cumulative infiltration substantially varied under different soil conditions. Figure 7 shows the relationships between the relative contribution of the parameter estimation to soil infiltration and basic soil properties for the 30 soil samples. There was a bell-shape relationship between the relative contribution of the parameter estimation and BD, showing that the BD of 1.40 g/cm3 corresponded to the maximum relative contribution rate. This is related to the similar relationship between the SMBE and BD. However, the relative contribution of the parameter estimation was negatively and positively correlated with the clay and fine sand contents at the 0.01 level of significance, respectively.



The relative contribution of the parameter estimation gradually increased with the soil texture from fine to coarse, yet the relative contribution of the initial and boundary conditions gradually decreased (figures not shown). The reason may be that there was a lager difference between the drying SWRC and wetting SWRC (hysteresis effect) for the coarser-textured soils than for the finer-textured soils [46]. Elmaloglou and Diamantopoulos [47] also found that the hysteresis decreased the soil leakage more in the loamy sand (6.4–10.3%) than in the silt loam (3.6–6.4%). Besides the SWRC estimation method, initial water content, and constant pressure head considered in this study, the vertical heterogeneity of soil texture greatly influenced soil infiltration as reported in the study of Zhu and Mohanty [48]. Huang et al. [38] found that the vertical change of soil texture led to the increase of water storage compared with homogeneous soil profile with similar texture. In addition, climate change and tillage conversion also affected the soil infiltration. For example, air temperature changed the soil evapotranspiration rate and soil moisture content, which in turn influenced soil infiltration [49]. Conversion from conventional tillage to conservation tillage has been demonstrated to increase saturated hydraulic conductivity and water infiltration due to greater soil organic carbon accumulation over time in conservation tillage [50,51]. Therefore, to comprehensively detect the mechanisms of the water infiltration, investigations on the coupling effects of multiple factors (e.g., vertical change of soil texture and hydraulic properties, climate change, and tillage conversion) on soil infiltration under different land use types (e.g., farmland and garden) are still needed for future research.





4. Conclusions


This study compared the derived theoretical functions and Rosetta software for estimating the wetting SWRC of the 30 soil samples from UNSODA and for simulating the infiltration process of a loam soil using a downward infiltration experiment. The Jensen method was found to have better performance in estimating the wetting SWRC and simulating the cumulative infiltration than the Rosetta software in terms of RMSE. The 1-D Richards’ equation and scenario simulation were used to quantify the response of cumulative infiltration to the coupling interactions among SWRC estimation method, initial water content and constant pressure head.



As expected, an increase in constant pressure head resulted in an increase in the cumulative infiltration. The cumulative infiltration decreased as the initial water content increased. The SWRC estimation method and constant pressure head had a generally greater contribution to cumulative infiltration than initial water content. The relative contribution of the SWRC estimation to infiltration had a bell-shape relationship with the BD and a significant (p < 0.01) linear relationship with the clay and fine sand contents. This indicated that influences of the SWRC estimation method on the cumulative infiltration largely depended on the soil condition. The above results suggest that more efforts need to be made to obtain a high-precision SWRC and accurately describe the upper boundary conditions in the simulation of soil infiltration process.
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Figure 1. Measured and predicted cumulative grain-size distribution curve for soil sample with a code of 3340 (SC3340) by using the modified logistic growth model. 
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Figure 2. Sketch map of the soil water infiltration experiment equipment. 
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Figure 3. Comparison of the Jensen method and Rosetta software for (a) estimating the water retention curve of the soil column and (b) simulating the soil infiltration process. 
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Figure 4. Comparison of the wetting front simulated by the Jensen method and Rosetta software at t = 50, 100, and 150 min after the infiltration. 
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Figure 5. Average cumulative infiltration fluxes and their standard deviation (error bars) under three initial water contents and five constant pressure heads at upper boundary for soil samples with codes of (a) 1300, (b) 2020 and (c) 4720. 
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Figure 6. Relative contribution rates of different factors (parameter estimation methods, initial water contents, and constant pressure heads at upper boundary) to cumulative infiltration fluxes for the 30 soils investigated. 
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Figure 7. Relationships between the relative contribution of parameter estimation to cumulative infiltration fluxes and (a) bulk density, (b) clay, and (c) fine sand contents. 
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Table 1. Basic soil properties of the 30 soil samples selected from the Unsaturated Soil Hydraulic Database UNSODA.
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	Soil Code
	Bulk Density (g/cm3)
	Organic Matter (%)
	Coarse Sand (%)
	Fine Sand (%)
	Silt (%)
	Clay (%)





	SC1010
	1.64
	0.01
	7.90
	75.10
	14.00
	3.00



	SC1011
	1.52
	-
	7.30
	75.20
	14.50
	3.00



	SC1012
	1.40
	-
	9.50
	73.00
	15.00
	2.50



	SC1013
	1.49
	-
	8.00
	77.00
	13.00
	2.00



	SC1014
	1.53
	-
	8.40
	78.60
	11.00
	2.00



	SC1015
	1.72
	-
	8.30
	73.70
	12.00
	6.00



	SC1020
	1.61
	-
	80.00
	10.00
	5.50
	4.50



	SC1021
	1.58
	-
	72.00
	17.00
	5.00
	6.00



	SC1022
	1.60
	-
	76.30
	13.00
	6.40
	4.30



	SC1023
	1.67
	-
	78.40
	15.60
	4.00
	2.00



	SC1024
	1.68
	-
	72.30
	22.70
	3.00
	2.00



	SC1030
	1.48
	1.70
	8.60
	70.40
	13.70
	7.30



	SC1031
	1.48
	0.20
	9.30
	69.70
	13.20
	7.80



	SC1032
	1.53
	0.10
	11.00
	69.00
	12.20
	7.80



	SC1041
	1.51
	0.78
	7.50
	85.50
	5.00
	2.00



	SC1300
	1.26
	-
	0.03
	38.81
	29.77
	31.40



	SC1301
	1.27
	-
	0.03
	38.81
	29.77
	31.40



	SC1310
	1.60
	-
	0.00
	95.60
	2.40
	2.00



	SC1410
	1.41
	-
	0.00
	100.00
	0.00
	0.00



	SC2020
	0.72
	5.60
	0.00
	4.40
	33.60
	62.00



	SC2021
	0.89
	5.60
	0.00
	4.40
	33.60
	62.00



	SC2022
	0.75
	5.60
	0.00
	4.40
	33.60
	62.00



	SC2310
	1.71
	-
	9.99
	89.29
	0.72
	0.01



	SC3340
	1.41
	0.89
	16.01
	81.81
	2.17
	0.02



	SC4690
	1.32
	-
	0.06
	23.31
	54.83
	21.80



	SC4700
	1.28
	-
	0.08
	11.21
	55.91
	32.79



	SC4710
	1.28
	-
	0.01
	50.69
	37.79
	11.51



	SC4720
	1.48
	-
	8.90
	82.61
	8.49
	0.00



	SC4940
	1.76
	-
	38.02
	35.11
	0.57
	26.30



	SC4941
	1.81
	-
	40.90
	31.13
	0.27
	27.70
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