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Abstract:



Temperature gradients exist in the field under brackish water irrigation conditions, especially in northern semi–arid areas of China. Although there are many investigators dedicated to studying the mechanism of brackish water irrigation and the effect of brackish water irrigation on crops, there are fewer investigations of the effects of temperature gradient on the water–salt transport. Based on the combination of a physical experiment and a mathematical model, this study was conducted to: (a) build a physical model and observe the redistribution of soil water–heat–salt transfer; (b) develop a mathematical model focused on the influence of a temperature gradient on soil water and salt redistribution based on the physical model and validate the proposed model using the measured data; and (c) analyze the effects of the temperature gradient on the soil water–salt transport by comparing the proposed model with the traditional water–salt model in which the effects of temperature gradient on the soil water–salt transfer are neglected. Results show that the soil temperature gradient has a definite influence on the soil water–salt migration. Moreover, the effect of temperature gradient on salt migration was greater than that of water movement.
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1. Introduction


Freshwater resources are relatively limited [1], but groundwater (or seawater) resources are abundant in many countries or regions [2]. Therefore, the rational use of groundwater resources is an important approach to solve water resource crises [3,4]. Research shows that brackish water irrigation is propitious to crop quality in a certain range of salinity [5,6]. In an agricultural system that involves brackish water irrigation, an interaction occurs between salt and water in the soil [7]. A soil temperature gradient exists in the irrigation system, thereby affecting the transfer of soil water by influencing the physical properties of soil moisture (e.g., surface tension, viscosity coefficient of soil moisture, etc.) [8,9], as well as its state and structure [10]. Soil moisture is a medium of heat and mass transfer, and can induce heat and salt migration. Soil water movement can lead to a new salt concentration and temperature gradient [11]; therefore, the effects of temperature gradient on soil water and salt transport cannot be disregarded [12].



Saline water irrigation was carried out in soil with a clay interlayer, and the law of water and salt transport in soil was studied [13]. There have been several studies on the effects of brackish water irrigation on different crops during a growth period and the effects of saline water on the soil water and salt distribution [14,15,16,17]. However, these studies have mainly focused on studying the distribution of soil water and salt transport in brackish water irrigation, thus neglecting the effects of temperature gradient on the redistribution of water and salt.



The effects of saline irrigation on soil water–heat–salt variation and cotton yield and quality have been studied [18], and the degree of salt stress damage on cotton was weakened by reducing the evaporation of soil, thus increasing the soil temperature and inhibiting the accumulation of salt in the film mulching condition [19]. These studies revealed that soil salt transfer was affected by soil moisture and temperature during salt water irrigation. However, the effects of temperature gradient on the soil water–salt transfer were not considered in these studies.



In general, the infiltration process is very complex. Many studies have built models to accurately study the entire process of infiltration through many experiments and theoretical analysis [20,21,22]. The SWAP model was used to simulate water and salt transport under different conditions of brackish water irrigation. Additionally, reasonable irrigation methods and systems were developed in References [23,24]. The Salt model was used to discuss the effect of irrigation salinity on soil salinity [25]. However, the effects of temperature on water and salt transfer in these models was also neglected.



A model tool was needed to accurately study the effect of temperature on the soil water–salt transfer. As a widely used numerical simulation software, HYDRUS–1D has been used by many previous studies [26,27,28]. However, there were three key challenges during the formulation of the model. The first challenge was that although soil water movement in a partially saturated porous medium has been described by a modified form of the Richards equation, water flow due to thermal gradients was neglected. Second, despite solute transfer being described by partial differential equations governing one-dimensional nonequilibrium during transient water flow in a variably saturated rigid porous medium, the effects of temperature gradient on the solute transfer has not been considered. Finally, our last challenge was that we could not obtain and rewrite the original code due to its commercial nature.



In summary, there are some limitations to the previous studies. First, most experiments focused on the distribution of soil water and salt transport in brackish water irrigation; however, the influence of temperature gradient on the water movement and salt migration were ignored. Second, in some previous water–salt transfer models, the heat flux equation was not considered. Finally, in the water movement and salt migration equations, the soil water movement and salt migration attributed to thermal gradients (e.g., the moisture diffusivity and the salt diffusivity under the influence of temperature gradient) have been neglected in some soil water–heat–salt transfer models such as HYDRUS–1D. Therefore, these studies could not clearly indicate the effects of temperature gradient on soil water–salt transfer.



In the proposed model, to study the effects of temperature gradient on water movement and salt migration, water movement and salt migration equations were improved by adding the moisture diffusivity and the solute diffusion coefficient under the influence of temperature gradient, respectively. The aims of this study were to (a) build a physical model of the non-isothermal vertical soil column in the laboratory; (b) observe the redistribution of the water–heat–salt transfer; (c) develop a mathematical model focused on the influence of temperature gradient on soil water and salt redistribution based on the physical model; (d) validate the proposed model by the measured data and analyze the accuracy of the model; and (e) analyze the effects of temperature gradient on soil water–salt transport by comparing the proposed model with the traditional water–salt model where the effects of temperature gradient on soil water–salt transfer was neglected.




2. Materials and Methods


The topsoil layer (0–20 cm) is located on the land surface, and is easily affected by changes in the external environment. In the soil layer, the high organic matter and soil microorganism contents, as well as the concentrated root distribution substantially affects farm crops. Therefore, study of the relationship among moisture, heat, and salt in the topsoil is important for reasonable irrigation and fertilizer applications. A vertical short soil column was used in this study, and the coupling transportation of moisture, heat, and salt was simulated.



