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Abstract: Reducing soil evaporation is important to alleviate water shortages in arid and semi-arid
regions. The objective of this work was to reveal the effect of straw mulch on soil evaporation based on
field experiments during a freeze–thaw period in Northern China. Four soil surface mulch treatment
modes were investigated: Bare soil (BS), 1 cm thick straw mulch with 100% coverage rate (J1), 2 cm
thick straw mulch with 100% coverage rate (J2), and 2 cm thick straw mulch with 50% coverage rate
(J3). Principal component analysis was used to analyze the major factors influencing soil evaporation
in three freeze–thaw stages. The results show that cumulative soil evaporation decreased with
increased straw mulch thickness and coverage rate. The effect of straw mulching on soil evaporation
was obvious during the stable freezing period, and soil evaporation with straw mulch treatments
was reduced by 49.0% to 58.8% compared to BS treatment, while there was little difference for straw
mulch treatments in the thawing stage. The relationship between cumulative soil evaporation under
different straw mulch modes and time was well fitted by the power function. In the unstable freezing
stage, the major factors for all treatments influencing soil evaporation were surface soil temperature
and water surface evaporation; in the stable stage, they were solar radiation and relative humidity,
and in the thawing stage, they were solar radiation and air temperature. The research results can
provide a basis for addressing soil water storage and moisture conservation and restraining ineffective
soil evaporation in arid and semi-arid areas.
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1. Introduction

Soil evaporation is the main process in the consumption of soil moisture, changes of which directly
affect the management of soil water and the improvement of the agricultural crop yield [1]. In arid
and semi-arid areas, it is estimated that 50–70% of precipitation is lost by soil evaporation without
any contribution to crop production [2,3]. Northern China is the main distribution area of seasonal
frozen soil and is also a typical arid and semi-arid area [4]. In recent years, with increasing drought
and water pollution, the development of agricultural production is seriously threatened by drought
and water shortage. In order to reduce the ineffective loss of soil moisture caused by soil evaporation
and improve crop water use efficiency, the method of soil surface mulching is often used in production.

As a well-established technique used worldwide, especially in arid and semi-arid areas, soil
surface mulching has favorable effects in terms of improving soil temperature and reducing soil
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evaporation. Generally speaking, mulching materials are divided into organic materials such as
straw [5], plastic film [6], pine bark, and vine residue [2], and inorganic materials such as tephra [7],
gravel, and sand [8]. Straw mulch, as a kind of mulching material, mitigates drought due to its
water-retention capacity and has been widely used because it is biodegradable and environmentally
friendly [9]. Straw mulching can not only reduce latent heat flux [10], restrain soil evaporation [11–13],
inhibit topsoil salt accumulation [14,15], reduce weed growth [16], and improve crop water use
efficiency and crop yield [17,18], but it also improves soil fertility [19,20], coordinates the nutrient
supply [21], regulates the soil temperature [9,10,22], increases the soil moisture [23,24], influences the
soil infiltration capacity [25], and changes the natural freezing–thawing process of soil [26]. Moreover,
under sufficient water conditions, straw mulching reduces the transpiration efficiency [27]. Given
these positive effects, scholars have actively explored the effects of straw mulch on water storage, soil
moisture conservation, and crop yield in recent years [28–32].

However, most previous research focused on the unfreezing period. During seasonal freeze–thaw
periods, straw mulch has a positive effect, and the existence of straw mulch weakens the heat and water
vapor transport between the ground and the air. However, it also has a certain negative effect, and the
slow rise of ground temperature in spring under straw mulch is not conducive to the emergence of
spring sown crops. Soil freezing and thawing are complex processes that may significantly influence
the water and heat balance [33–35]. Straw mulching reduced the freezing depth of soil and changed the
natural variation of soil water and heat during the freezing–thawing period [36]. Straw mulch delayed
the thawing of the surface soil by 3 to 6 days, reduced cumulative evaporation and the range of soil
evaporation [37]. Fu et al. [37] determined the effects of straw mulching on soil water evaporation
in the Songnen Plain during the thawing period, while the effect of the freezing period was not
shown. The resistance of soil evaporation is related to the thickness and coverage rate of the straw [38].
Therefore, an inadequate understanding of the effects of straw mulch modes on the resistance of
soil evaporation and the main factors influencing soil evaporation during the freeze–thaw period
promoted this study. This research could be significant for addressing soil water storage and moisture
conservation and for restraining ineffective evaporation of soil water in arid and semi-arid areas.

