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Abstract

:

In a seasonally frozen soil area, there is frequent energy exchange between soil and environment, which changes the hydrological cycle process, and then has a certain impact on the prediction and management of agricultural soil moisture. To reveal the effects of different modes of regulation on the energy budget of soil in a region with seasonally frozen soil, four treatments, including the regulation of bare land (BL), biochar (CS), and straw (JS), and the combined regulation of biochar and straw (CJS), were used in field experiments. The variations in the soil temperature, liquid water content, and total water content were analyzed, the energy budget of the soil was calculated, the response functions of the soil energy were determined, and the mechanism of soil energy transfer was elucidated. The results showed that, during the freezing period, the JS treatment reduced the amplitudes of the variations in the soil temperature and liquid water content and increased the water content at the soil surface. During the thawing period, the CJS treatment effectively improved the soil hydrothermal conditions. During the freezing period, the heat absorbed by the CS and JS treatments reduced the fluctuation of the soil energy budget. At a soil depth of 10 cm, the spectral entropy of a time series of the soil net energy was 0.837 under BL treatment, and the CS, JS, and CJS treatments decreased by 0.015, 0.059, and 0.045, respectively, compared to the BL treatment. During the thawing period, the CS treatment promoted energy exchange between the soil and the external environment, and the spectral entropy of a time series of the soil net energy was increased; the JS treatment had the opposite effect. The CJS treatment weakened the impact of environmental factors on the soil energy budget during the freezing period, while it enhanced the energy exchange between the soil and the environment during the thawing period. This study can provide important theoretical and technical support for the efficient utilization of soil hydrothermal resources on farmland in cold regions.
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1. Introduction


It is generally known that seasonally frozen soil, as part of the Soil–Plant–Atmosphere Continuum system, frequently alternates between freezing and thawing and is the main location of energy–water–gas exchange between the atmosphere and land surfaces in cold regions [1,2,3]. The freeze–thaw process of soil changes the effects of sensible heat and latent heat between the soil and the atmosphere and affects the hydraulic properties of the soil itself, which directly affects the process of soil water migration [4,5]. As a result of thawing–freezing, water in the soil undergoes a phase change and redistribution; under the influence of the water potential gradient, water migrates to the frozen front, leading to an increase in the total water content in the frozen zone [6,7,8]. Moreover, in the period of soil melting, the thawed water infiltration increases the amount of water in shallow soil layers and reduces the transfer and dissipation of heat in the soil, which has a significant effect on mitigating water resources shortages and spring drought and correspondingly benefiting for crop growth at the seedling stage [9,10]. Therefore, the energy transfer between soil and environment affects the interaction effect of water and heat in soil [11,12,13].



As an important agricultural measure, soil cover can significantly regulate soil moisture and has attracted the attention of scholars in China and abroad. As early as the 1930s, Hallsted et al. [14] studied the ecological effects of the use of straw cover on farmland. Since then, many scientists have built upon this work and continued to study this area, and the research contents have mainly included the hydrothermal energy transfer in the soil, soil nutrients, and the evolutionary pattern of microbial activities under cover conditions. Specifically, Nagare et al. [15] carried out an indoor one-way freezing simulation to study the spatial redistribution of the soil water-heat during the soil freezing process. Guglielmin et al. [16] thought that the relationship between the hydrothermal process and the vegetation in the active layer of frozen soil is a sensitive indicator for studying climate change. Chen et al. [17] studied the soil evaporation variability under different mulch treatments and found that, compared to BS treatment, soil evaporation of straw mulchings in the stable freeze stage was reduced by 49.0% to 58.8%, while there was only a small difference among straw mulchings during the thaw period. Xu et al. [18] simulated the dynamic change and transfer of water and heat in frozen soil by establishing a one-dimensional numerical model. Yang et al. [19] studied the effects of mulching coverage and double coverage on the temperature in the profile of frozen–thawed soil and proposed that regulating the surface cover affected the net radiation obtained by the soil, which, in turn, affected the evolution of the hydrothermal environment in soil. Tang et al. [20] found that covering inhibited the migration of soil salt to the soil surface, and the variation characteristics of soil water and salt exhibited a decreasing trend as the soil depth increased. Most of the above studies focused on the regulation effects of covering on soil hydrothermal conditions during the freezing–thawing cycle, while neglecting the energy transfer process between the soil and the environment under changing environments.



