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Abstract: The ridge–furrow mulching system with plastic film (RFMS) has been widely used in semi-
arid areas in order to improve soil water and heat conditions, crop yields and water use efficiency. It
is of practical significance to study the effect of mulching and ridge types on soil water and heat in
order to optimize mulching measures and improve the effectiveness of the ridge and furrow system.
To clarify the combined effect of soil water and heat beneath the system and the influence of ridge
morphology on it, field experiments were conducted with three treatments, including conventional
planting in bare land (CK), a ridge–furrow (wide ridge with 70 cm width and 10 cm height, narrow
ridge with 40 cm width and 15 cm height) mulching system with complete plastic film (RFWN) and
a ridge–furrow (equal ridge with 55 cm width and 15 cm height) mulching system with complete
plastic film (RFE). An insufficient irrigation system was adopted and the two-dimensional numerical
software HYDRUS-2D was used to simulate the soil water and heat flow under the experimental
conditions. The model was calibrated and verified according to test data for the period of 2018 to
2019, which showed good agreement between the simulated and measured values. The simulation
results revealed that the ground temperatures of RFWN and RFE were much higher than that of CK,
and the average value of 0–25 cm during the growth period could increase by 2.29–4.61%. Compared
with CK, RFWN and RFE reduced soil evaporation (84.71–93.73%) and field evapotranspiration
(12.02–21.75%), while they increased root water uptake (25.87–40.98%) and T/ET (48.85–80.15%).
Plastic film mulching and ridge morphologies affected the infiltration range and the direction of soil
water movement, increased soil moisture when there was no rainfall or irrigation and reduced soil
water and heat fluctuations, which was more conducive to crop growth, especially under the RFWN
system. The simulation method proposed in this paper is an effective technique for calculating the
soil water and heat dynamics under different ridge and furrow sections under the condition of film
mulching, and it can be used for the optimal management of soil water and heat in this area.

Keywords: full plastic film mulching; ridge morphologies; soil water and heat; HYDRUS-2D;
water balance

1. Introduction

As a physical barrier to the exchange of water vapor between the soil and the atmo-
sphere, film mulching could limit soil evaporation [1], control soil water and heat, change
the soil micro-ecological environment [2], significantly promote crop emergence and dry
matter accumulation and ultimately improve soil water use efficiency [3]; thus, it has been
widely used in most arid and semi-arid arable lands throughout the world [4]. Plastic film
mulching is usually coordinated with other measures [5]. Its combination with a ridge and
furrow system (MRFS) has been shown to be beneficial to increase crop yields and water
use efficiency [6–9] and has been verified in the planting of corn [10], wheat [11], potato [12]
and other crops [13]; using this in combination with insufficient irrigation has been con-
firmed to achieve the dual purpose of saving water and increasing production [14,15], and
a moderate water deficit under mulching can result in higher water content, higher yields
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and reduced irrigation water [15]. Under the condition of full-film double-ridge planting,
the planting holes in the furrow are used for the aeration and infiltration of rainfall or
irrigation [16]; the soil micro-topography and mulching result in uneven distributions of
water and heat, which affect crop physiology activity and in turn impact soil water and
heat transfer [17]. To date, the dynamics and distribution of soil water and heat flow under
full-film double ridges with inadequate irrigation have not been fully studied. Therefore,
quantitative research on soil water and heat status has important practical significance as it
could contribute to revealing the internal water-saving and yield-increasing mechanisms of
the planting system and provide a theoretical basis for the optimization of cover measures.

The ridge–furrow patterns affect soil moisture, soil temperature, crop yield and water
use efficiency [18], and a ridge–furrow system with an appropriate morphology can im-
prove soil water and heat conditions and increase crop yields more effectively [19]. Studies
have shown that increasing the ridge width has a positive effect on soil water and heat
conditions, which increases leaf photosynthesis, dry matter accumulation on the ground,
crop yield and water use efficiency [6]. However, crop yield will not increase indefinitely
with an increase in ridge width [20] under the same planting density, and a reasonable
ridge–furrow structure is essential for crop cultivation in semi-arid areas. Previous studies
on soil water–heat coupling dynamics mainly focused on different mulching methods (such
as mulching on ridges, full mulching, double-ridge mulching, etc.) [21] or the mulching
period [22], but the influence of the ridge–furrow morphology on soil water and heat
under RFMS remains unclear. Research on the combined effects of soil water and heat
flow in different ridge–furrow patterns can provide a theoretical basis for optimizing the
ridge and furrow system, which would be conducive to improving the soil water and heat
environment, increasing crop yields and the effectiveness of the system.

The soil hydrothermal status has complex effects on crop emergence [23], root and
crown status [24], dry matter accumulation [25], yield and resource utilization efficiency [26],
etc. Research on soil hydrothermal status is of great significance to crop growth. However,
it is difficult to calculate the water and heat flow in the full-film double-ridge planting
system, as the dynamic migration of water and heat is closely related and complicated
under this condition. Moreover, there also exist challenges in analyzing the water and heat
transfer process at different locations in a long series and quantitatively through field test
monitoring; thus, numerical simulation methods are required [11]. Among the available
models (including SVAT, SHAW and HYDRUS) that can simulate the transport of water,
heat and solute in variable-saturated porous media, we use the HYDRUS model in this
work [27]. The geometric dimensions of ridges and furrows can be considered explicitly in
HYDRUS-2D, whose effectiveness and accuracy for two-dimensional soil water and heat
transport simulation have been verified by many scholars [28–31]. Most previous studies
considered a no-flux boundary under film mulched areas [30,31], but the variable-flux
boundary has been confirmed to be more practical [32] and was therefore adopted in
this paper.