The objectives of this study are to (1) quantify soil evaporation under different straw mulch modes
during freeze–thaw periods, (2) identify the influences of straw mulch on soil evaporation during
freeze–thaw periods; and (3) analyze the major factors that influence soil evaporation under different
straw mulch modes in different freeze–thaw stages.

2. Materials and Methods

2.1. Field Station

The field experiment was conducted from November 2017 to March 2018 at the Taigu Water
Balance Experimental Station in Shanxi, China (Figure 1). The station covers an area of 1 hm2, at an
altitude of 777.0 m with ground slope gradient of 0.3% and is located in the east of Jinzhong Basin
(37◦26′ N, 112◦30′ E) which is representative of Quaternary alluvial plain with groundwater table depth
of 25.0 m. The region has a continental semi-arid climate, with mean annual temperature of 9.9 ◦C
and annual average precipitation of 415.2 mm concentrated from June to September. The average
annual potential evaporation of the water surface is 1642.4 mm; the average annual wind speed is
0.9 m·s−1, and the average annual relative humidity is 74%. The annual average frost-free period is
about 200 days, and the maximum observed soil frost depth was 92 cm in 1960 [39,40]. The surface
soils are mainly sandy loam, and the soil physical properties are presented in Table 1.
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Figure 1. Location of Taigu Water Balance Experimental Station (a) Taigu experimental station; (b) 
automatic weather station. 

Table 1. Properties of soils in micro-lysimeters. 

Soil Depth (cm) Bulk Density (g·cm−3) 
Particle Size Distribution 

Clay (%) Silt (%) Sand (%) 
0–30 1.41 0.82 9.07 91.22 

30–60 1.41 1.27 14.84 86.61 
60–80 1.41 0.88 13.46 90.55 

80–100 1.41 0.41 7.06 95.57 

2.2. Experiment Design 

Field experiments were conducted in a fallow plot (4 m × 18 m) with 4 treatments (18 groups) 
(Figure 2a): BS (control, bare soil), J1 (100% of soil surface mulched with crushed corn straw 1 cm 
thick, with 430 kg·hm−1), J2 (100% of soil surface mulched 2 cm thick, with 860 kg·hm−1), and J3 (50% 
of soil surface mulched 2 cm thick, with 430 kg·hm−1) (Figure 2b). 

Soil evaporation was measured by weighing micro-lysimeters (MLs). The MLs were 
manufactured using white polyvinyl chloride with an inner diameter of 100 mm, a thickness of 4 
mm, and length of 200 mm. Pedestals used to seal the bottoms of micro-lysimeters were also made 
from polyvinyl chloride, with a 100 mm inner diameter and 35 mm height. Before the experiment, 
the 72 MLs (4 treatments, 18 groups) were inserted into the experimental field at intervals of 1 m 
and filled with undisturbed soil. Among the 18 groups, one group was monitored the soil 
temperatures during the whole test period, and other 17 groups were used to measure the soil 
evaporation. 

Figure 1. Location of Taigu Water Balance Experimental Station (a) Taigu experimental station;
(b) automatic weather station.

Table 1. Properties of soils in micro-lysimeters.

Soil Depth (cm) Bulk Density (g·cm−3)
Particle Size Distribution

Clay (%) Silt (%) Sand (%)

0–30 1.41 0.82 9.07 91.22
30–60 1.41 1.27 14.84 86.61
60–80 1.41 0.88 13.46 90.55

80–100 1.41 0.41 7.06 95.57

2.2. Experiment Design

Field experiments were conducted in a fallow plot (4 m × 18 m) with 4 treatments (18 groups)
(Figure 2a): BS (control, bare soil), J1 (100% of soil surface mulched with crushed corn straw 1 cm thick,
with 430 kg·hm−1), J2 (100% of soil surface mulched 2 cm thick, with 860 kg·hm−1), and J3 (50% of soil
surface mulched 2 cm thick, with 430 kg·hm−1) (Figure 2b).

Soil evaporation was measured by weighing micro-lysimeters (MLs). The MLs were manufactured
using white polyvinyl chloride with an inner diameter of 100 mm, a thickness of 4 mm, and length of
200 mm. Pedestals used to seal the bottoms of micro-lysimeters were also made from polyvinyl chloride,
with a 100 mm inner diameter and 35 mm height. Before the experiment, the 72 MLs (4 treatments,
18 groups) were inserted into the experimental field at intervals of 1 m and filled with undisturbed soil.
Among the 18 groups, one group was monitored the soil temperatures during the whole test period,
and other 17 groups were used to measure the soil evaporation.
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Figure 2. Schematic diagram of experimental design: (a) experimental layout; (b) surface treatments 
of micro-lysimeters. BS, bare soil. 