Soil samples were collected from the cultivated land of the Taigu County Fruit Tree Research Institute in Shanxi Province, China. The surface soil is a silty (sandy) loam, and was homogeneous. The main physical parameters of the undisturbed soil included bulk density and field moisture capacity with values of 1.47 g·cm−3 and 0.25 cm3·cm−3, respectively. The undisturbed soil was retrieved for the laboratory and characterized by soil stratification, as well as dried, ground, and mixed.



Vertical soil columns with sealed bottoms and inner diameters and lengths of 8 cm and 30 cm, respectively, were used in this study. Uniform perforation was arranged on the soil column used to insert the temperature sensor. The soil column was filled with layers of soil with bulk density. The waterhead was controlled using a Martensite tube. The heating device was placed above the soil column. Sodium chloride solution was selected as the irrigation salt solution in the experiment. The amount and concentration of the three levels (i.e., W1, W2, and W3) were 295 mL, 2.39 g·L−1; 236 mL, 3.00 g·L−1; and 177 mL, 4.01 g·L−1, respectively. The temperature of each soil layer was measured using a multi-way soil temperature tester. Soil moisture content was determined using the drying method. The salt concentration of the soil solution was determined using a DDSJ–308A conductivity meter. Data were recorded once every 1 h during the observation period. The depth profiles for measuring a variable (e.g., soil water content, temperature, and salt content) were 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20 cm. Figure 1 shows the test equipment.


Figure 1. The test equipment.
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3. Methods


3.1. Description of the Soil Water–Salt Model with Thermal Gradient


Assuming that the soil is homogeneous and isotropic, the soil skeleton does not expand nor shrink. The transfer of water–heat–salt in soil mainly occurs in the vertical direction; therefore, it is considered a one–dimensional problem. The effect of gas phase on the soil was ignored, and local thermodynamic equilibrium conditions were assumed.



3.1.1. Water Movement Equation


Soil is a typical porous medium. In porous media, the motion of fluid satisfies Darcy’s Law. The movement of soil moisture is driven by soil water potential; that is, soil moisture spontaneously moves from the region of high soil water potential to a region of low soil water potential. Moreover, the movement and changes in matter follow the principle of mass conservation. The mass conservation principle is applied as a continuity equation for fluid motion in porous media. In view of the effect of soil temperature gradient on the physical properties of soil moisture, the equation for water movement under the influence of a temperature gradient can be established according to Richards equation and continuity equation.


[image: there is no content]



(1)




where [image: there is no content] is the soil water content (cm3·cm−3); z is the spatial coordinates (in a downward direction) (cm); t is the time (min); T is the temperature (change with time t and spatial coordinate z) (°C); D([image: there is no content]) is the unsaturated soil water diffusivity (cm2·min−1); DT is the moisture diffusivity under the influence of temperature gradient.




3.1.2. Heat Flux Equation of Soil


Soil water movement affects the transformation of soil heat, and heat flow in the soil follows Fourier’s Law. The system follows the law of conservation of energy, and an equation for heat flux influenced by flow can be established.


[image: there is no content]



(2)




where Cv is the soil volumetric heat capacity (J·cm−3·°C−1); Kh is the soil thermal conductivity (10−3 J·cm−1·°C−1); Dh is the soil thermal diffusivity (10−3 cm2·min−1); [image: there is no content] is the soil water density (g·cm−3); Cw is the volumetric heat capacity of soil water (J·cm−3·°C−1); K([image: there is no content]) is the unsaturated soil water conductivity (cm·min−1).




3.1.3. Salt Solution Migration Equation of Soil


Soil moisture is a medium of heat and mass transfer, and can induce heat and salt migration. Solution migration is an immensely complicated phenomenon. First, soil moisture is a medium of salt solution transfer and can induce salt migration. Second, the solute solution migrates from a high concentration to a low concentration gradient when a certain concentration gradient is present in the soil. Finally, the solute enters a small gap from a large gap, and from a small space into an even smaller space in the soil salt solution migration. Therefore, the effect of temperature gradient on the solution migration in the soil cannot be neglected. The equation for soil salt solution migration with soil temperature gradient can be established based on the law of conservation of mass.
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(3)




where c is the soil solution concentration (g·kg−1); Dsh is the hydrodynamic dispersion coefficient; DTM is the diffusion coefficient of the solute with temperature gradient; and q is the soil moisture flux.



Equations for coupled soil water–heat–salt transfer consist of Equations (1)–(3). The mathematical model for the coupled soil water–heat–salt transfer can be established when the initial and boundary conditions are given.




3.1.4. Initial and Boundary Conditions


The initial conditions of the soil water, temperature, and salt concentration at each discretization node in the study area at the beginning of the simulation are expressed as follows:
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(4)
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(5)
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(6)




where z is the depth of soil (cm); t is the time (min); [image: there is no content], [image: there is no content], and [image: there is no content] are obtained by field observation, whilst values at the nodes without field data are obtained by quadratic interpolation method.



