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Abstract: Drip irrigation under mulch is a widely used technique in the arid region of northwest
China. The partially mulched soil and the bare strips between mulched areas may complicate the
migration of water, salt, and heat in soils, and cause lateral salt accumulation on bare soil surfaces. For
investigating hydrothermal dynamics and salt distribution patterns under such circumstances, tank
experiments with drip irrigation under plastic film on partially mulched soil were conducted under
two intensities of drip irrigation (i.e., low (W1) and high (W2)) with the same total irrigation amount.
The spatial distributions of soil water, temperature, and electrical conductivity were monitored
accordingly. The two-dimensional (2D) model of soil water, salt, and heat transport under drip
irrigation and partially mulched soil conditions was established using HYDRUS-2D, and kinetic
adsorption during salt migration was considered. The results of the experiments showed that the
uneven distribution of the hydrothermal state led to the accumulation of salt on the un-mulched soil
surface. Water migrated from where the dripper was located, and heat accumulated mainly in the
mulched soil. HYDRUS-2D matched reasonably well with the observed data, with an R2 higher than
0.54. Under the partially mulched conditions, lower intensity of drip irrigation (W1) show higher
desalination efficiency in root zones, with less even lateral salt distribution. Scenario simulations
further demonstrated that a larger total irrigation amount would result in a larger desalination zone,
and drip irrigations with appropriate incremental intensity could improve salt leaching in the root
zone with increased lateral migration of water.

Keywords: soil moisture; soil salinity; northwest China; kinetic adsorption; desalination efficiency;
irrigation practice

1. Introduction

Soil salinity and water shortages are two major threats to world food security; 33% of
irrigation agricultural lands have severely suffered from soil salinization, and more than
60% of farmland is limited by water shortages [1]. Northwest China, a significant food-
producing area, is a typical arid region that is rich in light, heat, and land resources. Water
shortage and soil salinization are two major problems restricting the sustainable develop-
ment of agriculture in this area [2,3]. Furthermore, high potential evaporation exacerbates
the soil salinity problem [4]. Film mulching can effectively reduce soil evaporation by
hindering water exchange between the soil and the outside environment [5–7]. In addition,
drip irrigation is commonly used as a water-saving measure, and significantly improves
water productivity and crop yields compared with conditional flood irrigation [8–10]. Com-
bining the above advantages, one can see that drip irrigation under mulch conditions can
conserve water and heat, which is beneficial for crop growth and crop yield [11,12]. This
technology has been widely applied in northwest China; the application area occupies
more than 1.6 million hm2 in Xinjiang, and continues to increase [13,14].

Despite the above advantages, water-saving irrigation such as drip irrigation may not
effectively leach salt out of the root zone, thus potentially causing salt accumulation and
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harming crop growth [13,15]. Film mulching can inhibit soil evaporation and salinization
to a certain extent, especially in combination with drip irrigation [16]. However, where bare
strips exist between mulched soil, uneven distribution of water and heat appears, leading
to salt accumulation in these places. This complex salt distribution pattern has the potential
to cause salinization problems in the long term. For scientific water and salt transport on
farmland, it is crucial to understand the mechanisms of water, salt, and heat migration with
drip irrigation under partially mulched soil conditions.

In recent years, many researchers have investigated water, salt, and heat transport in
bare soil under drip irrigation conditions, through lab and field experiments combined with
numerical simulations. In bare farmland soil, drip irrigation has usually been regarded as a
line source; thus, HYDRUS-2D can be used to investigate water, salt, and heat transport
in the vertical soil profile. For example, Wang et al. [17] used HYDRUS-2D to simulate
and verify water flow and heat transport around the subsurface drip line. Selim et al. [18]
employed HYDRUS-2D to simulate water and salt distribution for surface drip irrigation
with brackish irrigation water under various scenarios of soil quality, initial water con-
tent, and irrigation frequency. In addition, with the dripper regarded as a point source,
Antonio et al. [19] used HYDRUS-3D to study water migration behavior in layered soil.
Shan et al. [20] investigated the watersalt transport in the intersection area between two
point sources. These previous results, based on simulations by HYDRUS-2D/3D, discussed
the laws of water, salt, and heat transport in bare farmland soil and determined ideal
irrigation practices. Under totally mulched soil conditions, Zhao et al. [21] simulated
one-dimensional (1D) soil, water, and heat transport in the vertical direction under different
irrigation quantities. In addition, Qi et al. [22] found that full film mulching contributed to
an obvious desalination effect on soil under drip irrigation.