Soil evaporation was measured at 08:00–09:00 at intervals of approximately 7 days by an 
electronic balance with a range of 15 kg and a sensitivity of 0.1 g. The bottoms of the 4 MLs were 
sealed with pedestals for the first weighing and then buried in the previous position until the 
second weighing. Assuming that the moisture exchange quantity between the soil in the ML and 
the subsoil below the ML at the intervals of 2 weighing time was 0, the difference between the 2 
weighing values was considered to be the soil evaporation in this period. After the second weighing, 
the 4 MLs for the first group were discarded and the 4 MLs for the second group were weighed, 
and so on. 

Soil samples obtained from the 4 MLs at a depth of 0 to 2 cm after the second weighing were 
collected in an aluminum box to determine the surface soil water content by the oven-drying 
method (drying in an oven at 105 °C for 8 h). Meanwhile, the soil temperature for each treatment 
was measured by thermistors in surface soil below the straw mulch in the ML. The meteorological 
data—air temperature, frost depth, wind speed, precipitation, water surface evaporation, vapor 
pressure, and relative humidity—were obtained from the automatic weather station at the 
experimental site during the test period. 

2.3. Calculation of Soil Evaporation 

The cumulative soil evaporative capacity between 2 measurements was estimated by the 
following equation: 
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Figure 2. Schematic diagram of experimental design: (a) experimental layout; (b) surface treatments of
micro-lysimeters. BS, bare soil.

Soil evaporation was measured at 08:00–09:00 at intervals of approximately 7 days by an electronic
balance with a range of 15 kg and a sensitivity of 0.1 g. The bottoms of the 4 MLs were sealed with
pedestals for the first weighing and then buried in the previous position until the second weighing.
Assuming that the moisture exchange quantity between the soil in the ML and the subsoil below
the ML at the intervals of 2 weighing time was 0, the difference between the 2 weighing values was
considered to be the soil evaporation in this period. After the second weighing, the 4 MLs for the first
group were discarded and the 4 MLs for the second group were weighed, and so on.

Soil samples obtained from the 4 MLs at a depth of 0 to 2 cm after the second weighing were
collected in an aluminum box to determine the surface soil water content by the oven-drying method
(drying in an oven at 105 ◦C for 8 h). Meanwhile, the soil temperature for each treatment was
measured by thermistors in surface soil below the straw mulch in the ML. The meteorological data—air
temperature, frost depth, wind speed, precipitation, water surface evaporation, vapor pressure, and
relative humidity—were obtained from the automatic weather station at the experimental site during
the test period.

2.3. Calculation of Soil Evaporation

The cumulative soil evaporative capacity between 2 measurements was estimated by the
following equation:

E = 10×
M2 −M1

πr2ρw
(1)

where E is the soil evaporation for a period (mm), M1 is the weight at the first weighing (g), M2 is the
weight at the second weighing (g), r is the inside diameter of the micro-lysimeter (cm), and ρw is the
density of water (g·cm−3).

The evaporation rate for a certain period was calculated by the following equation:

e =
E
T

(2)
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where e is the soil evaporation rate (mm·d−1) and T is the days corresponding to E (d).

3. Results

3.1. Soil Freezing and Thawing Process

The seasonal frozen soil went through two main physical processes (i.e., freezing and thawing)
during the freeze–thaw period. With the gradually decreased air temperature (as shown in Figure 3) and
solar radiation after November, the surface soils began to freeze on 10 November 2017. The freezing
and thawing process could be divided into three stages according to the freezing and thawing
characteristics [39]: Unstable freezing stage (P1: 10 November to 9 December 2017), stable freezing
stage (P2: 10 December 2017 to 4 February 2018), and thawing stage (P3: 5 February to 21 March 2018).

The surface soil was thawing during the day and freezing at night in P1. The average freezing
rate was 0.88 cm·d−1, and the maximum freezing rate was 2 cm·d−1. With lower air temperature and
the accumulation of negative surface soil temperatures, the soil entered P2 on 10 December 2017,
during which the ice ratio of the soil increased and the freezing front gradually developed downward.
The maximum freezing rate was up to 3 cm·d−1. The depth of frozen soil reached a maximum of 49 cm
in early February. In P3, as the air temperature rose, the frozen soil began to thaw downward from
the surface and upward from the maximum frozen front [41]. The surface soil experienced several
freeze–thaw cycles again, and the soil thawed totally by 21 March 2018 as shown in Figure 3.