The top boundary conditions of the soil water movement and heat flux are the Neumann conditions based on the laws of mass and energy conservation, as follows:


[image: there is no content]



(7)
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(8)







The soil moisture evaporation intensity is E(t). Moreover, q (0, t), E(t), and J (0, t) follow the relationship: q (0, t) = −E(t); J (0, t) = 0. The top boundary condition of the salt concentration is the Cauchy boundary condition, as follows:


[image: there is no content]



(9)







The bottom boundary conditions are the zero-Neumann conditions. The bottom boundary conditions are described as follows:


[image: there is no content]



(10)
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(11)
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(12)




where E (t) is the surface soil evaporation intensity (cm·min−1); G (t) is surface heat flux (W·cm−2); q (0, t) and J (0, t) are the water flux and salt solute flux, respectively, with time at the top of the soil column.





3.2. Description of the Traditional Water–Salt Model Without Thermal Gradient


3.2.1. The Governing Equations


The water movement equation of the traditional water–salt model (without thermal gradient) can be established according to Richards equation and continuity equation.




[image: there is no content]



(13)





The salt solution migration equation of the traditional water–salt model (without thermal gradient) can be established based on the law of conservation of mass.




[image: there is no content]



(14)






3.2.2. Initial and Boundary Conditions


The initial of the traditional water–salt model without thermal gradient can be described as Equations (4) and (6). The top boundary conditions are described as Equations (7) and (9), and the bottom boundary conditions are followed as Equations (10) and (12).





3.3. Determination of Model Parameters


3.3.1. Determination of the Parameters for Soil Water Movement


The relationship between the soil water content and pressure head proposed by van Genuchten [29] is adopted as follows:


[image: there is no content]



(15)







The van Genuchten (VG) equation is applied to determine the unsaturated hydraulic conductivity of soil. The unsaturated hydraulic conductivity can be determined from the characteristic curve of soil water and from the saturated hydraulic conductivity, as follows:


[image: there is no content]



(16)




where [image: there is no content] and [image: there is no content] are saturated and residual values of the soil water content (cm3·cm−3), respectively; m and n0 are shape parameters following the relationship m = 1 − 1/n0, and [image: there is no content] (m−1) is a scaling parameter of the matric potential; Ks is the saturated hydraulic conductivity of soil (cm·min−1); Se, [image: there is no content], and [image: there is no content] follow the relationship:


[image: there is no content]



(17)







In this study, the characteristic curve of soil water and the saturated hydraulic conductivity were measured by pressure membrane and permeability meter, respectively. Parameters [image: there is no content] are obtained as detailed in the model calibration below. Table 1 shows the physical parameters of the soil.



Table 1. The physical parameters of the soil.







	
Depth (cm)

	
[image: there is no content] (g·cm−3)

	
[image: there is no content] (cm3·cm−3)

	
[image: there is no content] (cm3·cm−3)

	
[image: there is no content] (cm3·cm−3)

	
[image: there is no content]

	
[image: there is no content]






	
0–20

	
1.470

	
0.250

	
0.350

	
0.022

	
0.024

	
2.030










The presence of a temperature gradient alters the moisture diffusion rate DT. An empirical formula of temperature gradient was used to describe the effect of temperature on water content as follows [30]:


[image: there is no content]



(18)







The explicit differential equation method was used to separate the equation. According to the estimation from observed data (i.e., the water content and temperature of different sections at different times) in the laboratory test, the discrete equation was solved by programming.



Therefore, DT is a function of temperature T:


[image: there is no content]



(19)







The water balance method was used to calculate soil evaporation, according to the irrigation experiment standard [31]. Soil evaporation can be calculated by the following equation:


[image: there is no content]



(20)




where ET is the farmland evapotranspiration during the calculation period (cm); i is the number of soil layer; N is the total number of total soil layers; Hi is the soil thickness of the layer i (cm); Wi1 is the initial soil moisture content of layer i (cm3·cm−3); Wi2 is the end soil moisture content of layer i (cm3·cm−3); M is the irrigation amount during the calculation period (cm); P is the rainfall during the calculation period (cm); K is the groundwater recharge during the calculation period (cm); and D is the water discharge during the calculation period (cm).



Given that one end of the soil column was sealed with a plastic cloth, then K = 0. Given that the water holding capacity of root layer is larger, then D = 0.




3.3.2. Determination of the Parameters for Soil Heat Transfer


Soil thermal properties mainly include soil heat capacity (Cv), soil thermal conductivity (Kh), and soil thermal diffusivity (Dh). The relationship among the three is as follows:


[image: there is no content]



(21)







Soil heat capacity Cv can be calculated as follows:


[image: there is no content]



(22)




where [image: there is no content]s, [image: there is no content]w, and [image: there is no content]a are the volume of solid matter, water, and gas, respectively, in a unit volume of soil. Cs, Cw, and Ca are the heat capacity of solid matter, water, and gas, respectively.



The unsteady state method was used to calculate soil thermal diffusivity by conducting the horizontal soil column experiment in the laboratory [32].



Kh represents the thermal conductivity of the soil, and is mainly determined from the soil moisture, soil texture, and gaps in the soil. The thermal conductivity can be obtained after having determined soil heat capacity and diffusivity by Equation (21). The relationship between the Kh and water content is as follows:


[image: there is no content]



(23)








3.3.3. Determination of the Parameters for Soil Salt Solution Migration


Sodium chloride solutions are relatively stable and can be transported without chemical reaction. Therefore, the horizontal soil column method [33] was used to measure the hydrodynamic dispersion coefficient of the unsaturated soil when the water body was not considered. The value of the longitudinal dispersion coefficient was 0.99.