For typical drip irrigation under partially mulched conditions, the bare strips between
mulched soil can cause large heterogeneity in water, salt, and heat distribution within the
soil surface [23–25]. Experiments showed that irrigation [26], salinity [27,28], and tillage
management [22] could affect soil moisture, salinity, and heat dynamics in mulched and un-
mulched strips. Some studies combined field and indoor soil tank experiments to explore
water and salt distribution influenced by agriculture methods, e.g., horizontal tillage or salt
drainage ditches [29,30]. Meanwhile, HYDRUS-2D was successfully applied to describe the
mechanism of soil water, salt, and heat transport with lateral differences [31,32]. Combining
HYDRUS-2D with field experiments, Qi et al. [22] investigated spatial soil moisture and
salt distribution under partially mulched drip irrigation, and found that it led to secondary
salinization in a 0 to 40 cm layer in the un-mulched soil under flat tillage. In addition,
the flow rate, total quantity, and frequency also affected such spatial differences [26,33].
Ning et al. [28] used HYDRUS-2D combined with field experiments to investigate salt
storage in the root zone, and they found that a high irrigation amount with low drip
irrigation frequency promoted soil desalination.

Despite these various advancements, most articles related to partially mulched drip
irrigation have focused either on field experiments, which involve high levels of spatial
heterogeneity in soil and are less controllable, or indoor experiments targeting the influence
of specific agriculture measures. These previous studies have lacked in-depth analysis of
the mechanism of salt migration. In addition, in previous simulations, salt has generally
been regarded as conservative particle, while in reality, salt transport is accompanied by
physical and chemical reactions (e.g., adsorption–desorption, precipitation–dissolution,
etc.). Evaporation was found to be accompanied by latent heat consumption, and soil
surface temperatured varied under partially mulched conditions, indicating that heat
transport cannot be neglected in the investigation of water and salt transport. Hence,
for thoroughly investigating salt behavior under partially mulched drip irrigation, it is
necessary to construct a 2D model of water, salt, and heat transport that includes bare and
mulched soil areas, and involves the typical salt reactions. To this end, the main goal of
this study was to investigate water, salt, and heat dynamics of soil under partially mulched
drip irrigation, combining laboratory experiments and HYDRUS-2D model software. The
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model distinguished mulched and un-mulched areas, and considered the kinetic adsorption
process in salt migration. Finally, the influence of various drip-irrigation intensities on the
spatial distribution of soil water, salt, and temperature was analyzed, as was salt leaching
efficiency under various drip irrigation conditions.

2. Materials and Methods
2.1. Experimental Design

Two tank experiments involving drip irrigation under partially mulched conditions
with different drip irrigation intensities were conducted in this research study. The ex-
perimental layout is shown in Figure 1. The tank size was 70 cm × 20 cm × 50 cm, with
saline soil having been filled in layer by layer. To avoid the influence of trapped air during
infiltration, the tanks were equipped with side holes that stayed open until the surrounding
soil was saturated. The mulch and dripper were arranged based on the local farmland
practice of “one mulch, four lines, and two drip irrigation zones”. The plastic mulch used
in the experiment was transparent and waterproof, with a thickness of 0.01 mm.

The experiment used thermal infrared lights for heating, to simulate the sunshine
situation of southern Xinjiang, with similar durations of heating each day. The combination
of the arrow shape and the pressure-compensating dripper ensured the stable flow rate in
this experiment. A martensite bottle provided water and the soil was irrigated with three
drippers simultaneously, which were arranged at 5, 10, and 15 cm along the direction of
the irrigation pipe, as shown in Figure 2a.