There were 10 precipitation events, mostly in the form of a little snow during the test period, and
the total precipitation was only 12.8 mm, with maximum precipitation of 6.5 mm on 17 March 2018.
There was no precipitation in the unstable freezing stage.
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Figure 3. Soil freezing and thawing process from November 2017 to March 2018. 

3.2. Soil Evaporation Characteristics during Three Freeze–Thaw Stages 

Straw mulch can reduce soil evaporation effectively during the freeze–thaw periods. 
Cumulative soil evaporation (shown in Figure 4) and the soil evaporation rate (shown in Figure 5) 
of the straw mulching treatments in the three freeze–thaw stages were lower than those of BS 
treatment. However, the efficiency of different straw mulch modes for soil evaporation control in the 
three freeze-thaw stages was differed because of the different freeze–thaw characteristics. 

Figure 3. Soil freezing and thawing process from November 2017 to March 2018.

3.2. Soil Evaporation Characteristics during Three Freeze–Thaw Stages

Straw mulch can reduce soil evaporation effectively during the freeze–thaw periods. Cumulative
soil evaporation (shown in Figure 4) and the soil evaporation rate (shown in Figure 5) of the straw
mulching treatments in the three freeze–thaw stages were lower than those of BS treatment. However,
the efficiency of different straw mulch modes for soil evaporation control in the three freeze-thaw
stages was differed because of the different freeze–thaw characteristics.
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Figure 5. Soil evaporation rate with different straw mulch modes in three freeze–thaw stages. 

3.2.1. Unstable Freezing Stage 

In P1, straw mulch had weakened the direct absorption of solar radiation on the surface and 
further lowered the transport of thermal from solar radiation to the surface soil due to its lower 
thermal conductivity. Meanwhile, straw mulch also impeded partial long-wave radiation overnight 
and thereafter reduced the thermal loss on surface soil, which further effectively prevented a drop of 
surface soil temperature. Therefore, the daily change of the surface soil temperature with the straw 
mulch was smaller than that for BS. Average surface soil temperature for J1 and J2 treatments was 
reduced by 2.8 °C and 3.1 °C, respectively, compared with that for BS treatment. Thereafter, the 
availability of heat for soil evaporation decreased. Nevertheless, straw mulch can save water in the 
surface soil; the surface soil water content for J1 and J2 treatments was 9.7% and 16.4%, respectively, 
greater than that for BS treatment. However, straw mulch slowed the transport of water vapor to the 
atmosphere by lengthening the transport path and thereafter weakened the soil evaporation rate. In 
P1, the average soil evaporation rates for J1 and J2 treatments were 0.203 mm·d−1 and 0.176 mm·d−1, 
respectively, less than that for BS treatment (0.220 mm·d−1). The soil evaporation for J1 and J2 
treatments was 5.67 mm and 4.93 mm, respectively, showing a reduction of 7.8% and 19.8% 
compared with BS treatment. The soil water content for J3 treatment was 6.5%, showing an 
increment of 2.1% over BS treatment, whereas surface soil temperature for J3 treatment was lower 
than that for BS treatment, with a reduction of 2.84 °C. The soil evaporation rate for J3 treatment was 
0.213 mm·d−1, slightly smaller than that for BS treatment but higher than that for J1 and J2 
treatments. Accordingly, the soil evaporation for J3 treatment was 5.97 mm, which showed a 
reduction of 2.9% compared with BS treatment and an increment of 5.29% and 21.10% compared 
with J1 and J2 treatments, respectively. It can be seen that the straw coverage rate was more 
important than the mulch thickness for soil evaporation suppression in the unstable freezing stage. 
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3.2.1. Unstable Freezing Stage