The diffusion coefficient of the solute can be affected by temperature gradient. An empirical formula of temperature was used to describe the effect of temperature gradient on the soil salt migration as follows [34]:


[image: there is no content]



(24)




where J is the soil solute flux (mol·m−2s−1).



The explicit differential equation method was used to separate this equation. The discrete equation was solved after the estimations were obtained from the observed data in the laboratory test, such as water content, temperature, and the salt content of different sections at different times. Moreover, DTM is a function of temperature T:


[image: there is no content]



(25)









3.4. Modeling Strategy


3.4.1. Calibration


The implicit difference and central difference methods were used to discretize the governing equations. The water movement, heat flux, and salt solution migration equations were solved with an iterative Newton–Raphson technique. Before the model could be used to simulate, the relevant parameters had to be determined. The parameters [image: there is no content], which were used to compute the unsaturated soil water conductivity of the soil, were determined in the calibration process. The least square method was used to establish the objective functions, and the objective function is expressed as follows:


[image: there is no content]



(26)




where [image: there is no content] is the measured water content in sample i in the experiment of the characteristic curve for soil water (cm3·cm−3); [image: there is no content] is the soil water potential corresponding the measured water content (cm); [image: there is no content] is the soil water content calculated by Equation (15); X is the parameter vector ([image: there is no content]), which will be determined; N is the number of measured point samples.



A hybrid genetic algorithm [35] was employed to optimize these parameters in this study, because determining them manually would have been a tedious job. The optimized parameters are listed in Table 1.



The incremental time step [image: there is no content] and spatial step [image: there is no content] adopted were 1 (min) and 0.01 (m), respectively. The tolerant differential errors of h, T, and c between any two consecutive computational times were 0.01 (cm) H2O, 0.01 (°C), and 0.01 (g·kg−1) at the steady state, respectively. Moreover, tolerances [image: there is no content] of h, T, and c were 0.1 (cm) H2O, 0.1 (°C), and 0.1 (g·kg−1), respectively, to prevent the occurrence of any undesirable numerical instability during the modeling process.



To further test the accuracy of the simulation results obtained using the proposed model, the simulated soil moisture content, temperature, and salinity were compared with the measured values. Mean absolute error (MAE) and root mean square error (RMSE) were used as criteria for evaluating the model [36]. The MAE values were estimated as:


[image: there is no content]



(27)




and RMSE values were estimated as [37]:


[image: there is no content]



(28)




where N is the number of observed point samples for the variable; yi is the predicted value of a variable (the water content, temperature, and salinity); xi is the observed values of a variable (the water content, temperature, and salinity).




3.4.2. Validation/Prediction


Based on the calibrated model, profiles of soil water content, temperature, and salinity were simulated. As the initial values of the model, the soil water content, temperature, and salt content of the soil were measured one hour after irrigation. Simulations were carried out in three phases: Phase 1 (from 0–60 min), Phase 2 (from 0–180 min), and Phase 3 (from 0–1440 min). Moreover, simulations were carried out under two conditions: Condition 1 and Condition 2. Under Condition 1, the temperature gradient was considered in the water–salt transfer model (in fact, this was a coupled water–heat–salt transport model); and under Condition 2, the temperature gradient was ignored in the water–salt transfer model, which consisted of the water movement and salt transfer equations without temperature gradient.






4. Results and Discussion


4.1. Simulation Results and Analysis


Figure 2a,b show that the simulated values of soil water content first increased (peaked near 6–8 cm deep) with soil depth, and decreased eventually in Phases 1 and 2. This was due to the lower viscosity and tension of soil water with considerably higher soil temperature in the upper soil column than the lower soil column. Thereafter, the soil water movement was faster in the higher layers of the soil column than in the lower layers. The soil water accumulated in the middle layer; however, the simulated values of the soil water content increased gradually with soil depth in Phase 3. This was mainly due to the sealed bottom that caused the soil water to accumulate at the bottom of the column. The difference (shown in Figure 2c) was that the simulated values of the soil water content first increased (peaked near 6–8 cm deep) with soil depth, and decreased eventually in all phases.


Figure 2. Comparison between the simulated and measured values of soil water content with depth and time under the condition of different irrigation amounts.
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There were significant differences in the decrease of soil water content on the soil surface under different irrigation conditions. These differences followed the W1 > W2 > W3 pattern. This was mainly because the greater the irrigation amount, the greater the evaporation intensity of the soil surface [38]. In this study, the average evaporation intensity at the W1 level was 1.08 times and 1.66 times greater than that of W2 and W3 levels, respectively.