To date, the simulations of soil water and heat transfer under the condition of full-film
double-ridge planting with film hole irrigation has not been reported, and the influence of
ridge patterns on the distribution of soil water and heat is still unclear. This article will
focus on the above issues, and the main purposes are to:

(1) Calibrate and verify the effectiveness of HYDRUS-2D modeling under the conditions
of full-film double-ridge planting;

(2) Simulate the temporal and spatial distribution of soil water–heat flow and laws of
water balance under different planting conditions;

(3) Explore the influence of plastic film mulching and different ridge morphologies on
the distribution of soil water and heat flow and provide a theoretical basis for the
design of ridge and furrow coverage systems.
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2. Materials and Methods
2.1. Experimental Site Description

The experiment was conducted at Dongyang Experimental Demonstration Base
(N37◦32′44.28”, E112◦37′26.78”), Yuci District, Jinzhong City, Shanxi Province, from May to
August in 2018 and 2019. In 2018, plants were sowed on 27 May and harvested on August
8 in the film mulching area and 12 August on bare land; in 2019, plants were sowed on
19 May and harvested on August 8 in the film mulching area and August 13 on bare land.
The base experiences the typical temperate continental monsoon climate. The mean annual
air temperature is approximately 9.3 ◦C, the mean annual precipitation amounts to 430 mm,
the frost-free period lasts 154 days, the soil type is tidal soil, the surface soil texture is
medium loam, the pH is 8.55, the soil total nitrogen is 0.78 g·kg−1, the organic matter is
10.35 g·kg−1, the alkali hydrolyzed nitrogen is 52 mg·kg−1, the available phosphorus is
49.12 mg·kg−1, the available potassium is 251.29 mg·kg−1, field water capacity is 32.8%
(volumetric water content), wilting coefficient is 11% (volumetric water content) and soil
bulk density is 1.37 g·cm−3 at effective root depth (0–100 cm, the main soil layer at which
crop roots absorb water and nutrients). Foundation soil samples and moisture constants
are shown in Table 1.

Table 1. Foundation soil samples and moisture constants.

Soil Layer
cm Texture Bulk Density

g·cm−3
Field Capacity

V%
Wilting

Coefficient V%

0–20 silt loam 1.22 32.7 11.6
20–40 silt loam 1.47 30.9 14.0
40–60 silt loam 1.39 31.6 11.9
60–80 loam 1.37 32.9 7.1

80–100 silt loam 1.42 35.9 10.3

The precipitation amounts and daily temperatures during the two-year experimental
growth period are shown in Figure 1.
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Figure 1. Daily maximum and minimum temperatures, average temperatures and precipitation in experimental site
throughout the waxy maize growing seasons. (a) The data in 2018; (b) The data in 2019.

2.2. Experimental Design

A plot experiment in the field was conducted, and 3 planting methods were included:
conventional planting in bare land (CK), a ridge–furrow (wide ridge with 70 cm width and
10 cm height, narrow ridge with 40 cm width and 15 cm height) mulching system with
complete plastic film (RFWN) and a ridge–furrow (equal ridge with 55 cm width and 15 cm
height) mulching system with complete plastic film (RFE) (for comparing the influence
of ridge patterns on soil water and heat flow). The plant spacing was 30 cm, and an
insufficient irrigation system was used to control the soil water content at the appropriate
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level during the 4 periods (the sowing period, the seedling period to the pre-joining period,
the late jointing period to the booting period and the booting period to the flowering period
were, respectively, 75–85%, 65–75%, 70–80% and 70–80% of the field water capacity), the
pre- and late joining periods were divided by 7 expanded leaves as nodes, and the planned
wet layer was 40 cm in seedling stage and 60 cm from jointing stage to maturity stage.
Irrigation methods were furrow irrigation in CK and film hole irrigation in RFWN and
RFE. The soil moisture was monitored weekly, and it was irrigated to the upper limit if
the water content was below the lower limit. There were 3 treatments in the experiment,
with a random block design; the plot contained 6 rows with 6 m length, and each treatment
was repeated 4 times. No cultivation was carried out during the experiment’s execution,
and the amount of fertilizer applied was determined according to the basic fertility of
the soil and the local experience level. The application amount of nitrogen fertilizer was
180 kg·hm−2 (based on pure N), the ratio of N, P and K was approximately 3:1:2, and the
application of each treatment was the same and conducted as base fertilizer before sowing.
The field layout is shown in Figure 2.
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Figure 2. Experimental layout and observation nodes, boundary conditions for soil water and heat flow under different
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2.3. Measurements

The Adcon-Ws wireless automatic weather monitoring system was used to determine
the temperature, rainfall, relative humidity, wind speed and direction and solar radiation
at a height of 2 m in the test field, and data collection was performed every 15 min. The
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HZR-8T soil layer temperature tester was buried in each plot at 0, 5, 15 and 25 cm as in
Figure 2, measured every 2 h throughout the entire growth period. The soil moisture was
measured using the drying method at the location in Figure 2, and every 20 cm was a
layer in the range of 0–100 cm. Five maize plants with uniform growth were selected and
marked from each plot, their leaf areas were measured with a steel ruler at each growth
period, and LAI was calculated by the length–width coefficient method and fitted with a
logistic equation to calculate daily ETc.

2.4. Construction of Mathematical Model of Water and Heat Transport

HYDRUS-2D was used to simulate water and heat transfer under different treatments.
The model uses the Galerkin finite element to solve the Richards equation of water flow in
variable saturation porous media and the convection dispersion equation of heat transport.

2.4.1. Soil Water Flow

Soil water movement in the test plot was simulated as water movement on a two-
dimensional vertical plane, neglecting vapor flow; the governing equation of water flow
with root uptake functions is expressed as follows [33]:

∂θ(h)
∂t

=
∂

∂x

[
K(h)

∂h
∂x

]
+

∂

∂z

[
K(h)

∂h
∂z

+ K(h)
]
− S(h) (1)

where θ is the volumetric moisture content (cm3·cm−3); h is the pressure head (cm); K(h)
is the unsaturated hydraulic conductivity of the liquid phase (cm·d−1); t is time (d); x
and z are horizontal and vertical coordinates (cm); S is a sink term referring to root water
uptake (d−1).

The van Genuchten–Mualem model [34] was used as the soil hydraulic function,
expressed by:

θ(h) = θr +
θs − θr[

1 + |αh|n
]m m = 1− 1

n
, n > 1 (2)

K(h) = KsSl
e

[
1−

(
1− S1/m

e

)m]2
(3)

Se =
θ(h)− θr

θs − θr
(4)

where θs is the soil moisture content at saturation (cm3·cm−3); θr is the residual soil
moisture content (cm3·cm−3); n, m, α are empirical shape parameters; Se is effective
saturation; Ks is the saturated hydraulic conductivity (cm·d−1); l is the pore connectivity
parameter, which normally is set to 0.5 [35].