In P1, straw mulch had weakened the direct absorption of solar radiation on the surface and
further lowered the transport of thermal from solar radiation to the surface soil due to its lower thermal
conductivity. Meanwhile, straw mulch also impeded partial long-wave radiation overnight and
thereafter reduced the thermal loss on surface soil, which further effectively prevented a drop of surface
soil temperature. Therefore, the daily change of the surface soil temperature with the straw mulch
was smaller than that for BS. Average surface soil temperature for J1 and J2 treatments was reduced
by 2.8 ◦C and 3.1 ◦C, respectively, compared with that for BS treatment. Thereafter, the availability
of heat for soil evaporation decreased. Nevertheless, straw mulch can save water in the surface soil;
the surface soil water content for J1 and J2 treatments was 9.7% and 16.4%, respectively, greater than
that for BS treatment. However, straw mulch slowed the transport of water vapor to the atmosphere by
lengthening the transport path and thereafter weakened the soil evaporation rate. In P1, the average
soil evaporation rates for J1 and J2 treatments were 0.203 mm·d−1 and 0.176 mm·d−1, respectively, less
than that for BS treatment (0.220 mm·d−1). The soil evaporation for J1 and J2 treatments was 5.67 mm
and 4.93 mm, respectively, showing a reduction of 7.8% and 19.8% compared with BS treatment.
The soil water content for J3 treatment was 6.5%, showing an increment of 2.1% over BS treatment,
whereas surface soil temperature for J3 treatment was lower than that for BS treatment, with a reduction
of 2.84 ◦C. The soil evaporation rate for J3 treatment was 0.213 mm·d−1, slightly smaller than that
for BS treatment but higher than that for J1 and J2 treatments. Accordingly, the soil evaporation for
J3 treatment was 5.97 mm, which showed a reduction of 2.9% compared with BS treatment and an
increment of 5.29% and 21.10% compared with J1 and J2 treatments, respectively. It can be seen that
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the straw coverage rate was more important than the mulch thickness for soil evaporation suppression
in the unstable freezing stage.

3.2.2. Stable Freezing Stage

In P2, the surface soil temperatures for J1 and J2 treatments were reduced by 1.26 ◦C and 0.62 ◦C,
respectively, compared to the BS treatment. As the solar radiation and air temperature dropped
below 0 ◦C, the surface soil water began to freeze, which resulted in limited available water for soil
evaporation. Moreover, the downward-developing frozen layer broke up the capillary diffusion and
blocked the movement of liquid water, and the soil moisture evaporated by vapor diffusion, which
slowed the evaporation rate significantly. The average soil evaporation rates for BS, J1, J2, and J3
treatments were reduced by 22.7%, 60.6%, 61.4%, and 60.6%, respectively, compared with the unstable
freezing stage. Because of the further hindrance of straw mulch, the soil evaporation rates for J1 and J2
treatments were 0.08 mm·d−1 and 0.068 mm·d−1, respectively, significantly smaller than that for BS
treatment (0.17 mm·d−1). The soil evaporation for J1 and J2 treatments was 4.57 mm and 3.88 mm,
respectively, showing a reduction of 51.4% and 58.8% compared to BS treatment. This indicates that
straw mulch with two straw layer thicknesses was efficient for soil evaporation control, with little
difference between the two. The soil evaporation rate for J3 treatment was 0.084 mm·d−1, lower than
that for BS treatment but slightly higher than that for J1 and J2 treatment. Consequently, the soil
evaporation for J3 treatment was reduced by 49.0% compared to BS treatment. It can be seen that soil
evaporation capacity in P2 was the lowest among three freeze–thaw stages, and straw mulching had a
good effect on inhibiting soil evaporation.

3.2.3. Thawing Stage

As the air temperature and solar radiation increased gradually in the thawing stage, the frozen
layer began to thaw, with a corresponding increase in soil liquid water content. The surface soil water
content for BS, J1, J2, and J3 treatments was increased by 14.0%, 33.3%, 15.5%, and 15.1%, respectively,
compared with P2. Moreover, the surface soil water content for J1 and J2 treatments was higher
than that for BS treatment. Nevertheless, the surface soil temperature for J1 and J2 treatments was
reduced by 4.24 ◦C and 4.30 ◦C, respectively, compared to BS treatment due to the slow rise of soil
temperature with straw mulch. The soil evaporation rate for J1 and J2 treatments was 0.156 mm·d−1

and 0.152 mm·d−1, less than that for BS treatment. The soil evaporation for J1 and J2 treatment was
7.01 mm and 6.82 mm, respectively, showing a reduction of 26.6% and 28.6% compared with BS
treatment, which suggests that straw mulch thicknesses were efficient for soil evaporation control and
with little difference in P3. The soil evaporation rate for J3 treatment was 0.163 mm·d−1, slightly higher
than that for J1 and J2 treatment but significantly less than that for BS treatment. The soil evaporation
was 7.34 mm, which was markedly reduced by 23.1% compared to BS treatment and increased by 4.7%
and 7.6% compared to J1 and J2 treatment, respectively.