In this study, using biochar and straw as soil conditioner, based on the analysis of soil water and heat status, the budget of soil energy in different regulation modes was analyzed. Furthermore, the soil energy transfer function was constructed by combining sensitive meteorological factors, and the mechanism of soil energy transfer and conversion was elucidated under freezing and thawing conditions. This study aims to provide theoretical and technical support for the efficient use of hydrothermal resources in frozen–thawed soils.




2. Materials and Methods


2.1. Study Area


The study area is located in the hinterland of the Songnen Plain in northeast China, with a geographical location of 45°44′24″ N and 126°43′7″ E. This region has a continental monsoon climate, with warm and humid summers, cold and dry winters, and a freezing period that lasts from November to March of the following year. The average annual precipitation is 529 mm; summer precipitation is mainly concentrated in July and August and accounts for approximately 65% of the total annual precipitation; winter precipitation mainly occurs in the form of snow, and snowfall is mainly concentrated in November and February of the following year. The multiyear average snow period is 110 d, and the maximum freezing depth is 180 cm. The test site is located in the hinterland of the plain. The terrain is flat and has no vegetation cover. According to the sampling analysis, there are 9 main types of soil in the area, including black soil, black calcareous soil, meadow soil, marsh soil, and sandy soil, and black soil is the major type. The mechanical composition of various particles in the soil, which was identified by a Winner 801 laser particle size analyzer, showed that sand (>0.02 mm), powder (0.002–0.02 mm), and clay (<0.002 mm) accounted for 49.84%, 35.89%, and 14.27%, respectively, of the total. In addition, based on testing and analysis, the physical parameters of the soil in the test area are shown in Table 1.




2.2. Experimental Field Deployment


The test site was divided into 4 plots, and a soil hydrothermal environment monitoring system (ET100, Dongfangshengtai, China) was installed in each plot to monitor the soil temperature and liquid water content at soil depths of 10, 20, 30, …, 100 cm at a recording interval of 1 d/time. A neutron meter (CNC503DR, CPN company, USA) was used to measure the total water content of the soil. In addition, soil column cores were sampled at a sampling interval of 3 d/time by manual soil extraction during the freezing period, and the oven-drying method was used to monitor the total water content of the soil to double-check the data obtained with the neutron meter. Meanwhile, a frozen soil apparatus (LQX-DT, Jinzhouyangguang, China) was buried in each plot to record the freezing depth of the soil. An automatic weather station (TRM-ZS1, Jinzhouyangguang, China) was established near the plot to record indicators, such as the ambient temperature, ambient humidity, evaporation, total radiation, net radiation and saturated vapour pressure in the atmospheric environment, and the equation for saturated vapour pressure is shown below [21]:


   e w  = 6.112 × exp  [    17.62 × t   243.12 + t    ]   



(1)




where ew is saturated vapour pressure, hpa; t is the thermodynamic temperature of air, °C.



Plant straw and biochar were chosen as regulation materials. In each plot, treatments, which included biochar cover (CS, the amount of addition was 20 t/hm2), straw cover (JS, the amount of addition was 12 t/hm2), a combined biochar and straw cover (CJS, the amount of biochar and straw addition was 10 t/hm2 and 6 t/hm2, respectively), and bare land (BL) as a natural control, were established. During the planning and deployment process for the CS treatment, biochar was evenly sprayed on the ground surface, and then the soil was subjected to subsoiling and subsequent tillage by a tiller to ensure an even mixture of biochar and the soil. For the JS treatment, the soil was subjected to subsoiling and subsequent tillage, and 2 layers of straw were used to cover the ground surface, with the straw laid in a crisscross manner (10 cm in thickness). For the CJS treatment, the amounts of biochar and straw were half of the amount used for the CS treatment and half of the amount used for the JS treatment, respectively. For this treatment, the soil was first subjected to subsoiling and subsequent tillage, biochar was then evenly mixed with the soil, and the ground surface was covered with a layer of straw (5 cm in thickness). For the BL treatment, the soil was only subjected to subsoiling and subsequent tillage.