2.4.2. Root Water Uptake

The sink term S(h) in Equation (1), which represents root water absorption, was
calculated according to the Feddes model [36]:

S(h, x, z) = α(h)b(x, z)TpLt (5)

b(x, z) =
b′(x, z)∫

ΩR
b′(x,z)dΩ

(6)

α(h) =


h1−h
h1−h2

h2 < h ≤ h1

1 h3 ≤ h ≤ h2
h−h4
h3−h4

h4 ≤ h < h3

(7)

where b(x,z) is the water uptake distribution function (cm−2); Tp is the potential transpira-
tion (cm·d−1); α(h) is the water stress response function due to root water uptake, which is
dimensionless; Lt is the surface length associated with transpiration (cm); h1 is the pressure
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head at the anaerobic point of root water absorption (cm); h2 is the optimum pressure head
for root water absorption (cm); h3 is the pressure head at the end of root water absorption
(cm); h4 is the pressure head at the point where root water absorption is weak (cm). The
root water uptake parameters refer to the reference values proposed by Wesseling et al. [37]
and were directly selected in the software. By integrating Equation (5) in the root zone, the
total actual root water uptake could be obtained. In HYDRUS-2D, b(x,z) was calculated
according to the model proposed by Vrugt et al. [38]:

b(x, z) =
[(

1− z
Zm

)][(
1− x

Xm

)]
e−(

pz
zm |z

∗−z|+ px
Xm |x

∗−x|) (8)

where Zm and Xm are the maximum depth and horizontal distance of the root distribution,
respectively; z* and x* are the vertical and horizontal coordinates of maximum root density,
respectively; pz and px are empirical parameters of root asymmetry.

2.4.3. Soil Heat Flow

The soil two-dimensional heat transport function, neglecting water vapor transport,
was calculated according to [39]:

C(θ)
∂T
∂t

=
∂

∂xi

[
λij(θ)

∂T
∂xj

]
− Cwqi

∂T
∂xi

(9)

where C(θ) is the total volumetric heat capacity of porous media (J·cm−3·◦C−1); T is
the soil temperature (◦C); λij(θ) is the soil thermal conductivity (W·cm−1·◦C−1); Cw is
the volumetric heat capacity of liquid (J·cm−3·◦C−1); qi is water flux (cm·d−1). C(θ) is
calculated by the following formula [40]:

C(θ) = Cnθn + Coθo + Cwθ (10)

where the subscripts n, o and w represent the solid phase, organic matter and liquid phase
in the soil, respectively. λij(θ) is calculated as follows [41]:

λij(θ) = λTCw|q|δij + (λL − λT)Cw
qjqi

|q| + λ0(θ)δij (11)

where λT is the transverse thermal dispersion (cm); λL is the longitudinal thermal disper-
sion (cm); δij is the Kronecker delta function; λ0(θ) is the thermal conductivity, which is
calculated by the following formula [42]:

λ0(θ) = b1 + b2 + b3θ0.5 (12)

where b1, b2, b3 are empirical coefficients (W·m−1·◦C−1).

2.4.4. Definite Solution Condition

In this study, the simulation area is a two-dimensional area centered on waxy corn
plants and has a horizontal extension of 0.5 times each row spacing, which coincides with
the midpoint of the row spacing on both sides, and the vertical extension is 1.0 m. The
finite element grid size is 0.5 cm for 0–20 cm, 1 cm for 20–60 cm and 3 cm for 60–100 cm.
The software cannot identify whether the film is covered or not; thus, it is distinguished by
the setting of boundary conditions, as shown in Figure 2. The water and heat boundaries
were set, respectively, as the no-flux boundary on the vertical side, free drainage and the
third type on the bottom boundary, the atmosphere boundary and the first type on the
plant hole, variable flux and the third type on the mulching area under RFWN and RFE,
variable flux and the third type on the wetted area of irrigation furrow, and the atmosphere
boundary and the first type on the remaining section under CK at the surface.
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Assuming that the initial soil water content and soil temperature were evenly dis-
tributed in the horizontal direction, the initial conditions for soil moisture and temperature
movement were:

θi(x, z, 0) = θ0i 0 ≤ x ≤ 55 cm; 0 ≤ z ≤ 100 cm; i = 1, · · · , 5 (13)

Ti(x, z, 0) = T0i 0 ≤ x ≤ 55 cm; 0 ≤ z ≤ 100 cm; i = 1, · · · , 5 (14)

The software requires potential transpiration (Tp) and potential evaporation (Ep) as
input items. Zhang et al. [30] neglected the soil evaporation under the full-film condition,
and the product of the substance coefficient Kcb and ET0 was used as the Tp input model.
Zhao et al. [31] calculated Ep and Tp according to Beer’s law and revised them by the
parameters fm (characterizing the covering material) and cm (characterizing the coverage
ratio), respectively. In this study, we considered the film pore evaporation under the
condition of full-film mulching, using the dual crop coefficient method of FAO-56 [43] and
the field water balance to calculate the daily Tp and Ep, in which the parameters were
obtained using a genetic algorithm. The input precipitation in the furrow was increased by
a factor of 2 in order to reflect the rain collection effect of the full-film double ridge under
RFWN and RFE conditions.

2.4.5. Parameter Calibration

The parameters were optimized using the actual measured values of soil moisture
and temperature during the growth period of waxy corn in 2019. The soil particle data
were obtained from the HWSD soil database, from which the percentages of clay, sand and
silt in the 0–30 cm and 30–100 cm soil layers could be obtained. Therefore, the soil texture
of the simulation area was divided into two layers, and the soil hydraulic parameters were
predicted by the software based on the soil bulk density combined with the soil texture
data. The software parameter optimization was performed by inverse calculation, which
is based on the Levenberg–Marquardt nonlinear minimization method. The estimated
parameters were used as the initial values of inverse calculation to optimize θr, θs, α, n and
Ks, so that the simulated values and the observed values of soil moisture could achieve
better fitting. Hydrothermal coupling simulations for each treatment were conducted to
optimize the soil heat flow parameters of 0–30 cm after determining the soil water flow
parameters, and the initial values of the heat flow parameters were the software default
values. The optimized soil water and heat parameters are shown in Tables 2 and 3.