Under different irrigation treatments, the simulated curves of the water content showed roughly the same trend with time and soil depth. At <13 cm deep, soil water content gradually decreased with time as cumulative evaporation was greater with time in the upper soil layer; thus, soil water potential decreased, and the subsoil water moved upwards. Therefore, the evapotranspiration of the soil could continue; however, some soil water moved downwards due to the gravitational potential. The maximum amplitude reduction of the soil water content was at the peak during the whole simulated period. At levels W1, W2, and W3, the amplitude reduction of the soil water content was 0.0371 cm3·cm−3, 0.0186 cm3·cm−3, and 0.0298 cm3·cm−3, respectively, during the whole simulated period. Moreover, the decrease rate of soil water at the peak decreased with time. In Phase 1, at levels of W1, W2, and W3, the decrease rate of soil water at the peak was 1.83 × 10−4 cm3·cm−3·min−1, 0.633 × 10−4 cm3·cm−3·min−1, and 1.13 × 10−4 cm3·cm−3·min−1, respectively. However, at levels W1, W2, and W3 in Phase 3, the decrease rate of soil water at the peak was 2.57 × 10−5 cm3·cm−3·min−1, 1.29 × 10−5 cm3·cm−3·min−1, and 2.06 × 10−5 cm3·cm−3·min−1, respectively. At >13 cm deep, soil water content gradually increased with time, mainly from the accumulated soil water accumulated at the bottom of the column due to the sealed base. The maximum increase amplitude of the soil water content was at the bottom of the soil column during the whole simulated period. During the whole simulated period, at levels W1, W2, and W3, the increase amplitude of the soil water content was 0.0457 cm3·cm−3, 0.0312 cm3·cm−3, and 0.0840 cm3·cm−3, respectively. Moreover, there was an increased rate of soil water at the bottom over time, with an increase rate of soil water at the bottom of 6.11 × 10−4 cm3·cm−3·min−1, 2.83 × 10−4 cm3·cm−3·min−1, and 3.00 × 10−4 cm3·cm−3·min−1, respectively, at levels W1, W2, and W3 in Phase 1. However, in Phase 3 at levels W1, W2, and W3, the decrease rate of soil water at the bottom was 3.17 × 10−5 cm3·cm−3·min−1, 2.16 × 10−5 cm3·cm−3·min−1, and 5.83 × 10−5 cm3·cm−3·min−1, respectively.



A comparison of Figure 2a–c shows that the simulated accuracy of water content at level W3 was lower than that of levels W1 and W2. This was mainly from the enlarged effect of vapor on soil water movement due to less soil water content and more soil voids with less irrigation [39,40].



Figure 3a–c show that under different irrigation treatments, the simulated curves of the soil temperature showed roughly the same trend with time and soil depth. Additionally, they showed that soil temperature decreased with soil depth, and the difference between the upper and lower soil layer temperature decreased with time. This was mainly due to the application of a heat device above the soil column before the start of the experiment, and the removal of the heat device after the start of the experiment had commenced.


Figure 3. Comparison between the simulated and measured values of soil temperature with depth and time under the condition of different irrigation amounts.



[image: Water 09 00456 g003]






At <4 cm deep, the soil temperature decreased obviously in Phase 1. The amplitude reduction of soil temperature on the surface followed the W1 > W2 > W3 pattern, which was 2.81 °C, 2.09 °C, and 2.05 °C, respectively. This was mainly because the soil column heat transported from the inside to outside due to the removal of the heat device at the beginning of the experiment; whereas in the initial stage of the experiment, evaporation at the W1 level was 1.03 times and 1.07 times greater than that of the W2 and W3 levels, respectively. Therefore, the greater the evaporation, the more energy dissipated [41,42]. At >4 cm deep, the soil temperature increased gradually with time. Moreover, the increase amplitude of the soil temperature was largest at 6–8 cm deep.



After 60 min, at <9 cm deep, the soil temperature decreased with time. The maximum amplitude reduction of the soil temperature was on the surface during the whole simulated period. At levels W1, W2, and W3, the amplitude reduction of the soil temperature was 3.2 °C, 2.37 °C, and 2.33 °C, respectively; moreover, the decrease rate of the soil temperature decreased with time. In Phase 2 at levels W1, W2, and W3, the decrease rate of soil temperature on the surface was 0.016 °C·min−1, 0.012 °C·min−1, and 0.012 °C·min−1, respectively. However, in Phase 3 (at levels W1, W2, and W3), the decrease rate of soil temperature on the surface was 0.0022 °C·min−1, 0.0017 °C·min−1, and 0.0016 °C·min−1, respectively. At >9 cm deep, the soil temperature increased with time, and the maximum increase amplitude of the soil temperature was at the bottom, which was 0.32 °C, 0.36 °C, and 0.43 °C, respectively, during the whole simulated period. Furthermore, the increase rate of soil temperature decreased with time. At the Phase 2 levels W1, W2, and W3, the increase rate of soil temperature at the bottom was 0.0007 °C·min−1, 0.0009 °C·min−1, and 0.0018 °C·min−1, respectively. However, in Phase 3, at levels W1, W2, and W3, the increase rate of soil temperature at the bottom was 0.00020 °C·min−1, 0.00025 °C·min−1, and 0.00029 °C·min−1, respectively.



These results showed that at the same depth and time interval, the increase of soil temperature followed a W1 < W2 < W3 pattern. This was mainly due to the fact that the greater the irrigation amount, the greater the soil water content in the soil column, thus, in the process of soil redistribution, the increase in soil temperature with a higher water content was smaller because of the larger heat capacity of water than soil [43].



Figure 4a,b show that the simulated values of soil salt content first increased (peaked near 6–8 cm deep) with soil depth before decreasing. This trend was similar to the trend of soil water content with soil depth, mainly because a larger water content meant that more salt would be carried in the process of migration.


Figure 4. Comparison between the simulated and measured values of soil salt content with depth and time under the condition of different irrigation amounts.



[image: Water 09 00456 g004]






There were significant differences in the decrease of soil salt content on the soil surface under different irrigation conditions. These differences followed the W1 < W2 < W3 pattern, where the more soil water decreased, the more salt content increased. In this study, the evaporation intensity on the soil surface was the highest [42].