2.3. Theory


The gravimetric water content and the volumetric water content of soil during the freezing period can be calculated using the following equations [22,23,24]:


  W =    (   W v  −  W  v u    )   ρ i  +  W  v u   ·  ρ w     ρ d  +  (   W v  −  W  v u    )   ρ i  +  W  v u   ·  ρ w     



(2)






   W u  =    W  v u   ·  ρ w     ρ d  +  (   W v  −  W  v u    )   ρ i  +  W  v u   ·  ρ w     



(3)




where W is the gravimetric total water content, %; Wu is the liquid gravimetric water content of soil, %; Wv is the volumetric water content of soil, %; Wvu is the liquid volumetric water content of soil, %;    ρ d    is the soil bulk density, kg/m3;    ρ i    is the ice density, kg/m3; and    ρ w    is the liquid water density, kg/m3.



The specific heat of thawed soil, Cdu, and the specific heat of frozen soil, Cdf, are respectively given by


   C  d u   =    C  s u   + W  C w    1 + W    



(4)






   C  d f   =    C  s f   +  (  W −  W u   )   C i  +  W u   C w    1 + W    



(5)




where    C  s u    ,    C  s f    ,    C w  ,   and    C i    are the specific heats of the skeleton of the thawed soil, the skeleton of frozen soil, the water, and the ice, respectively, kJ/(kg·°C).



The volumetric heat capacity of thawed soil, Cu (kJ/m3·°C), and the volumetric heat capacity of frozen soil, Cf, can be calculated as follows:


   C u  =  C  d u    ρ u  =  [   C  s u   + W  C w   ]   ρ d   



(6)






   C f  =  C  d f    ρ f  =  [   C  s f   +  (  W −  W u   )   C i  +  W u   C w   ]   ρ d   



(7)




where    ρ u    and    ρ f    are the natural bulk densities of thawed soil and frozen soil (kg/m3), respectively.



The phase transition of the water in the frozen soil results in the absorption and release of a large quantity of heat. The latent heat change during the phase transition of water produces a significant difference between the heat change in frozen soil and that in thawed soil. The heat of the phase transition of water, Qw, can be calculated through the changes in the ice content in a given soil layer:


   Q w  = L  ρ d  Δ  (  W −  W u   )   



(8)




where L is the heat of water melting, which is 334.56 kJ/kg [25];   Δ    ( W − W   u  )   is the difference in the ice content between the current moment and the previous moment.



If the migration of water vapor in the soil is ignored, then the heat change for frozen soil,   Δ  Q d   , and that for thawed soil,   Δ  Q r   , during the freezing–thawing period can be respectively expressed as


  Δ  Q d  = L  ρ d  Δ  (  W −  W u   )  +  [   C  s f   +  (  W −  W u   )   C i  +  W u   C w   ]   ρ d  Δ T  



(9)






  Δ  Q r  = L  ρ d  Δ  (  W −  W u   )  +  [   C  s u   + W  C w   ]   ρ d  Δ T  



(10)




where   Δ T   is the temperature difference between the current moment and the previous moment. Based on Equations (9) and (10), the heat change at a given soil depth under each treatment during the freezing–thawing period,    Q  c d i    , is


   Q  c d i   =  {        ∑    t = 1   T   Δ  Q d       W − W   u  ≠ 0        ∑   t = 1  T   Δ  Q r       W − W   u  = 0       



(11)




where T is the length of a given data sequence, and i is the soil depth, where i = 10, 20, … 100 cm. The total heat change in a given plot under each treatment during the test period, Qcd, is


   Q  c d   =   ∑   i = 10   100    Q  c d i    



(12)







The ratio of the heat change at a given soil depth to the total heat change in the plot under a given treatment (abbreviated as the proportion of heat change in the soil layer), Qcdpi, is


   Q  c d p i   =    Q  c d i      Q  c d      



(13)







To determine the heat budget at different soil depths during the test period, the amount of heat change in each hour within a given day (24 h) was calculated, and statistical analysis was performed. The daily heat absorption value,   Δ  Q x   , and the daily heat release value,   Δ  Q s   , for a given soil layer can be respectively calculated as follows:


  Δ  Q x  =  {        ∑    t = 1   I   Δ  Q d       W − W   u  ≠ 0    and    Δ  Q d  > 0        ∑   t = 1  I   Δ  Q r       W − W   u  = 0    and    Δ  Q r  > 0       



(14)






  Δ  Q r  =  {        ∑   t = 1  J   Δ  Q d       W − W   u  ≠ 0    and    Δ  Q d  < 0        ∑   t = 1  J   Δ  Q r       W − W   u  = 0    and    Δ  Q r  < 0       



(15)




where I is the number of hours during heat change that are positive in a given day, and J is the number of hours during which the heat change is negative in a given day, I + J = 24.




2.4. Data Processing


In this study, the test data were first processed by Excel 2013, and SPSS 16.0 was used for normal distribution and homogeneity analysis of variance testing, followed by analysis of variance (ANOVA) testing if the test conditions were met. In addition, MATLAB software was used to construct the response function. Finally, SigmaPlot 12.5 software was used for graphing [26,27,28].





3. Results and Discussion


3.1. Variability of Soil Water Heat


The variations in the soil temperature, liquid water content, and total water content under different regulation modes are shown in Figure 1, Figure 2 and Figure 3. The following can be seen from Figure 1, Figure 2 and Figure 3:




	(1)

	
The soil temperature decreased first and then increased. First, during the freezing period, under the BL treatment, the variation amplitude of the soil temperature at a soil depth of 20 cm was 22.21 °C; With the increase of soil depth, the variation amplitude of the soil temperature decreased in order accordingly. Under the CS treatment, the variation amplitude of the soil temperature at a depth of 20 cm was 20.37 °C, which was less than that of the BL treatment. Under the JS and CJS treatments, the variation amplitudes of the soil temperature at a soil depth of 20 cm were 15.12 °C and 16.28 °C, respectively. During the thawing period, compared with the BL treatment, the temperatures in the CS, JS, and CJS treatments all had greatly increased amplitudes at a soil depth of 20 cm.




	(2)

	
During the freezing period, the variation amplitudes of the soil liquid water content at a soil depth of 20 cm under the BL, CS, JS, and CJS treatments were 19.46, 17.47, 13.31, and 16.34%, respectively. During the thawing period, with the thawing of soil and the infiltration of snowmelt water, the liquid water content in the soil increased. The maximum value of the soil liquid water content under the BL treatment was 29.13%; the maximum values of the soil liquid water content under the CS, JS, and CJS treatments were all increased, and their average values had a decreasing order of CJS > CS > JS > BL.




	(3)

	
During the freezing period, the variation amplitudes of the soil liquid water content at a soil depth of 20 cm under the BL, CS, JS, and CJS treatments were 6.95%, 9.24%, 11.82%, and 9.89%, respectively. During the thawing period, because of the snowmelt water infiltration, the variability of the soil total water content was similar to that of the soil liquid water content. The maximum value of the soil total water content under the BL treatment was 40.51%, while the maximum values of the total water content were all increased under the CS, JS, and CJS treatments, and the most significant increase occurred under the CJS treatment.










3.2. Balance Effect of the Soil Energy Budget


The aforementioned equations were used to calculate the values of the daily heat absorption, daily heat release, and daily net energy at a soil depth of 10 cm during different periods. Meanwhile, to analyze the fluctuation of the soil energy budget, the spectral entropy (SE) of the net energy time series was calculated using the Fourier-transformation-based spectral entropy theory [29]. The specific results can be seen from Figure 4 and Table 2. The specific comparative analysis showed the following:




	(1)

	
During the freezing period, the soil energy absorption gradually decreased, and the release gradually increased, while the net energy value exhibited a gradual decreasing trend. Under the BL treatment, the average net soil energy was −763 kJ, indicating an energy deficit. Under the CS treatment, the average soil net energy was −667 kJ; the regulation of biochar increased the soil energy absorption and thus decreased the energy deficit in the net soil energy. Under the JS and CJS treatments, the average net soil energies were further reduced, and the negative energy budget was gradually reduced. Under the BL treatment, the spectral entropy of a time series of the net soil energy was 0.837, which indicated strong fluctuations, and the energy exchange process between the soil and the environment was frequent. Under the CS, JS, and CJS treatments, the spectral entropies decreased differently, and their fluctuations followed the descending order of BL > CS > CJS > JS.