Table 2. Model parameters to simulate soil water flow.

Qr
(cm3·cm−3)

Qs
(cm3·cm−3) α (1·cm−1) n Ks (cm·d−1) l

Bare soil
0–30 cm 0.0806 0.4828 0.0216 1.503 192.1 0.5

30–100 cm 0.0722 0.398 0.0116 1.472 81.61 0.5

Mulched
0–30 cm 0.0497 0.4325 0.0324 1.581 106.7 0.5

30–100 cm 0.0549 0.4231 0.0255 1.487 61.32 0.5

Table 3. Model parameters to simulate soil heat flow.

θn θo DL DT b1 b2 b3 Cn Co Cw

cm3·cm−3 cm W·cm−1·◦C−1

Bare soil 0.583 0 5 1 8.44 × 10+11 5.53 × 10+16 1.89 × 10+17 1.43 × 10+14 1.87 × 10+14 3.12 × 10+14

Mulched 0.735 0 5 1 8.89 × 10+13 3.16 × 10+16 9.83 × 10+16 1.43 × 10+14 1.87 × 10+14 3.12 × 10+14
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R2 was used to reflect the correlation between simulated and observed soil moisture
and temperature, and RMSE and MRE were used to evaluate the performance of the model.
The calculation formulas are as follows:

RMSE =

√√√√ N

∑
1

(Si −Oi)
2

N
(15)

MRE =
1
N

N

∑
1

|Si −Oi|
Si

× 100% (16)

where Oi is the observed value, Si is the simulated value, O is the average observed values,
and N is the total number of observed values.

3. Results
3.1. Model Calibration and Validation

The measured soil temperature and water content in 2019 were used to calibrate
the model parameters, and the experimental data in 2018 were used to verify the model.
The parameters obtained by calibration (shown in Tables 2 and 3) were used to simulate
the soil moisture and temperature of observation points in each treatment in 2019 (the
locations of observation points are shown in Figure 2). The observed and simulated values
at different soil layers and different times in each treatment are shown in Figure 3. It can
be seen from the figure that the simulated and observed values of different treatments
were essentially evenly distributed on both sides of the 1:1 line. The ranges of RMSE, MRE
and R2 values for soil moisture and temperature were 0.015–0.017 cm3·cm−3, 5.36–7.03%
and 0.61–0.77 and 0.65–0.81 ◦C, 2.06–2.56%, and 0.79–0.90, respectively, indicating that the
current model and parameters have acceptable goodness of fit values and could simulate
the soil water and heat flow of different depths in each treatment in 2019 well. The
experimental data for 2018 were used to verify the model, and the results are shown in
Figure 4. The ranges of RMSE, MRE and R2 values for soil moisture and temperature
were 0.015–0.018 cm3·cm−3, 5.41–6.68% and 0.58–0.69, and 0.97–1.04 ◦C, 3.02–3.08% and
0.71–0.78, respectively, indicating that the accuracy of the current model based on HYDRUS-
2D constructed for bare land furrow irrigation and full-film double-ridge hole irrigation is
acceptable and that the applied modeling method is reasonable.

3.2. Two-Dimensional Distribution of Soil Water and Heat

We took the day before irrigation, the day of irrigation and the day after irrigation in
2019 (i.e., 29 d, 30 d and 31 d after sowing; the irrigation amounts were 60 mm, 40 mm and
40 mm in CK, RFWN and RFE, respectively) as an example to analyze the coupled water
and heat flows through the two-dimensional simulations affected by different treatments.
RFWN and RFE were covered with full film, and irrigation and rainfall both entered the
soil through planting holes, while the infiltration methods of rainfall and irrigation were
different under CK; thus, a group of data collected on the day before rainfall, the day of
rainfall and the day after rainfall (i.e., 64 d, 65 d and 66 d; rainfall was 23.5 mm) were
additionally selected under CK to analyze the distribution of soil moisture influenced
by rainfall, while RFWN and RFE were not analyzed separately. The two-dimensional
distributions of water and heat for each treatment are shown in Figure 5, and the water
flow vector is shown in Figure 6.
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According to the analysis presented in Figures 5 and 6, both the plastic film mulching
and irrigation methods had a great influence on water movement after rainfall or irrigation.



Agriculture 2021, 11, 1099 13 of 20

The average soil moisture content within 1 m of each treatment increased gradually from
top to bottom on the day before irrigation, and the order was RFWN > RFE > CK, from large
to small. The values for RFWN and RFE were 8.78% and 3.85% higher than CK, respectively,
and the difference was mainly in the soil layer below 40 cm. The water flow direction was
upward at 0–60 cm depth but downward at 60–100 cm depth due to soil evaporation in
CK, while the water flow direction in both RFWN and RFE was downward due to the
obstruction of soil evaporation. On the day of irrigation, the water flow in CK infiltrated
from the irrigation ditch and its direction in the 100 cm soil layer were downward, while
the flow speed gradually decreased from the irrigation ditch to the crop side from top to
bottom. The infiltration depth of furrow irrigation was deeper, up to 80–100 cm, and the
soil moisture content increased rapidly, which also indicated that deep seepage occurred
more easily. Irrigation water was infiltrated from the planting hole in RFWN and RFE, and
a wet ball was formed near the planting hole. The infiltration depth was less than 30 cm,
and the infiltration rate gradually decreased outward from the planting hole; irrigation
was not sufficient to supplement the wide ridge tops of RFWN and the ridge tops of RFE.
The increase in soil water content in the mulching group was smaller than that in bare
land on the day of irrigation, which was mainly due to the blocking effect of mulching
film on irrigation water. The soil moisture content of CK was still high, and a boundary
layer was formed near 20 cm on the day after irrigation; the evaporation rate of soil was
intensified after irrigation, especially the surface layer, and the water content within 100 cm
increased first and then decreased with the depth. The water flow direction was downward
in RFWN and RFE; RFWN moved from the top of narrow ridge to the top of wide ridge,
while RFE moved from the planting hole to the two ridge tops, and the water content
increased gradually from top to bottom. The soil moisture content of the day after irrigation
was in the order of CK>RFWN>RFE, from high to low. The analysis of a rainfall process
treated by CK indicated that the rainfall infiltrated from the exposed surface, and the
distribution of soil moisture content increased gradually from top to bottom and from crop
side to both sides before rainfall. The water flowed downward in 0–30 cm and 70–100 cm,
but upward in 30–70 cm; meanwhile, the speed gradually decreased, causing the water
content to decrease first and then increase from top to bottom. The surface water flow of
0–15 cm on the day after rainfall was upward and the velocity was large, which increased
the evaporation on the soil surface. During the whole rainfall process, the soil moisture
content below 50 cm was relatively stable, and it mainly affected the soil moisture content
within 30 cm. It can be seen from the comparison between rainfall and irrigation processes
in CK that the difference was mainly associated with the infiltration location, influence
depth, water distribution, etc., which was also affected by the infiltration volume, which
mainly affected the wetting radius of the soil.