Under different irrigation treatments, the simulated curves of the soil salt content showed roughly the same trend with time and soil depth. At <3 cm deep, the salt content decreased with time in Phases 1 and 2, but increased with time in Phase 3.



At 3 cm < z < 13 cm deep, the soil salt content decreased with time given that the solute transport was based on soil water, and the soil water content of the lower layer increased due to the downward movement of soil water by gravity in the process of soil water redistribution. The maximum increase amplitude of the soil salt content was at the peak during the whole simulated period. At levels W1, W2, and W3, the increase amplitude of the soil salt content was 0.0332 g·kg−1, 0.0284 g·kg−1, and 0.0472 g·kg−1, respectively, during the whole simulated period. Moreover, the increase rate of soil salt content at the peak decreased with time. In Phase 1 at levels W1, W2, and W3, the increase rate of soil salt content at the peak was 2.31 × 10−4 g·kg−1·min−1, 1.93 × 10−4 g·kg−1·min−1, and 2.86 × 10−4 g·kg−1·min−1, respectively. However, in Phase 3, the increase rate of soil salt content at the peak was 2.30 × 10−5 g·kg−1·min−1, 1.97 × 10−5 g·kg−1·min−1, and 3.27 × 10−5 g·kg−1·min−1 for levels W1, W2, and W3, respectively. Given that the soil temperature was the highest at the top of soil column, water conductivity increased due to less viscous force and surface tension. In the process of downward migration, the solubility of soil salinity decreased with soil depth, as the lower soil temperature was lower than the upper soil temperature. Thus, the soil salt accumulated, and the salt molecule had a certain effect on water absorption [19], which made the soil water and salt of the lower soil layer migrate upward. Therefore, the salt content increased in the middle of the soil column.



At >13 cm deep, the soil salt content decreased with time. The maximum amplitude reduction of the soil temperature was at the bottom during the whole simulated period. Moreover, the decrease rate of the soil salt content decreased with time. In Phase 1 at levels W1, W2, and W3, the decrease rate of soil salt content at the bottom was 1.53 × 10−4 g·kg−1·min−1, 0.85 × 10−4 g·kg−1·min−1, and 0.71 × 10−4 g·kg−1·min−1, respectively. However, at levels W1, W2, and W3 in Phase 3, the decrease rate of soil salt content at the bottom was 0.49 × 10−5 g·kg−1·min−1, 1.07 × 10−5 g·kg−1·min−1, and 4.43 × 10−5 g·kg−1·min−1, respectively.



Compared with Figure 4a–c, at level W1, the soil salt content increased with time in Phases 2 and 3. This was mainly because there was more evaporation on the soil surface at the level W1 than at levels W2 and W3, which made the soil water decrease and the soil salt content increase slightly at the bottom.




4.2. Error Analysis of Simulated and Observed values


The relative and absolute errors of the simulated and observed values for soil water content, temperature, and salt content under the different conditions in the three phases were calculated, and the results are shown in Table 2, Table 3 and Table 4.



Table 2. Error between the simulated and observed values for soil water content under the different conditions.







	
Phase

	

	
Condition One

	
Condition Two




	
W1

	
W2

	
W3

	
W1

	
W2

	
W3






	
One

	
MAE

	
0.0014

	
0.0023

	
0.0056

	
0.0021

	
0.0027

	
0.0085




	
RMSE

	
1.02

	
1.45

	
12.53

	
1.64

	
1.96

	
16.91




	
Two

	
MAE

	
0.0019

	
0.0036

	
0.0060

	
-

	
-

	
-




	
RMSE

	
1.56

	
2.31

	
6.80

	
-

	
-

	
-




	
Three

	
MAE

	
0.0021

	
0.0033

	
0.0091

	
0.0041

	
0.0052

	
0.0131




	
RMSE

	
1.95

	
2.91

	
9.91

	
3.14

	
4.08

	
13.19








MAE is the mean absolute error, (cm3·cm−3); RMSE is the root mean square error, (%).








Table 3. Error between the simulated and observed values for soil temperature under the different conditions.







	
Phase

	

	
Condition One

	
Condition Two




	
W1

	
W2

	
W3

	
W1

	
W2

	
W3






	
One

	
MAE

	
0.1476

	
0.0523

	
0.0653

	
-

	
-

	
-




	
RMSE

	
1.05

	
0.20

	
0.23

	
-

	
-

	
-




	
Two

	
MAE

	
0.0421

	
0.0638

	
0.0399

	
-

	
-

	
-




	
RMSE

	
0.16

	
0.24

	
0.16

	
-

	
-

	
-




	
Three

	
MAE

	
0.0384

	
0.0438

	
0.0597

	
-

	
-

	
-




	
RMSE

	
0.17

	
0.19

	
0.22

	
-

	
-

	
-








MAE is the mean absolute error, (°C); RMSE is the root mean square error, (%).








Table 4. Error between the simulated and observed values for soil salt content under the different conditions.