	(2)

	
During the thawing period, as the ambient temperature and the atmospheric radiation increased, the net soil energy showed a gradually increasing trend. Specifically, the average net soil energies were 771, 951, 703, and 837 kJ under the BL, CS, JS, and CJS treatments, respectively, indicating that, during the thawing period, the CS treatment exacerbated the fluctuation of the net soil energy, while the JS treatment had the opposite trend.




	(3)

	
During the freezing period, under the BL treatment, the spectral entropy of the time series of the net soil energy was 0.811 at a soil depth of 20 cm; as the soil depth increased, the spectral entropy gradually decreased, and the energy exchange between the soil and the external environment was weakened. Likewise, the other three treatments also showed similar patterns. Specifically, the BL treatment had the most significant fluctuations, and the JS treatment had the weakest fluctuations. During the thawing period, the spectral entropies of the net energy in the vertical profile under the CS and CJS treatments had an overall greater variation than that under the BL treatment, while the JS treatment had a lower spectral entropy of the net energy than the BL treatment.










3.3. Response Function of Soil Energy Transfer


To reveal the relationship between the soil energy budget and the environmental factors, the grey relational analysis (GRA) method was adopted [30]. Specifically, six meteorological indexes, including the ambient temperature (x1), the dew point temperature (x2), the ambient humidity (x3), the saturated water vapor pressure (x4), the total radiation (x5), and the net radiation (x6), were selected as independent variables, and the energy change characteristics at a depth of 10 cm were taken as the dependent variable for constructing the soil energy transfer functions, as shown in Table 3.



It can be seen from Table 3, all the soil energy transfer functions under different treatments during different periods passed the significance test (p < 0.05). Specifically, during the freezing period, the soil energy response function under the BL treatment had the largest determination coefficient (R2), while that under the JS treatment had the smallest R2. During the thawing period, the soil energy response function under the CS treatment had the largest R2, while that under the JS treatment had the smallest R2.



The test results of the soil energy transfer functions at different depths are shown in Table 4. It can be seen from Table 4 that, during the freezing period, the soil energy transfer function at a depth of 20 cm under the BL treatment had an R2 of 0.96. As the soil depth increased, the accuracies of the functions decreased. When the soil depth reached 100 cm, the R2 of the soil energy transfer function decreased to 0.79. Under the CS, JS, and CJS treatments, the overall accuracies of the constructed functions were lower than those under the BL treatment. During the thawing period, the accuracies of the soil energy transfer functions under the CS and CJS treatments were better than those under the BL treatment, while the overall accuracy of the soil energy transfer functions under the JS treatment was slightly reduced.



In summary, the soil energy budget was significantly affected by the environmental factors. During the freezing period, the regulation of both biochar and straw could reduce the response relationship between the soil energy and the environmental factors. During the thawing period, biochar could promote the exchange of energy between the environment and the soil. The effect of the straw was opposite that of the biochar.