The soil was collected from the 0 to 40 cm of salinized fallow farmland in Aksu
Prefecture, in the Xinjiang Uygur Autonomous Region (81◦11′42′′ E, 40◦37′27′′ N), where
the soil salinization problem is serious. The soil texture was sandy loam, with low fertility
and high soil salinity. The soil was mailed to the experimental site and was sieved, naturally
dried, and fully mixed to bring it to homogeneity. The initial soil bulk density, ρb, was
measured as 1.55 g cm−3. The initial volumetric water content, θ0, was 0.05 cm3 cm−3, and
the initial soil salinity, S0, was 9.41 g kg−1.

Figure 1. Layout of the mulched drip-irrigation system in the indoor soil tank: (a) Sketch map of
design; (b) photograph of equipment.

Two drip-irrigation treatments were established in the experiment, with different drip
irrigation intensities (i.e., mostly low W1 and mostly high W2). The drip irrigation salinity
was 1.6 g L−1. They had the same total irrigation quantities. The irrigation schedule is
shown in Table 1.
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Table 1. Irrigation schedules.

Time (d) 1 4 7 10 13 16 19 22 25 28 The total amount (L)Number of irrigation i-th 1 2 3 4 5 6 7 8 9 10

Irrigation amount
(L)

W1 1 4 4 4 4 4 4 3 2 1 1 31
W2 1 5 5 5 5 5 2 1 1 1 1 31

Note: 1 The drip-irrigation flow rate of W1 and W2 was 0.4 L/h throughout the experiment.

2.2. Monitoring Methods

The experimental measurements included temperature monitoring and water-salt
measurement. Their locations are shown in Figure 2.

The locations of the temperature probes are shown in Figure 2a,b in horizontal and
vertical plane views. The temperature probes were 0.5 mm in diameter to avoid disturbing
the soil, and they were connected to thermocouple wires that were wrapped in insulating
plastic. The wires were connected to the monitor (as shown in Figure 1a), to collect and au-
tomatically record the temperature data each minute. The temperature monitor (YP5008G,
YONGPENG, Zhongshan, China, monitoring range of−55–400 ◦C) was calibrated to within
0.5% using an ice–water mixture and boiling water.

The soil’s water content was measured at the end of the experiment. The locations are
shown in Figure 2c in the vertical plane view. Note that the three replications in accordance
with the three drippers’ locations in the horizontal view (Figure 2a). The oven-drying
method was used to measure the soil water content by mass, which was converted to
volumetric water content by multiplying the bulk density ρb.

The conductivity value (EC 1:5) was measured by a conductivity meter (FE38, Mettler
Toledo, Shanghai, China), according to the extracts with a 1:5 soil water ratio, in order to
quantify the soil salt distribution at the end of the experiment. The Mettler Toledo standard
solution (1413 µS cm−1) was used for calibration, with the error being about 3%. The soil
salinity in dry soil was calculated based on Equation (1), which has been proven suitable
for this kind of soil [34]:

S =0.0037 ∗ EC1:5 + 1.0291 (1)

where S is the soil salinity in dry soil (g kg−1), and EC1:5 is the electrical conductivity value
(µS cm−1).

High-precision electronic scales (ZOGGI, Jinhua, China, accuracy within 0.1%) were
set under the soil tank to record the hourly mass change, which was used to track the
evaporation loss from the soil tank.

2.3. Model Introduction

HYDRUS-2D was applied for the related simulations. HYDRUS-2D was widely used
to simulate 2D water, salt, and heat transport in various circumstances of porous medium.

2.3.1. Equation of Water Transport

In HYDRUS-2D, Richard’s equation is used to describe soil water movement [35]:

∂θ

∂t
=

∂

∂x

[
K(θ)

∂h
∂x

]
+

∂

∂z

[
K(θ)

∂h
∂z

]
+

∂K(θ)

∂z
+sw (2)

where θ is the soil volume water content (cm3 cm−3), t is the time (h), h is the pressure, and
K(θ) is unsaturated and soil water conductivity (cm h−1), which can be obtained from the
saturated water content of soil Ks (cm h−1). sw is the water source term (h−1), caused by
drip irrigation. x and z are the coordinates in the horizontal and vertical (positive upwards)
directions (cm), respectively.
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Figure 2. Locations of the observation sites: (a) Temperature monitoring and water-salt observation
sites in horizontal plane view; (b) temperature monitoring points in vertical plane view; (c) water-salt
observation sites in vertical plane view.