	
Phase

	

	
Condition One

	
Condition Two




	
W1

	
W2

	

	

	
W1

	
W2






	
One

	
MAE

	
0.0042

	
0.0059

	
0.0067

	
0.0061

	
0.0067

	
0.0118




	
RMSE

	
6.35

	
9.37

	
17.62

	
15.24

	
15.88

	
48.61




	
Two

	
MAE

	
0.0042

	
0.0045

	
0.0069

	
-

	
-

	
-




	
RMSE

	
6.99

	
8.62

	
20.11

	
-

	
-

	
-




	
Three

	
MAE

	
0.0041

	
0.0066

	
0.0089

	
0.0074

	
0.0079

	
0.0139




	
RMSE

	
4.32

	
10.09

	
20.54

	
13.09

	
15.81

	
43.25








MAE is the mean absolute error, (g·kg−1); RMSE is the root mean square error, (%).








By using the proposed mathematical calculation for soil water–heat–salt transfer, Table 2, Table 3 and Table 4 demonstrate the high accuracy of the simulation results in the soil column for the changed dynamic in simulating soil moisture, temperature, and salt content, respectively.




4.3. Sensitivity Analysis


Given the effects of temperature gradient on water movement and salt migration, the simulated curves of the water content, temperature, and salt content were obtained under the two conditions, and are shown in Figure 5 and Figure 6.


Figure 5. Comparison between the simulated and observed values for soil water content at different soil depths under Conditions 1 and 2.
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Figure 6. Comparison between the simulated and observed values for soil salt content at different soil depths under Conditions 1 and 2.
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Figure 5a–f show that regardless of whether the effects of temperature gradient on the water–salt transfer were considered, the simulated curves of water content showed roughly the same trend in Phase 1. Figure 5a,c,e show that the simulated values of water content under Condition 1 were smaller than those of Condition 2. This was because the effect of temperature gradient on soil water movement could be realized based on affecting moisture diffusivity. The moisture diffusivity increased due to the temperature gradient, and the speed of soil water movement downward was accelerated by moisture diffusivity. In addition, the differences between the simulated values of water content under both conditions decreased with soil depth because the soil temperature was highest and temperature gradient was largest on the topsoil, and decreased with soil depth. At levels W1, W2, and W3, the moisture diffusivity of the top (under the influence of temperature gradient) was 1.57 times, 1.42 times, and 1.33 times greater than that of the bottom during this period, respectively.



Figure 5b,d,f show that at levels W1 and W2, the simulated values of soil water content increased with soil depth; however, the simulated values of soil water content decreased with soil depth at level W3. The simulated values of soil water content under Condition 1 were smaller than that of Condition 2. Moreover, the differences between the simulated values of water content under both conditions decreased with a decrease in irrigation amount because at the end of the experiment, the temperature of the upper and lower soil layers reached a constant value. Additionally, moisture diffusivity under the influence of temperature gradient at level W1 were 1.17 times and 1.44 times greater than that of conditions W2 and W3, respectively. Therefore, moisture diffusivity under the influence of temperature gradient and the differences between the simulated values under both conditions decreased with a decrease in irrigation amount.



Figure 6a–f show that there was a great difference in the salt migration regardless of whether the temperature gradient was considered. At <3 cm deep, the simulated values of soil salt content under both conditions increased with soil depth; however, the simulated values under Condition 2 were obviously smaller than that of Condition 1. At levels W1, W2, and W3, the simulated values of soil salt content on the topsoil under condition one were 0.0491 g·kg−1, 0.0509 g·kg−1, and 0.0793 g·kg−1, respectively, which were smaller than that of Condition 2. These indicate that the difference between the simulated value of the soil salt content under both conditions increased with a decrease in irrigation amount, mainly because the effect of temperature gradient on soil salt migration was realized based on affected solute diffusivity. Solute diffusivity increased with the higher temperature on the topsoil before the downward speed of the soil salt transfer increased. Therefore, compared with Condition 2 (where the temperature gradient was ignored), the simulated values of soil salt content were smaller under Condition 1. The difference between the simulated values under both conditions decreased with the decrease in irrigation amount as at level W3, solute diffusivity under the influence of temperature gradient was 1.12 times and 1.26 times greater than that of levels W1 and W2, respectively.



Under both conditions at >3 cm deep, the simulated values of soil salt content were the first to increase (peaked near 6–8 cm deep) with soil depth, before gradually decreasing. However, the simulated values under Condition 1 were significantly greater than those of Condition 2 (at 6–8 cm deep, the difference between the simulated values under both conditions was the largest). Moreover, the difference between the simulated values under both conditions decreased with soil depth because the speed of soil salt transfer under Condition 1 was greater than that of Condition 2 due to the effect of temperature gradient on solute diffusivity. Additionally, at levels W1, W2, and W3, the average solute diffusivity of the topsoil was 19.65%, 18.74%, and 18.65%, respectively, which were higher than that of the bottom layer. These results indicated that solute diffusivity decreased with soil depth due to a decreasing temperature gradient. This resulted in the accumulation of salt in the lower layer, and the accumulation of soil salt content under Condition 1 was greater than that of Condition 2. The influence of soil temperature on solute diffusivity decreased due to the decreasing temperature gradient with soil depth. Therefore, the difference between the simulated values under both conditions decreased with soil depth through solute diffusivity.



To study the effect of temperature on soil water–salt transfer more clearly, the error between the simulated and observed values for soil water content and salt content under both conditions are shown in Table 2 and Table 4.