4. Discussion


4.1. Effect of Biochar and Straw on Soil Water and Heat Variation


During the soil freezing process, energy in the soil is gradually transferred to the atmospheric environment, and the soil temperature is lowered accordingly; as a result, the liquid water in the soil is transformed into solid ice, and a frozen front is formed at the ground surface. Driven by the temperature gradient, the unfrozen water gradually migrates to the frozen front and accumulates at the ground surface [31]. Therefore, during the freezing period, the liquid water content in the frozen soil layer decreased significantly, while the total water content showed an upward trend, and the hydrological environment in the frozen soil region fluctuated to a certain extent. Due to the insulation and low thermal conductivity of plant straw, straw inhibits the decrease in soil temperature and reduces the freezing rate of the soil to a certain extent [32]. Therefore, with the JS treatment, the liquid water content of the soil and the total water content at the soil surface are high. In this study, the comparative analysis showed that, during the freezing period, the average total water content at a depth of 20 cm under the JS treatment was increased by 2.31%, 1.85%, and 0.56% compared to that under the BL, CS, and CJS treatments, respectively, which is consistent with the research conclusions of San et al. [33]. Simultaneously, the application of biochar reduces the thermal conductivity and thermal diffusivity of the soil, hinders the heat loss of the soil, weakens the phase transformation ability of the liquid water in the soil, and most of the liquid water continuously accumulates to the surface layer [34]. Under the CS treatment, the total water content of soil at 20 cm soil layer was also increased compared with the BL treatment, and the water storage capacity of the surface soil was increased. During the thawing period, as the ambient temperature and atmospheric radiation increase, the soil draws a large quantity of energy from the environment and begins to melt, and the solid ice is converted into liquid water. Meanwhile, the infiltration of snowmelt water can also replenish the water content in the soil. When biochar, which has a strong water-holding capacity, is coupled with straw, which increases the temperature and preserves the soil moisture, the synergistic effect of this combination can effectively increase the soil water content [35]. As Wu et al. [36] found, biochar can effectively improve soil and water loss on sloping farmland in black soil areas, and the soil saturated water content, field capacity and soil water storage capacity were enhanced with the increase in biochar application.




4.2. Effects of Biochar and Straw on Soil Energy Budget


During the freezing period, as the ambient temperature decreases, the soil heat flux increases, and energy is gradually dissipated. At the same time, with the increase of ambient temperature, the radiation effect of the atmosphere effectively replenishes the energy in the soil, which effectively stimulates the soil energy budget cycle. In the process of energy transfer in the soil, there is a lot of loss phenomena, which leads to the weakening of the energy budget effect in deep soil. During the freezing period, with the decrease of ambient temperature, soil and atmosphere exchange energy frequently; however, biochar has low thermal conductivity and low specific heat capacity, which leads to a decrease in the fluctuation of the soil energy budget, and weakens the response relationship between soil energy and environmental factors. As an inadequate conductor of heat, straw hinders the energy exchange between the soil and the external environment and thus minimizes the fluctuation of the net soil energy time series [37]. As Zhao et al. [38] found, in the northern cold region, the application of biochar reduced the soil bulk density, and the thermal conductivity of the soil was weakened, resulting in the reduction of the response relationship between the soil and the environment. Singh et al. [39] Also confirmed through field experiments that straw-mulched farmland weakened the driving effect of environmental factors on soil water and heat, reduced the evaporation rate of soil water, and weakened the energy transfer effect. During the thawing period, as the ambient temperature increases, atmospheric radiation replenishes the energy in the soil, accelerating the cycling process of the soil energy budget [40]. A large quantity of energy is lost during the soil transfer process, resulting in a weakened energy budget in deep soils [1]. Biochar promotes the accumulation of soil energy, and its heat absorption is far greater than its heat release. Therefore, in this study, under the conditions of the CS and CJS treatments, the frequency of energy exchange between the soil and the environment was increased, leading to an increased fluctuation. In contrast, the straw covering hindered energy transfer, and the fluctuation of the soil energy decreased.





5. Conclusions


Biochar and straw effectively regulate soil hydrothermal conditions. During the freezing period, straw mulching effectively promoted the accumulation of water content in the frozen area, and the decreased amplitude in soil temperature was weakened. During the thawing period, the combined regulation of biochar and straw most effectively inhibited the migration and diffusion of soil moisture and improved the water-holding capacity of topsoil.



During the freezing period, the soil energy showed a deficit state, and the straw most effectively suppressed the energy loss and reduced the soil net energy fluctuation. During the thawing period, the endothermic property of biochar promoted the absorption of soil energy to the atmosphere, enhanced the energy exchange effect between soil and the environment, and increased the spectral entropy of soil net energy time series. However, straw hindered the absorption of environmental energy by soil, and then reduced the variation of the soil energy budget.