The van Genuchten–Mualem function [36] was applied to estimate the soil water
properties as follows,

θ(h)= θr +
θs − θr(

1+|αh|n
)m (3)

K(h)= KsSl
e

[
1−

(
1− S

1
m
e

)]2
(4)

Se =
θ(h)
θs−θr

, m = 1− 1
n

, n > 1 (5)

where θs is saturated water content (cm3 cm−3), θr is residual water content (cm3 cm−3),
α and n are shape parameters, l is pore connectivity parameter, Se is saturated soil. The
values of water characteristic parameters are shown in Table 2.

Note that the van Genuchten–Mualem function was further modified by considering
the air-entry value, which could more accurately simulate the water flow, especially in
heavy soil (e.g., loam and clay) [37]. The corresponding updated function with a default
air-entry value of 2 cm was provided in HYDRUS-2D. However, because the air-entry value
cannot be calibrated in HYDRUS-2D and our soil texture tended to be light (sandy loam),
in this study we used the original van Genuchten–Mualem function. The impact of the
two functions on water flow and related salt migration in these experimental conditions
will be studied in future.
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2.3.2. Solute Transport Equation

For highly salinized soil, salt migration may involve complex processes includingsalt
adsorption–desorption and precipitation–dissolution. Compared with the advection speed,
these salt migration processes were relatively slow, so they could be grouped together as
part of a non-equilibrium kinetic absorption term.

Based on the advective dispersive equation (ADE), the partial differential equation
represents the non-equilibrium chemical transport of solutes involving the sequence first-
order decay chain in HYDRUS-2D [38]:

∂θc
∂t + ∂ρs

∂t = ∂
∂x

[
θD0

∂c
∂x

]
+ ∂

∂z

[
θD0

∂c
∂z

]
− ∂(qxc)

∂x − ∂(qzc)
∂z + swcr

−
(
µS+µ′S

)
ρbs − (µw+µ′w)θc + γSρb+γwθ

(6)

where c is the solute concentration (mg cm−3), qx and qz are water flux amounts in the x
and z directions, respectively (cm h−1), D0 is the saturated–unsaturated hydrodynamic
dispersion coefficient (cm2 h−1), cr is the concentration of irrigation water (mg cm−3), µS
and µw are the first-order rate constants of the solid phase and liquid phase (h−1), µ′S, µ′w
are the first order rate constants of the solid phase and liquid phase in the solute decay
chain (h−1), γS and γw are the zero-order rate constant of the solid phase and liquid phase
(h−1), ρb is the soil bulk density of soil (g cm−3), s is the adsorption quantity (mg g−1).

The saturated–unsaturated hydrodynamic dispersion coefficient D0 was calculated
according to Equation (7):

θD0 = DT|q|+ (DL −DT)
qxqz
|q| +θDwτw + (DL − DT)

qz
2

|q| (7)

where τw is the liquid phase bending coefficient, Dw refers to the diffusion coefficient
of solute molecules in water (cm2 h−1), DL and DT are the longitudinal and transverse
dispersion (cm), respectively; other parameters were the same as before.

Considering the adsorption effect of soil on salt, a two-point adsorption model was
applied to analyze the non-equilibrium adsorption reaction. Adsorption points were di-
vided into non-equilibrium adsorption point s0

k and instantaneous equilibrium adsorption
point s0

e [39], expressed in Equation (8):

s0= s0
k+s0

e = s0
k+fs0 (8)

where f is the ratio of instantaneous adsorption points to all adsorption points.
An unbalanced interaction occurred between the concentration of dissolution c (mg cm−3)

and adsorption s (mg g−1). The linear isothermal adsorption equation (Freundlich equation)
was used to describe the relationship (β = 1, η = 0). The relation equation between s and c
was established as follows:

s = ksc (9)

∂s
∂t

=
ks∂c

∂t
(10)

where ks is the empirical coefficient (cm3 g−1); its value is shown in Table 2.
Because non-equilibrium point adsorption sk is assumed to be a first-order dynamic

process, Equation (11) is proposed [40]:

∂sk

∂t
= α′

[
(1 − f)ksc − sk

]
+ (1 − f)γS − (µ S+µ′S)s

k (11)

where α′ is the first-rate constant of the solute (h−1).
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2.3.3. Heat Transport Equation

The 2D heat conduction equation and related parameter calculation equation can be
expressed as follows [41]:

C(θ)
∂T
∂t

=
∂

∂x

[
Kh(θ)

∂T
∂x

]
+

∂

∂z

[
Kh(θ)

∂T
∂z

]
− Cwqx

∂T
∂x
− Cwqz

∂T
∂z

+ CwswTw (12)

where C(θ) is the soil volumetric heat capacity (J m−3 °C−1), Kh(θ) is the soil sensible heat
conductivity coefficient (W m−1 °C−1), Cw is the liquid volume heat capacity (J m−3 °C−1),
Tw is the temperature of irrigation water.

The sensible heat conductivity of soil Kh(θ) was calculated according to Equation (13) [42]:

Kh(θ)= λTCw|q|+ (λL − λT)Cw
qxqz
|q| +λ0(θ) + (λL − λT)Cw

qz
2

|q| (13)

where λL and λT are the longitudinal and transverse thermal conductivity (cm), respectively.
λ0(θ) refers to the thermal conductivity coefficient (W m−1 K−1).

The thermal conductivity coefficient λ0(θ) was calculated according to Equation (14) [43]:

λ0(θ)= b1+b2θ+ b3θ
0.5 (14)

where b1, b2, b3 are the empirical coefficients (W m−1 K−1). The values are shown in Table 2.

2.3.4. Initial and Boundary Conditions

The origin of coordinates (x = 0, z = 0) was located at the lower left corner of the soil
tank. The direction perpendicular to the irrigation pipe was the horizontal (x) direction, and
the upward direction along the tank edge was the vertical (z) direction, as shown in Figure 3.
The simulated area was defined as a section with a length of 70 cm and a height of 44 cm.
Because HYDRUS-2D allowed only a maximum of two inputs of time-varying boundary
conditions for temperature, for the purpose of describing the temperature difference in the
upper boundary, the first-boundary conditions with the measured temperature were set for
the high and low temperature zones, respectively. Meanwhile, irrigation was assumed to
proceed from an internal source close to the upper boundary.

Figure 3. The schematic diagram of the model and its water boundaries.
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The initial soil water content, salinity, and temperature were assumed to be evenly
distributed throughout the entire section. The initial boundaries are shown as follows:

θ(x, z, t)= θ0(x, z, t)
C(x, z, t)= C0(x, z, t)
T(x, z, t)= T0(x, z, t)

0 cm ≤ x ≤ 70 cm, 0 cm ≤ z ≤ 44 cm, t = 0 h

(15)

where according to the experiment setup, soil water content θ0 was 0.05 cm3 cm−3 and the
initial solute concentration C0 was 291.47 mg cm−3. T0 was based on the measured value
at the initial experimental stage.

The upper boundary was divided into two parts (i.e., 0 cm ≤ x ≤ 50 cm, and
50 cm ≤ x ≤ 70 cm) in accordance with the mulched and un-mulched soil areas. The
mulched soil area was set as a no-flux boundary, and the un-mulched soil area was set as
an atmospheric boundary with evaporation. The solute transport boundaries were all zero
flux; the dripper was regarded as a source. The heat transport boundary was of the first
type of boundary condition. The upper boundary was divided into a high temperature
zone (25–70 cm) and a low temperature zone (0–25 cm) according to the measured results.
The upper boundary conditions were:

−K(θ)
∂h
∂z
−K(θ) =


0 0 cm ≤ x ≤ 50 cm, z = 44 cm, t ≥ 0 h

E(t) 50 cm < x ≤ 70 cm, z = 44 cm, t ≥ 0 h
(16)

− θD0
∂c
∂z

+qzc = 0, z = 44 cm, t ≥ 0 h (17)

T(x, z, t) =
{

T1(x, z, t), 0 cm ≤ x ≤ 25 cm, z = 44 cm
T2(x, z, t), 25 cm < x ≤ 70 cm, z = 44 cm

, t ≥ 0 h (18)

where E (t) is the evaporation flux, T1(x, z, t) is the temperature in the low temperature
zone, and T2(x, z, t) is the temperature in the high temperature zone.