The average soil temperatures at 0–25 cm for RFWN and RFE were 6.91% (1.82 ◦C)
and 3.97% (1.05 ◦C) higher than that of CK, and the amplification at 5 cm was the largest.
The distribution of soil temperature in CK increased first and then decreased from top
to bottom, while in RFWN and RFE, it was consistent and gradually decreased from top
to bottom. This is mainly because the surface temperature of bare land is affected by
solar radiation, sunshine duration and the temperature difference between day and night,
while plastic film mulching weakens the turbulence exchange of upper air and eliminates
latent heat exchange, which increased soil heat flux in our study and led to a higher soil
temperature under plastic film than bare land. On the day of irrigation, the soil temperature
showed a similar change zone of infiltration water flow, which began to decline from the
top of the infiltration profile, and the range was essentially consistent with the influence
range of irrigation infiltration, showing a coupled process of water and heat. The soil
temperature rebounded on the day after irrigation, which was related to the weather, soil
moisture content and mulching, and the temperature increased by 3.06 ◦C compared with
the previous day. The soil temperatures of RFWN and RFE at 5 cm were both higher
than that of CK by more than 3 ◦C, related to film mulching; in addition, the soil heat
capacity increased due to the higher soil moisture content of bare land, which led to a
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smaller temperature rise. The change in soil temperature caused by the rainfall process was
similar to that caused by the irrigation process, and it also clearly showed the hydrothermal
coupling process, with the difference being mainly in the coupling location.

3.3. Dynamic Changes of Soil Water and Heat

A group of profiles of 0–100 cm at a distance of 10 cm from a waxy corn plant in
2019 was taken as an example for analysis. Figure 7a shows the dynamic curve of soil
moisture at different depths of this profile over time. As can be seen from the figure, the
soil moisture content of each treatment increased with rainfall or irrigation, especially
the surface layer, and then gradually decreased until the next rainfall or irrigation. Film
mulching, irrigation methods and the irrigation amount all had a certain impact on soil
moisture content. The results indicated that the fluctuation range of the soil moisture
content of the full-film mulch was smaller than that of the bare soil. It had little effect on
water content below 20 cm layers under RFWN and RFE due to its ability to hinder the
rainfall, irrigation and soil evaporation of plastic mulching. However, the open surface of
bare soil could allow more water infiltration when rainfall or irrigation events occurred,
so that the soil moisture content below 40 cm was almost unaffected by rainfall, while
irrigation had a certain influence on soil moisture content within 1 m, and the increase in
water content decreased from top to bottom, which was related to whether the soil surface
was covered and the irrigation method. Comparing the changes in soil moisture content
during irrigation under CK, RFWN and RFE (30 d, 45 d and 60 d after sowing), furrow
irrigation was used for CK and film hole irrigation for RFWN and RFE. It could be seen
that furrow irrigation had a deeper infiltration depth, but the slope of the decline in water
content was greater. However, film hole irrigation was insufficient to supplement the soil
moisture content below 20–40 cm; the plastic film obstructed soil evaporation so that the
water content decreased slowly and changed little over time. With the increase in the
irrigation amount, the peak value after irrigation also increased. The simulation accuracy
of the soil layer below 40 cm was higher than 0–40 cm, especially 0–20 cm, of which the
simulated value was lower than observed. This is related to the boundary selection and
parameters indicated by the model; in addition, the possible damage, dislocation and
tearing of the mulching film with the passage of time after mulching, which might increase
water infiltration, were not considered in the model, which might have contributed to the
above results.

Figure 7b shows the dynamic change curve of ground temperature with time at
5 cm, 15 cm and 25 cm under different treatments. The results showed that the variation
trends of soil temperature at different depths were similar in each treatment, and the
fluctuation at 5 cm was larger than those at 15 cm and 25 cm. The average measured values
during the growth period of film mulching at 5 cm and 15 cm increased by approximately
5.5% and 2.2%, respectively, compared to that of bare soil, while the effect at 25 cm was
not significant. The amplitude of soil temperature in bare land was larger than that
in plastic film mulching, and the amplitude differences were 2.4–2.64 ◦C, 1.83–2.69 ◦C
and 0.92–1.0 ◦C at 5 cm, 15 cm and 25 cm, respectively, which indicated that plastic film
mulching could suppress temperature fluctuations by increasing the minimum temperature
or decreasing the maximum temperature, which was consistent with the observed results
of Petrone et al. [44]. The warming effect of mulching began to weaken at the middle and
late periods until the difference was not obvious, which was caused by the increase in the
canopy as the growth period progressed.



Agriculture 2021, 11, 1099 15 of 20
Agriculture 2021, 11, x FOR PEER REVIEW 16 of 21 
 

 

(a) 
 

(b) 

Figure 7. Dynamic changes in soil water and heat. (a) Soil water dynamic change; (b) Soil tempera-
ture change. 