This study revealed the effect of biochar and straw mulch on soil water heat and energy transfer and provided technical support for soil water and heat regulation in a seasonal frozen soil area. At present, this study only calculates the energy change process from the perspective of soil water phase change, while the quantitative description of energy transfer effect from the perspective of energy conservation needs further exploration.
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Figure 1. Variability of soil temperature of different soil depths under four treatment conditions. (a) represents the BL treatment; (b) represents the CS treatment; (c) represents the JS treatment; (d) represents the CJS treatment. 
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Figure 2. Variability of soil liquid water content of different soil depths under four treatment conditions. (a) represents the BL treatment; (b) represents the CS treatment; (c) represents the JS treatment; (d) represents the CJS treatment. 
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Figure 3. Variability of soil total water content of different soil depths under four treatment conditions. (a) represents the BL treatment; (b) represents the CS treatment; (c) represents the JS treatment; (d) represents the CJS treatment. 
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Figure 4. Effects of the soil energy budget under four treatment conditions during the freezing–thawing period. (a) represents the BL treatment; (b) represents the CS treatment; (c) represents the JS treatment; (d) represents the CJS treatment. 
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Table 1. Soil physical characteristic parameters of different soil depths under four treatment conditions.
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Soil

Depth

(cm)

	
BL

	
CS

	
JS

	
CJS




	
Field Water

Holding

Capacity (%)

	
Soil Bulk

Density

(g/cm3)

	
Field Water

Holding

Capacity (%)

	
Soil Bulk

Density

(g/cm3)

	
Field Water

Holding

Capacity (%)

	
Soil Bulk

Density

(g/cm3)

	
Field Water

Holding

Capacity (%)

	
Soil Bulk

Density

(g/cm3)






	
20

	
31.22

	
1.34

	
33.15

	
1.33

	
31.85

	
1.36

	
32.98

	
1.39




	
40

	
30.64

	
1.36

	
32.15

	
1.35

	
30.21

	
1.37

	
33.14

	
1.36




	
60

	
31.21

	
1.32

	
33.90

	
1.32

	
30.11

	
1.39

	
32.56

	
1.34




	
80

	
30.97

	
1.37

	
31.87

	
1.31

	
30.41

	
1.34

	
31.09

	
1.39




	
100

	
28.95

	
1.36

	
30.53

	
1.28

	
29.35

	
1.41

	
32.79

	
1.41
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Table 2. Spectral entropy (SE) of the soil energy budget of different soil depths under four treatment conditions during the freezing–thawing period.
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Soil

Depth/cm

	
Freezing Period

	
Thawing Period




	
BL

	
CS

	
JS

	
CJS

	
BL

	
CS

	
JS

	
CJS






	
20

	
0.811

	
0.803

	
0.752

	
0.775

	
0.791

	
0.822

	
0.763

	
0.807




	
30

	
0.795

	
0.786

	
0.728

	
0.751

	
0.762

	
0.794

	
0.734

	
0.773




	
40

	
0.772

	
0.765

	
0.711

	
0.736

	
0.735

	
0.771

	
0.701

	
0.749




	
50

	
0.754

	
0.749

	
0.698

	
0.715

	
0.703

	
0.746

	
0.681

	
0.721




	
60

	
0.737

	
0.731

	
0.681

	
0.702

	
0.682

	
0.721

	
0.652

	
0.694




	
70

	
0.715

	
0.704

	
0.664

	
0.682

	
0.651

	
0.693

	
0.623

	
0.661




	
80

	
0.698

	
0.687

	
0.649

	
0.665

	
0.623

	
0.667

	
0.594

	
0.638




	
90

	
0.682

	
0.673

	
0.637

	
0.648

	
0.596

	
0.642

	
0.582

	
0.622




	
100

	
0.674

	
0.665

	
0.622

	
0.637

	
0.588

	
0.631

	
0.573

	
0.611
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Table 3. Response function of soil energy transfer and meteorological factors in 10 cm soil layer under four treatment conditions during the freezing–thawing period.
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Treatment

	
Freezing Period

	
Thawing Period




	
Response Function

	
R2

	
p

	
Response Function

	
R2

	
p






	
BL

	
      Q  BL   = 0.38  x 1  + 0.17  x 2  − 0.0083  x 3  + 0.41  x 4      + 0.025  x 5  − 0.014  x 6  + 0.0043     

	
0.98

	
0.004

	
      Q  BL   = 0.084  x 1  − 0.024  x 2  + 0.0017  x 3  − 0.065  x 4      − 0.016  x 5  + 0.091  x 6  + 0.0011     