All boundaries except for the upper boundary were set as zero-flux boundaries, and
the bottom boundary conditions were as follows:

−K(θ)
∂h
∂z
−K(θ)= 0, 0 cm ≤ x ≤ 70 cm, z = 0 cm, t ≥ 0 h (19)

− θD0
∂c
∂z

+qzc = 0, z = 0 cm, t ≥ 0 h (20)

−Kh(θ)
∂T
∂z

+CwqzT = 0, z = 0 cm, t ≥ 0 h (21)

2.3.5. Parameters and Model Calibration/Validation

The model was calibrated using W2 and was validated with W1. The calibration
strategy included provision of parameters related to soil hydraulic properties, salt transport,
and heat transport, based on reference, measurement, or empirical values. Then the
measured data of W2 were used for calibration, and verification by the W1 process was
conducted. The final parameters applied in this study are shown in the Table 2.
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Table 2. Values of soil parameters for water, salt, and heat transport under partially mulched
conditions with drip irrigation.

Parameters Value Source

Soil characteristic
parameter

Soil particle
composition

Sand % 26.252

Measured via
experiment

Silt % 70.858
Clay % 2.89

ρb g cm−3 1.55

Soil hydraulic
parameters

θr cm3 cm−3 0.0353

Rosetta pedotransfer
functions [44]

θs cm3 cm−3 0.42
α cm−1 0.0072
n − 1.6613

Ks cm h−1 1.875
l − 0.5

Solute transport
parameters

DL Cm 26

Calibrated

DT Cm 1
f − 0.9

DW cm2 h−1 0.09
Kd cm3 g−1 0.6
β − 1
µw h−1 2× 10−4

µS h−1 4.16× 10−4

µ′w h−1 2× 10−4

µ′S h−1 2.92× 10−4

γw mg cm−3 h−1 9× 10−3

γS h−1 7.33× 10−3

α′ h−1 0.05

Heat transport
parameters

b1 W m−1 K−1 −0.5519
Wang et al. [45]b2 W m−1 K−1 −4.05

b3 W m−1 K−1 3.75
Cw J m−3 °C−1 4.16× 106

Pan et al. [46]
Cn J m−3 °C−1 2.23× 106

λL cm 5
Hu et al. [47]

λT cm 1

The data used for calibration and validation include the measured soil water and salt
salinity at the end of the experiment, as well as the temperature, which was monitored
daily during the experiment. In the calibration process, a trial-and-error method was used
to obtain good consistency between the simulated data and the observed data, as applied
in the other studies [48].

2.4. Statistical Analysis

The four statistical indicators were utilized to evaluate the simulation reliability of
the model. The first three indicators, the mean absolute error (MAE), the root mean
square error (RMSE), and the normalized mean squared error (NRMSE) were used to
reflect the differences between simulated and measured values. The fourth indicator, the
coefficient of determination (R2), was used to reflect the model’s simulation performance.
The calculation equations were as follows:

MAE =
∑N

i=1|Oi − Pi|
N

(22)

RMSE =

[
∑N

i=1(Pi − Oi)
2

N

]1/2

(23)
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NRMSE =
RMSE
∑N

i=1 Pi
N

× 100% (24)

R2 =

[
∑N

i=1

(
Oi − ∑N

i=1 Oi
N

)(
Pi − ∑N

i=1 Pi
N

)]2

∑N
i=1

(
Oi − ∑N

i=1 Oi
N

)2

∑N
i=1

(
Pi − ∑N

i=1 Pi
N

)2 (25)

where Oi is the observed value, Pi is the simulated value, and N is the number of the dataset.

3. Results and Discussion
3.1. Results of Model Calibration and Validation

The evaluation indices for model performance are shown in Table 3. The simulated
temperature distribution was well matched with the measured data. Meanwhile, the
respective simulations for the soil’s water content and salinity matched reasonably well,
indicating that the model was able to simulate and reproduce the water, salt, and heat
transport processes during the experiment.

Table 3. Results of the statistical analysis between measured and simulated data.