Table 2 shows that in comparison with the observed values, in Phase 1, at levels W1, W2, and W3, the mean absolute error of the soil water content under Condition 2 was 1.500 times, 1.174 times, and 1.517 times, respectively, all of which were greater than that of Condition 1; the maximum root mean square error under Condition 2 was 1.608 times, 1.352 times, and 1.400 times, respectively, all of which were greater than that of Condition 1. In Phase 3, the mean absolute error of the soil water content under Condition 2 was 1.952 times, 1.576 times, and 1.440 times, respectively, all of which were greater than that of Condition 1; the maximum root mean square error under Condition 2 was 1.610 times, 1.402 times, and 1.330 times, respectively, all of which were greater than that of Condition 1. These results indicated that there was higher accuracy for the soil water content under Condition 1 than Condition 2, mainly because the temperature gradient existed in the soil column in this study, although the heat device was removed at the beginning of the test. Some soil water physical properties (e.g., soil water viscosity and surface tension) were changed due to the temperature gradient, and thereby soil water movement was affected. Therefore, the simulation accuracy was reduced when the effect of temperature gradient on soil water movement was ignored in the presence of temperature gradient.



Furthermore, Table 2 shows that when using the proposed model, the simulated accuracy for the soil water content with a larger irrigation amount was higher than that of less irrigation. This indicated that the simulated accuracy for the soil water content increased with the increase in irrigation amount. In addition, in Phase 1, at levels W1, W2, and W3, the maximum root mean square error for soil water content under Condition 1 was 0.62%, 0.51%, and 4.38%, respectively, all of which were lower than that of Condition 2; in Phase 3, at levels W1, W2, and W3, the maximum root mean square error for soil water content under Condition 1 was 1.19%, 1.17%, and 3.28%, respectively, all of which were lower than that of Condition 2. These results indicated that when the amount of irrigation was less, the effect of temperature gradient on the water movement was more obvious.



Table 4 shows that compared with the observed values, in Phase 1, at levels W1, W2, and W3, the mean absolute error of the soil salt content under Condition 2 was 1.452 times, 1.136 times, and 1.761 times, respectively, all of which were greater than that of Condition 1; and the maximum root mean square error under Condition 2 was 2.470 times, 1.695 times, and 2.759 times, respectively, all of which were greater than that of Condition 1. In Phase 3, the mean absolute error of the soil salt content under Condition 2 was 1.805 times, 1.197 times, and 1.562 times, respectively, all of which were greater than that of Condition 1; and the maximum root mean square error under Condition 2 was 3.030 times, 1.567 times, and 2.106 times, respectively, all of which were greater than that of Condition 1. These results indicated that simulated accuracy for the soil salt content under Condition 1 was higher than that of Condition 2 given that the soil water was the carrier of soil salt, so the effect of temperature gradient on soil salt migration was mainly reflected in the effect of temperature gradient on soil water movement and solute diffusivity. In this study, the temperature gradient existed, and would inevitably affect the migration process of soil salinity; therefore, simulation accuracy was reduced when the effect of temperature gradient on soil salt migration was ignored in the presence of temperature gradient.



Furthermore, Table 4 shows that in Phase 1, level W1, using the proposed soil water–heat–salt transfer model, the mean absolute error for the soil salt content was 3.02% and 11.27% lower than levels W2 and W3, respectively; and in Phase 3, level W1, the mean absolute error for the soil salt content was 6.23% and 16.22% lower than the levels of W2 and W3, respectively. Therefore, the results indicated that the simulated accuracy for the soil salt content increased with the increase in irrigation amount. In addition, in Phase 1, at levels W1, W2, and W3, the maximum root mean square error for soil salt content under Condition 1 was 8.89%, 6.51%, and 30.99%, respectively, all of which were lower than that of Condition 2; and in Phase 2, at levels W1, W2, and W3, the maximum root mean square error for soil salt content under Condition 1 was 8.77%, 5.72%, and 22.71%, respectively, all of which were lower than that of Condition 2. These results indicated that with a smaller amount of irrigation, the effect of temperature gradient on soil salt migration was more obvious; and the simulated accuracy for soil salt content under the condition of less irrigation amount was significantly improved when the effect of temperature gradient on soil salt migration was considered.



In summary, this study showed that there was a certain influence on soil water movement and salt migration due to the existence of the soil temperature gradient; moreover, the effect of temperature gradient on salt migration was greater than that of water movement. When the mathematical model was used to study the coupling of the water–salt transfer, the influence of temperature gradient on the process of transfer could not be ignored.





5. Conclusions


In this study, based on the method of combined laboratory experiments and numerical models, the effects of temperature gradient on soil water–salt transfer were studied. The relationship among soil water, heat, and salt transfer was established by considering the influences of temperature gradient on the soil water and salt redistributions through a mathematical model for soil water–heat–salt transfer under non–isothermal conditions. The experimental data were used to evaluate the proposed model. Our results showed that the proposed model demonstrated high accuracy in predicting changes in soil water, temperature, and salt as a function of time and soil depth. Moreover, compared with the simulated curves of soil water and salt by the traditional soil water–salt transfer model, the effects of temperature gradient on soil water–salt transfer could be shown more clearly. This showed that there was a certain influence on soil water movement and salt migration due to the existence of the soil temperature gradient, and the effect of temperature gradient on salt migration was greater than that of water movement. Therefore, the influence of the temperature gradient on the process of soil water–salt transfer cannot be ignored when studying the soil water–salt transfer.



Given that the laboratory experiments differed in a few ways from what could be expected in actual field conditions, dealing with the upper and bottom boundary conditions, the effects of groundwater on soil temperature are concerns that must be considered to improve the proposed model for more realistic field situations.
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