	
0.94

	
0.012




	
CS

	
      Q  CS   = 0.34  x 1  + 0.17  x 2  + 0.029  x 3  + 0.33  x 4      + 0.053  x 5  − 0.046  x 6  + 0.071     

	
0.96

	
0.007

	
      Q  CS   = 0.057  x 1  − 0.075  x 2  + 0.074  x 3  − 0.023  x 4      − 0.051  x 5  + 0.087  x 6  + 0.0037     

	
0.98

	
0.003




	
JS

	
      Q  JS   = 0.302  x 1  + 0.13  x 2  − 0.041  x 3  + 0.42  x 4      + 0.095  x 5  + 0.016  x 6  + 0.0071     

	
0.91

	
0.015

	
      Q  JS   = 0.052  x 1  − 0.068  x 2  + 0.0033  x 3  − 0.025  x 4      − 0.0015  x 5  + 0.047  x 6  + 0.0025     

	
0.92

	
0.014




	
CJS

	
      Q  CJS   = 0.27  x 1  + 0.17  x 2  − 0.041  x 3  + 0.45  x 4      + 0.054  x 5  + 0.067  x 6  + 0.0051     

	
0.93

	
0.011

	
      Q  CJS   = 0.035  x 1  + 0.047  x 2  + 0.041  x 3  + 0.034  x 4      − 0.056  x 5  + 0.079  x 6  + 0.0062     

	
0.96

	
0.008
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Table 4. Test results of response function of soil energy transfer and meteorological factors of different soil depths under four treatment conditions during the freezing–thawing period.
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Soil Depth/cm

	
Freezing Period

	
Thawing Period




	
BL

	
CS

	
JS

	
CJS

	
BL

	
CS

	
JS

	
CJS




	
R2

	
p

	
R2

	
p

	
R2

	
p

	
R2

	
p

	
R2

	
p

	
R2

	
p

	
R2

	
p

	
R2

	
p






	
20

	
0.96

	
0.007

	
0.94

	
0.007

	
0.90

	
0.012

	
0.92

	
0.009

	
0.93

	
0.008

	
0.96

	
0.005

	
0.92

	
0.009

	
0.94

	
0.006




	
30

	
0.94

	
0.009

	
0.92

	
0.010

	
0.89

	
0.015

	
0.91

	
0.012

	
0.92

	
0.014

	
0.94

	
0.008

	
0.91

	
0.016

	
0.93

	
0.009




	
40

	
0.93

	
0.012

	
0.91

	
0.014

	
0.88

	
0.019

	
0.90

	
0.016

	
0.91

	
0.019

	
0.93

	
0.011

	
0.89

	
0.024

	
0.92

	
0.014




	
50

	
0.91

	
0.019

	
0.90

	
0.021

	
0.86

	
0.025

	
0.88

	
0.023

	
0.89

	
0.026

	
0.91

	
0.016

	
0.87

	
0.029

	
0.90

	
0.021




	
60

	
0.90

	
0.021

	
0.88

	
0.025

	
0.84

	
0.035

	
0.85

	
0.031

	
0.86

	
0.037

	
0.89

	
0.027

	
0.85

	
0.042

	
0.88

	
0.031




	
70

	
0.87

	
0.028

	
0.86

	
0.032

	
0.83

	
0.047

	
0.84

	
0.042

	
0.83

	
0.045

	
0.87

	
0.034

	
0.81

	
0.048

	
0.85

	
0.039




	
80

	
0.84

	
0.037

	
0.83

	
0.042

	
0.81

	
0.058

	
0.82

	
0.048

	
0.82

	
0.056

	
0.85

	
0.041

	
0.80

	
0.054

	
0.83

	
0.046




	
90

	
0.80

	
0.045

	
0.79

	
0.048

	
0.77

	
0.071

	
0.78

	
0.061

	
0.80

	
0.063

	
0.84

	
0.046

	
0.79

	
0.062

	
0.82

	
0.052




	
100

	
0.79

	
0.064

	
0.78

	
0.069

	
0.76

	
0.078

	
0.76

	
0.072

	
0.79

	
0.075

	
0.82

	
0.049

	
0.78

	
0.083

	
0.81

	
0.067
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