Figure 7b shows the dynamic change curve of ground temperature with time at 5 cm, 
15 cm and 25 cm under different treatments. The results showed that the variation trends 
of soil temperature at different depths were similar in each treatment, and the fluctuation 
at 5 cm was larger than those at 15 cm and 25 cm. The average measured values during 
the growth period of film mulching at 5 cm and 15 cm increased by approximately 5.5% 
and 2.2%, respectively, compared to that of bare soil, while the effect at 25 cm was not 
significant. The amplitude of soil temperature in bare land was larger than that in plastic 
film mulching, and the amplitude differences were 2.4–2.64 °C, 1.83–2.69 °C and 0.92–1.0 
°C at 5 cm, 15 cm and 25 cm, respectively, which indicated that plastic film mulching could 
suppress temperature fluctuations by increasing the minimum temperature or decreasing 
the maximum temperature, which was consistent with the observed results of Petrone et 
al. [44]. The warming effect of mulching began to weaken at the middle and late periods 
until the difference was not obvious, which was caused by the increase in the canopy as 
the growth period progressed. 

Figure 7. Dynamic changes in soil water and heat. (a) Soil water dynamic change; (b) Soil temperature change.

3.4. Soil Water Balance

Table 4 shows the water balance analysis results for the simulated flow area, including
cumulative infiltration, evaporation, root water uptake, deep drainage and changes in soil
water storage. Compared with bare soil, the amounts of irrigation for plastic mulching
were 50% (2018) and 83.33% (2019) of bare soil, while the amount of soil infiltration
increased by 20.04–24.4%, which was mainly due to the double-ridge full-film mulching
planting, which could concentrate the rainfall on the ridge surface into the planting furrow,
thereby increasing the rainfall infiltration. Plastic film mulching also greatly reduced soil
evaporation (84.71–93.73%) and field evapotranspiration (12.02–21.75%), while it increased
crop root water uptake (25.87–40.98%) and T/ET (48.85–80.15%); in other words, plastic
film mulching could reduce the ineffective consumption of soil water and increase the
efficiency of water use in the field. The negative value of the change in soil water storage
indicated the loss of soil moisture at the end of the growth period for the simulated area,
indicating that the mulching film is beneficial for the storage of soil moisture. Although
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plastic film mulch would greatly reduce soil evaporation, it also increased deep drainage to
a certain extent, as the upward movement of water was hindered under plastic film mulch
(Figure 7) and there was increased drainage due to free drainage at the lower boundary.
Our conclusions on infiltration and drainage are inconsistent with the conclusions made
under similar conditions in [26]. This is mainly due to the different simulation area settings
(the simulation depth in this article was 0–100 cm, while that presented in the literature
was 250 cm) and the two-times higher rainfall as the model input item in this article due to
the ridge and furrow structure.

Table 4. Estimated water balance with HYDRUS-2D under different treatments for growth period.

Year Treatments
Infiltration Evaporation RWU Drainage ∆W ET T/ET

(mm) (mm) (mm) (mm) (mm) (mm) (%)

2018
CK 301.60 119.71 137.39 72.25 −27.75 257.10 53.44%

RFWN 375.20 7.50 193.69 121.09 52.92 201.19 96.27%
RFE 371.60 11.51 191.54 110.98 57.57 203.05 94.33%

2019
CK 341.90 108.20 182.94 99.29 −48.53 291.14 62.84%

RFWN 410.40 7.50 230.27 118.24 54.39 237.77 96.85%
RFE 410.40 16.54 239.61 110.23 44.02 256.15 93.54%

According to the Water Resources Bulletin of Shanxi Province from 2018 to 2019, 2018
was a normal year and 2019 was a dry year, with response frequencies of 42.1% and 65.3%,
respectively. Different year types had little impact on soil evaporation, and it had greater
impact on bare land planting, as the T/ET of the same irrigation system was higher in
the dry year. RFWN and RFE were more stable in E, Drainage, ∆W and T/ET, whose
T/ET values were much higher than that of CK, and RFWN significantly increased T/ET
compared with RFE. More irrigation water led to more RWU and ET.

4. Discussion
4.1. Effect of Plastic Film Mulching on Soil Moisture and Heat

It is clear that the full mulching of the ridge and furrow structure has a significant
impact on the micro-ecological environment on the soil surface. Wang et al. [45] studied
the soil moisture and heat of Lycium barbarum under different planting conditions on the
Qinghai–Tibet Plateau and found that film mulching significantly increased the soil water
requirement of 10–110 cm and the surface soil heat absorption capacity (soil temperature at
20 cm) compared with traditional plain cropping. Plastic film mulching with ridge and
furrow provided better soil hydrothermal conditions and was more conducive to deep
water storage than plain cropping film mulching; similar trends were observed in the
planting of corn [46], potato [47] and wheat [31], which are essentially consistent with the
conclusions of this study. In this study, full-film mulching significantly increased the soil
temperature at 5 cm-15 cm and suppressed soil temperature fluctuations by increasing the
minimum temperature or decreasing the maximum temperature, which was consistent
with the aforementioned study [44]. However, Zhao et al. [31] showed that plastic mulching
caused a strong warming effect, resulting in a higher amplitude of topsoil temperature with
slightly different fluctuation patterns. However, the warming effect of plastic mulching
will weaken with the progression of the growth period [48], mainly because the increasing
canopy gradually blocks light and weakens the warming effect [49], which is consistent
with the results of this study. It can be concluded that the fluctuation of the upper soil
was largely due to weather, regardless of mulching, while the film mulching could reduce
the fluctuation of soil moisture and heat, which is very important for crop growth. The
alternation of soil drying and wetting will lead to an increase in soil moisture fluctuation,
thus posing a certain risk to crop yields [50]. Therefore, in this study, plastic film mulching,
especially RFWN, showed the lowest fluctuation of water and heat, which was more
conducive to crop growth.
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Research on the effect of plastic film mulching on soil evapotranspiration has not
yet reached a consensus. In this study, plastic film mulching was shown to significantly
reduce soil evaporation and field evapotranspiration and increase crop transpiration, which
is consistent with the literature [51–53], while some studies have shown that although
mulching can reduce soil evaporation, it can increase crop transpiration and thus increase
field evapotranspiration [45,54,55]. This is because the effect of plastic mulching on crop
transpiration is different due to meteorological conditions, varieties, the proportion of
plastic mulching, irrigation and other factors; consequently, the impact of plastic mulching
on the total amount of evapotranspiration is not yet agreed upon.