3.3. Cumulative Soil Evaporation during the Freeze–Thaw Period

Straw mulch impeded the heat exchange between the surface soil and the atmosphere, and
therefore, less energy could be absorbed or released by the surface soil. Meanwhile, straw mulch
altered the surface soil heat conductivity, heat reflectivity, and roughness, which further changed the
soil thermal properties and affected the absorption, transfer, and conversion of heat in the surface
soil. In addition, straw mulch affected the microclimatic conditions near the surface soil, including the
air temperature, humidity, and wind speed and impacted the soil profile temperature, then further
influenced the soil evaporation significantly.

The cumulative soil evaporation varied markedly, as shown in Figure 6. The cumulative soil
evaporation for J1, J2, and J3 treatments was 17.25 mm, 15.63 mm, and 18.11 mm, showing a reduction
of 32.1%, 38.4%, and 28.7%, respectively, compared with BS treatment. It can be concluded that the
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three mulching modes affected soil evaporation significantly, and cumulative evaporation decreased
with increased straw mulching rate and thickness.Water 2019 8 of 15 
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The relationship between cumulative soil evaporation and time under different mulch modes was
fitted by the three equations (linear equation, exponential equation [42], power function) shown in
Table 2. The coefficient of determination of the three equations was greater than 0.84, and the power
function had an optimum fitting effect with a determination coefficient of 0.98 to 0.99, which could
be better used to predict the cumulative soil evaporation under different mulch modes during the
freeze–thaw period.

Table 2. Fitting equation analysis of cumulative evaporation and time for different straw mulch modes.

Treatment
E = a + bt E = aebt E = atb

a b R2 a b R2 A b R2

BS 1.765 0.162 0.97 3.487 0.016 0.87 0.378 0.841 0.99
J1 1.989 0.099 0.96 3.001 0.013 0.86 0.473 0.700 0.98
J2 1.433 0.093 0.97 2.549 0.014 0.88 0.388 0.719 0.98
J3 2.101 0.104 0.96 3.141 0.013 0.84 0.484 0.707 0.98

3.4. Major Factors Influencing Soil Evaporation in Different Freeze–Thaw Stages

3.4.1. Principal Component Analysis

Principal component analysis (PCA) was used to study the major factors influencing soil
evaporation under different mulch modes based on the field data during the freeze–thaw period
using SPSS 19.0 [43,44]. PCA is a multivariate technique that can reduce the dimensions of factors
for easy understanding and analysis of original data [45]. It transforms the original pieces of data,
correlated with each other, into a set of values called principal components with minimal information
loss [46]. Mathematically, PCA depends on eigenvector-based multivariate analysis, which can be
done by eigenvalue decomposition of a data covariance matrix [47]. When the cumulative variance
contribution is equal to or greater than 85% and the eigenvalue is more than 1, the former m principal
components are selected to represent all information [39]. Meanwhile, the weight coefficient reveals
the contribution of each factor to composing the principal component, and factors with large weight
coefficients in the principal component are considered as the major factors.

During the seasonal freeze–thaw period, soil evaporation is affected by many factors, mainly solar
radiation (x1), air temperature (x2), surface soil temperature (x3), surface soil water content (x4), wind
speed (x5), vapor pressure (x6), relative humidity (x7), precipitation (x8), and water surface evaporation
(x9). Thus, these nine factors were selected to analyze the level of influence on soil evaporation in
this paper.
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3.4.2. Unstable Freezing Stage

There was no precipitation in P1; therefore, eight factors were selected for PCA. The changes of
eigenvalue and variance contribution rate are shown in Figure 7. For BS treatment, the former two
principal components (F1 and F2), with a cumulative variance contribution rate of 88.87% (>85%)
and eigenvalues greater than 1, could be used to replace all information. The principal component
F1 for BS treatment explains 64.25% of the information of factors influencing soil evaporation, while
F2 accounts for only 24.62%, significantly less than F1. Therefore, we chose F1 as the main principal
component for BS treatment to analyze the major factors influencing soil evaporation. For J1, J2, and J3
treatments, analyzing in this manner, it was concluded that F1 could also be considered as the main
principal component to represent all information of factors influencing soil evaporation in P1.
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Figure 7. Variance contribution rate and eigenvalues in P1.