4.2. The Influence of Ridge Patterns on Soil Moisture and Heat

The RFMS can collect the water on ridges covered by impervious plastic film into the
furrows and infiltrate through planting holes on the film [6]. Studies have shown that this
system can reduce soil water evaporation, improve soil temperature and effectively increase
crop absorption and the utilization of light rainfall and soil water and heat resources [56].
Jiang and Li [57] used the dye tracer method to simulate the soil distribution after 24 h of
rainfall under 2 min, 4 min and 6 min under RFWN conditions, and the results showed
that rainfall infiltrated through the entire soil surface under the condition of conventional
planting in bare land, while RFWN occurred through a narrow furrow, which is consistent
with the results of this study. RFWN significantly increased the soil water content in the
dyeing area within the range of 0–20 cm 24 h after rainfall, and the depth of infiltration
perpendicular to the planting line was greater, which is different from the results of this
study. This is because the literature ignores the canopy interception of the simulation
area and the distribution of soil moisture is influenced by root water uptake; in addition,
in the experiment, the ridges were usually not flat, and the indentation of the ridge top
hindered soil infiltration to a certain extent. Eldoma et al. [49] studied the effects of RFWN
and RFE on maize planting under rain-fed conditions in semi-arid areas, and the results
showed that the ridge pattern did not affect the soil temperature and had no consistent
effect on soil moisture, and the two patterns showed no significant differences in crop
growth and yield composition. The effect of film mulching is much greater than that of
the ridge type on the growth and development of maize. In this study, RFWN and RFE
had little effect on soil temperature and no consistent effect was found, which is in line
with the conclusions presented in the literature. In terms of soil moisture content, RFWN
was slightly higher than RFE throughout the entire growth period. Ten nodes in RFWN,
which were the same as RFE, were selected to analyze the average water content during
the growth period. It could be concluded that the soil water content in RFWN increased
by 0.7% to 3.5% compared with RFE in other nodes, except for two nodes with 20–40 cm
height, and the increment in 2019 was higher than that in 2018. However, the moisture
content of RFWN at 20–40 cm could increase by more than 20% compared with RFE in 2019,
and the increase mechanism may relate to the rainfall year type and root water uptake
and is yet to be further studied. The comparison of each node under the RFWN condition
during the two-year experiment showed that the farther the transverse from the planting
row in the simulated area, the higher the water content, and the water content of the narrow
ridge was slightly higher than that of the wide ridge, but the difference was small, at no
more than 1%.

5. Conclusions

The HYDRUS-2D model was calibrated and verified in this paper, and the RMSE and MRE
ranges of soil moisture and temperature under different treatments were 0.015–0.018 cm3·cm−3,
5.36–7.03% and 0.65–1.04 ◦C, 2.06–3.08%, respectively, which showed good fitness and
can be used to simulate the soil water and heat flow under the conditions of full-film
double-ridge film-hole irrigation and bare land furrow irrigation. The simulation results
showed that the order of soil moisture was RFWN > RFE > CK when there was no water
supplement, and the distribution of that under different treatments increased gradually
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from top to bottom and from crop side to both sides; it was slightly higher in narrow ridges
than in wide ridges under RFWN, while the film mulching fluctuated less than bare soil.
The infiltration film hole formed a wet ball near 20 cm depth during irrigation, while,
during furrow irrigation, the infiltration formed a wet front inward and downward from
the ditch wall. The infiltration of bare land during rainfall occurred from the surface soil
and advanced in layers inside the soil, while the infiltration law of plastic film mulching
was consistent with that of irrigation, and the evaporation of bare soil increased greatly
after rainfall or irrigation. Film mulching suppressed the fluctuation amplitude of soil
temperature, which was significantly higher than that of bare land, and the warming effect
weakened with the increase in depth and the progression of the growth period. In the
process of rainfall or irrigation, soil temperature displayed a similar change zone with the
infiltration of water, showing an obvious water–heat coupling process.

RFMS could increase infiltration (it can collect rainwater on the ridge surface to
the planting furrow), root water uptake and the E/ET ratio, reduce soil evaporation and
field evapotranspiration, improve soil water storage and increase water use efficiency.
Compared with RFE, RFWN could increase soil moisture content and E/ET to a certain
extent and lessen water and heat fluctuations, which is more conducive to crop growth.
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41. Šimůnek, J.; Suarez, D.L. UNSATCHEM-2D Code for Simulating Two-Dimensional Variably Saturated Water Flow, Heat Transport,

Carbon Dioxide Production and Transport, and Multicomponent Solute Transport with Major Ion Equilibrium and Kinetic Chemistry;
Version 1.1, Research Report No. 128.; U.S. Salinity Laboratory, USDA, ARS: Riverside, CA, USA, 1993.

42. Chung, S.; Horton, R. Soil heat and water flow with a partial surface mulch. Water Resour. Res. 1987, 23, 2175–2186. [CrossRef]
43. Allen, R.G.; Pereira, L.S.; Raes, D.; Smith, M. Crop evapotranspiration—Guidelines for computing crop water requirements.

FAO Irrig. Drain. Pap. 56. 1998, 300, D05109.

http://doi.org/10.1016/j.agwat.2017.12.030
http://doi.org/10.3390/w12051330
http://doi.org/10.1016/j.agwat.2017.12.007
http://doi.org/10.2136/sssaj2004.7840
http://doi.org/10.1016/j.fcr.2009.04.005
http://doi.org/10.1016/j.still.2003.12.009
http://doi.org/10.1016/S0378-4290(99)00027-1
http://doi.org/10.3390/agriculture11060477
http://doi.org/10.1016/j.agwat.2020.106289
http://doi.org/10.2136/vzj2016.04.0033
http://doi.org/10.1007/s00271-011-0279-z
http://doi.org/10.1002/ird.2505
http://doi.org/10.1016/j.agwat.2018.07.021
http://doi.org/10.1016/j.agwat.2018.02.017
http://doi.org/10.2166/ws.2021.095
http://doi.org/10.1063/1.1745010
http://doi.org/10.2136/sssaj1980.03615995004400050002x
http://doi.org/10.1029/WR012i003p00513
http://doi.org/10.2136/sssaj2001.6541027x
http://doi.org/10.1029/WR015i005p01195
http://doi.org/10.2136/vzj2007.0077
http://doi.org/10.1029/WR023i012p02175


Agriculture 2021, 11, 1099 20 of 20

44. Petrone, R.M.; Waddington, J.M.; Price, J.S. Ecosystem scale evapotranspiration and net CO2 exchange from a restored peatland.
Hydrol. Proc. 2001, 15, 2839–2845. [CrossRef]

45. Wang, J.; Gao, X.; Zhou, Y.; Wu, P.; Zhao, X. Impact of conservation practices on soil hydrothermal properties and crop water use
efficiency in a dry agricultural region of the tibetan plateau. Soil Tillage Res. 2020, 200, 104619. [CrossRef]

46. Qi, Z.; Feng, H.; Zhao, Y.; Zhang, T.; Yang, A.; Zhang, Z. Spatial distribution and simulation of soil moisture and salinity under
mulched drip irrigation combined with tillage in an arid saline irrigation district, northwest China. Agric. Water Manag. 2018, 201,
219–231. [CrossRef]

47. Ruidisch, M.; Kettering, J.; Arnhold, S.; Huwe, B. Modeling water flow in a plastic mulched ridge cultivation system on hillslopes
affected by South Korean summer monsoon. Agric. Water Manag. 2013, 116, 204–217. [CrossRef]

48. Hou, X.; Wang, F.; Han, J.; Kang, S.; Feng, S. Duration of plastic mulch for potato growth under drip irrigation in an arid region of
Northwest China. Agric. For. Meteorol. 2010, 150, 115–121. [CrossRef]

49. Eldoma, I.M.; Li, M.; Zhang, F.; Li, F. Alternate or equal ridge–furrow pattern: Which is better for maize production in the rain-fed
semi-arid Loess Plateau of China? Field Crop. Res. 2016, 191, 131–138. [CrossRef]

50. Parihar, C.M.; Nayak, H.S.; Rai, V.K.; Jat, S.L.; Parihar, N.; Aggarwal, P.; Mishra, A.K. Soil water dynamics, water productivity
and radiation use efficiency of maize under multi-year conservation agriculture during contrasting rainfall events. Field Crop. Res.
2019, 241, 107570. [CrossRef]

51. Chen, Z.; Sun, S.; Zhu, Z.; Jiang, H.; Zhang, X. Assessing the effects of plant density and plastic film mulch on maize evaporation
and transpiration using dual crop coefficient approach. Agric. Water Manag. 2019, 225, 105765. [CrossRef]

52. Doss, B.D.; King, C.; Patterson, R.M. Yield Components and Water Use by Silage Corn with Irrigation, Plastic Mulch, Nitrogen
Fertilization, and Plant Spacing. Agron. J. 1970, 62, 541–543. [CrossRef]

53. Li, S.; Wang, Z.; Li, S.; Gao, Y.; Tian, X. Effect of plastic sheet mulch, wheat straw mulch, and maize growth on water loss by
evaporation in dryland areas of China—ScienceDirect. Agric. Water Manag. 2013, 116, 39–49. [CrossRef]

54. Bu, L.; Liu, J.; Zhu, L.; Luo, S.; Chen, X.; Li, S.; Hill, R.L.; Zhao, Y. The effects of mulching on maize growth, yield and water use in
a semi-arid region. Agric. Water Manag. 2013, 123, 71–78. [CrossRef]

55. Mo, F.; Wang, J.; Zhou, H.; Luo, C.; Zhang, X.; Li, X.; Li, F.; Xiong, L.; Kavagi, L.; Nguluu, S. Ridge-furrow plastic-mulching with
balanced fertilization in rainfed maize (Zea mays L.): An adaptive management in east African Plateau. Agric. For. Meteorol. 2017,
236, 100–112. [CrossRef]

56. Duan, C.; Chen, G.; Hu, Y.; Wu, S.; Feng, H.; Dong, Q. Alternating wide ridges and narrow furrows with film mulching improves
soil hydrothermal conditions and maize water use efficiency in dry sub-humid regions. Agric. Water Manag. 2021, 245, 106559.
[CrossRef]

57. Jiang, X.; Li, X. Assessing the effects of plastic film fully mulched ridge–furrow on rainwater distribution in soil using dye tracer
and simulated rainfall. Soil Tillage Res. 2015, 152, 67–73. [CrossRef]

http://doi.org/10.1002/hyp.475
http://doi.org/10.1016/j.still.2020.104619
http://doi.org/10.1016/j.agwat.2017.12.032
http://doi.org/10.1016/j.agwat.2012.07.011
http://doi.org/10.1016/j.agrformet.2009.09.007
http://doi.org/10.1016/j.fcr.2016.02.024
http://doi.org/10.1016/j.fcr.2019.107570
http://doi.org/10.1016/j.agwat.2019.105765
http://doi.org/10.2134/agronj1970.00021962006200040035x
http://doi.org/10.1016/j.agwat.2012.10.004
http://doi.org/10.1016/j.agwat.2013.03.015
http://doi.org/10.1016/j.agrformet.2017.01.014
http://doi.org/10.1016/j.agwat.2020.106559
http://doi.org/10.1016/j.still.2015.04.002

	Introduction 
	Materials and Methods 
	Experimental Site Description 
	Experimental Design 
	Measurements 
	Construction of Mathematical Model of Water and Heat Transport 
	Soil Water Flow 
	Root Water Uptake 
	Soil Heat Flow 
	Definite Solution Condition 
	Parameter Calibration 


	Results 
	Model Calibration and Validation 
	Two-Dimensional Distribution of Soil Water and Heat 
	Dynamic Changes of Soil Water and Heat 
	Soil Water Balance 

	Discussion 
	Effect of Plastic Film Mulching on Soil Moisture and Heat 
	The Influence of Ridge Patterns on Soil Moisture and Heat 

	Conclusions 
	References