The weight coefficients of factors in F1 are shown in Table 3. The former three large coefficients
of absolute values for BS treatment were surface soil temperature (x3), water surface evaporation
(x9), and relative humidity (x7), which therefore could be considered as the major factors influencing
soil evaporation for BS treatment in P1. Similarly, the major factors for J1 and J2 were surface soil
temperature (x3), water surface evaporation (x9), and air temperature (x2); the major factors for J3 were
surface soil temperature (x3), water surface evaporation (x9), and surface soil water content (x4).

Table 3. Weight coefficients of factors in F1 during the unstable freezing stage (P1).

Factors
Treatment

BS J1 J2 J3

solar radiation (x1) 0.27 0.25 0.3 0.25
air temperature (x2) 0.37 0.39 0.39 0.35

surface soil temperature (x3) 0.43 0.44 0.42 0.41
surface soil water content (x4) −0.29 0.2 0.34 0.38

wind speed (x5) 0.3 0.27 0.25 0.29
vapor pressure (x6) 0.35 0.39 0.37 0.34

relative humidity (x7) −0.38 −0.38 −0.35 −0.37
precipitation (x8) / / / /

water surface evaporation (x9) 0.41 0.43 0.39 0.4
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It can be seen that the major factors for all treatments included both surface soil temperature
and water surface evaporation. In P1, the soil began to freeze from the surface soil with lower soil
temperature, and the transport of water vapor from the surface soil to the atmosphere was slowed,
which further weakened the soil evaporation. In addition, the water surface evaporation indicated
that in the environment for evaporation, the greater the water surface evaporation, the higher the soil
evaporation rate. However, there were some differences in the major factors between straw mulch
treatment and BS treatment. Relative humidity was the major factor for BS treatment, while it was not
the major factor for straw-mulched soil. In addition, air temperature affected the heat flux changes
directly, and together with the low thermal conductivity of straw mulch, less thermal energy could be
absorbed or released by the surface soil under straw mulching with 100% coverage than that under
mulching with 50% coverage or no mulching. The lower heat transfer decreased the thermal supply
for soil evaporation directly. Thus air temperature was the other major factor for J1 and J2 treatments
that influenced soil evaporation in P1, whereas air temperature was not a major factor for J3 treatment,
and surface soil water content became the major factor.

3.4.3. Stable Freezing Stage

There was a little snow, which thawed the next day, during the stable freezing stage (P2); therefore,
nine factors were selected for PCA. It can be noticed from Figure 8 that the former three principal
components for BS treatment, with a cumulative contribution rate of 88.55% (>85%) and eigenvalues
greater than 1, can represent all information of the factors influencing soil evaporation in P2. However,
it is observed that F1 for BS treatment in P2 explained 54.02% of the information, while F2 and F3
accounted for only 20.60% and 13.93%, obtaining less information than F1. Therefore, we chose F1 as
the main principal component for BS treatment to analyze the major factors influencing soil evaporation
in P2. For J1, J2, and J3 treatments, analyzing in this way, F1 was found to also represent all information
for analyzing the factors influencing soil evaporation.
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The former three large coefficients of absolute values for BS treatment were the same with the J1
and J2 treatments, as shown in Table 4. It can be seen that the major factors influencing soil evaporation
for BS, J1, and J2 treatments in P1 were solar radiation (x1), wind speed (x5), and relative humidity (x7),
while for J3 treatment, the major factors were solar radiation (x1), relative humidity (x7), and water
surface evaporation (x9).

The major factors for all treatments included both solar radiation and relative humidity.
With reduced air temperature and increased cumulative surface soil negative temperature in P2,
the concrete frozen layer hindered soil evaporation dramatically and became the main restriction of soil
evaporation for all treatments; thus, solar radiation was the main source of soil heat absorption, and
wind speed was the main driving force to promote heat transfer by convection at the near surface [48].
Therefore, solar radiation and wind speed were both important in influencing soil evaporation for all
treatments in P2. Owing to the hindrance of the frozen layer in soil, the soil evaporated only in the
form of water vapor. Under this circumstance, relative humidity became the major factor influencing
soil evaporation externally, and the negative value indicates that relative humidity was negatively
correlated with soil evaporation.

Table 4. Weight coefficient of factors in F1 during the stable freezing stage (P2).

Factors
Treatment

BS J1 J2 J3

solar radiation (x1) 0.41 0.41 0.43 0.4
air temperature (x2) −0.23 −0.22 −0.26 −0.19

surface soil temperature (x3) 0.19 0.19 0.16 0.22
surface soil water content (x4) −0.33 −0.34 −0.36 −0.35

wind speed (x5) 0.42 0.4 0.41 0.4
vapor pressure (x6) 0.32 0.3 0.34 0.3

relative humidity (x7) −0.42 −0.42 −0.40 −0.42
precipitation (x8) −0.18 −0.21 −0.16 −0.20

water surface evaporation (x9) 0.39 0.4 0.37 0.41

3.4.4. Thawing Stage

The changes of eigenvalues and variance contribution rates in P3 are presented in Figure 9.
The former three components for BS treatment, with a cumulative variance contribution rate of 88.38%
and eigenvalues greater than 1, represented all information of the factors influencing soil evaporation
in P3. It can be also noticed that F1 for BS treatment explained 47.87% of all information, while F2 and
F3 accounted for only 26.60% and 13.91%, obtaining less information than F1. Therefore, we chose
F1 as the main principal component for BS treatment to analyze the major factors influencing soil
evaporation in P3, and it was similar for J1, J2, and J3 treatments.

The former three factors with large coefficients of absolute values for BS treatment were solar
radiation (x1), air temperature (x2), and vapor pressure (x6) as shown in Table 5, and for straw
mulch treatments (J1, J2, and J3) they were solar radiation (x1), air temperature (x2), and surface soil
temperature (x3).

The major factors for all treatments included solar radiation and air temperature. With rising
solar radiation, the air temperature increased gradually and the frozen layer started to thaw, which
facilitated the water exchange between surface soil and air environment, and further increased soil
evaporation. Thus solar radiation and air temperature became the major factors influencing soil
evaporation in P3 for all treatments. In P3, straw mulch delayed the thawing rate of surface soil because
the soil temperature gradient and soil heat transfer under straw mulch were smaller than those for BS
treatment [37]. The direct absorption of solar radiation by soil was hindered and the soil temperature
rose slowly under straw mulching, so the surface soil temperature was the other major factor that
influenced soil evaporation in J1, J2, and J3 treatments. For BS treatment, the decreased vapor pressure
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and increased saturation difference accelerated soil evaporation more than in mulching treatments,
that is, the vapor pressure was the major factor, which was negatively correlated with soil evaporation.
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Table 5. Weight coefficient of factors in F1 during the thawing stage (P3). 
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Table 5. Weight coefficient of factors in F1 during the thawing stage (P3).

Factors
Treatment

BS J1 J2 J3

solar radiation (x1) 0.45 0.45 0.42 0.43
air temperature (x2) 0.47 0.47 0.46 0.46

surface soil temperature (x3) 0.38 0.42 0.4 0.39
surface soil water content (x4) 0.17 0.15 0.27 0.25

wind speed (x5) 0.2 0.16 0.12 0.15
vapor pressure (x6) −0.39 −0.37 −0.34 −0.35

relative humidity (x7) 0.28 0.25 0.26 0.26
precipitation (x8) 0.16 0.19 0.23 0.21

water surface evaporation (x9) 0.33 0.35 0.36 0.35

4. Conclusions

This research explored the effects of different straw mulch modes on soil evaporation based on
field experiments and analyzed the major factors influencing soil evaporation by the method of PCA
during the freeze–thaw period.

Soil evaporation under different straw mulch modes was reduced effectively during the
freeze–thaw period. The cumulative soil evaporation for J1, J2, and J3 treatments was 17.25 mm,
15.63 mm, and 18.11 mm, respectively, showing reductions of 32.1%, 38.4%, and 28.7% compared to the
BS treatment. The effect of straw mulch on soil evaporation was obvious during the stable freezing
period, and soil evaporation with straw mulch treatments was reduced by 49.0% to 58.8% compared
to the BS treatment, while there was little difference in straw mulch treatments in the thawing stage.
The relationship between cumulative soil evaporation under different straw mulch modes and time
was well fitted by the power function.
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There was a significant difference between the major factors influencing soil evaporation among
the three freeze–thaw stages. In P1, the major factors influencing soil evaporation for all treatments
were surface soil temperature and water surface evaporation, while in P2 they were solar radiation
and relative humidity, and in P3 they were solar radiation and air temperature.

This study is of great significance for alleviating water shortages in arid and semi-arid regions
during freeze–thaw periods. The effects of straw mulch on soil evaporation during freeze–thaw periods
and the major influencing factors were recognized. The results are significant for addressing soil water
storage and moisture conservation and for restraining the ineffective evaporation of soil water in arid
and semi-arid areas.
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