Water Contents (cm3 cm−3) Salinity (g kg−1) Temperature (◦C)

W1 W2 W1 W2 W1 W2

MAE 0.0051 0.0074 1.16 1.13 1.32 1.76
RMSE 0.0064 0.0092 1.48 1.52 1.60 2.16

NRMSE (%) 1.63 2.32 16.35 16.64 5.04 6.63
R2 0.67 0.70 0.66 0.54 0.79 0.71

The simulated data and the measured data for water and salt transport in the soil
profile at the end of the experiment, and the measured data for soil temperature transport
in the soil profile during irrigation, under W1 and W2 conditions, are shown in Figures 4–9
and Figure 11. Figures 4–9 offer a comparison of simulated and measured soil water
content and salinity, respectively. Figure 11 shows the spatial distribution of the average
temperature for the entire experimental period, from simulation and measurement data.
The overall model was relatively reliable, especially for the temperature simulation.

3.2. Water Transport under Various Irrigation Treatments

Figures 4 and 5 show the simulated contours of soil water content at different stages
of the experiment, for W1 and W2, respectively. An obvious difference in water content
was found between the mulched soil area and the un-mulched soil area. This difference
was also verified through measurement (Figure 6a,b). The water migrated from where
the dripper was located, and spread in a semicircular shape (Figure 4a–c). Because the
un-mulched area was further from the dripper, it took a longer time for the water to reach
it. Therefore, difference in water content was always apparent between the two zones,
similar to previous findings [49]. In addition, evaporation caused an increased in water loss
within the un-mulched area, leading in the later stage of irrigation to the formation of an
arc-shaped area of low water content centered on the un-mulched soil (i.e., Figure 4d). The
contour of the simulated water content was smoother than that of the measured content,
mainly because the soil was treated as ideally homogeneous in simulation, whereas in
reality it was more likely to be heterogenous and preferential flow ultimately could not
be avoided.

Different intensities of drip irrigation can influence soil water migration and water
distribution [33,50]. In this study, water migration occurred at a lesser rate under lower
intensity W1 conditions (i.e., a low amount of drip-irrigation water for the first to fifth
irrigations) than for W2, according to the simulation (Figures 4 and 5). Under simulated
W2 conditions, water migrated to the bottom earlier and was more likely to accumulate
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under the mulch (Figure 5c). Because the total amount of irrigation was the same, the W2
irrigation water amount was less than that of W1 after the fifth irrigation. However, the
un-mulched soil area remained in a high water-content state and maintained a stable larger
rate of evaporation. The large water gradient caused the upward migration of water (i.e.,
Figure 5d), so the difference in water distribution at the end of the period was more obvious
(Figure 6b). After the fifth irrigation, the irrigated amount of W1 was larger than that of W2,
and water was concentrated in the upper layer. Under evaporation conditions, migration
to the un-mulched soil area was faster and led to a greater amount of evaporation. Thus,
the overall water distribution difference of W1 was less than that of W2 (Figure 6).

Figure 4. Simulated contours of soil water content under W1: (a) The middle of first irrigation; (b) the
middle of third irrigation; (c) the middle of fifth irrigation; (d) at the end of experiment.

Figure 5. The simulated contours of soil water content under W2: (a) The middle of first irrigation;
(b) the middle of third irrigation; (c) the middle of fifth irrigation; (d) at the end of experiment.
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Figure 6. The measured 2D distribution of soil water content at the end of experiment: (a) Measured
distribution under W1; (b) measured distribution under W2.

3.3. Salt Transport under Various Irrigation Treatments

Figures 7 and 8 show the simulated contours of soil salinity at different stages of the
experiment for W1 and W2, respectively. In the figures, the color white corresponded to the
initial soil salinity (9.41 g kg−1), while blue and brown colors represent the desalination and
salt accumulation areas, respectively. A large difference in soil salinity was obvious between
the mulched and un-mulched soil areas; this difference was also verified through the
measurements (Figure 9a,b). The salt accumulated in the un-mulched soil area, especially
at shallower depths. Meanwhile, the desalination effect under the mulch was larger at
shallower soil depths, especially for the area close to the dripper. This phenomenon was
consistently found in the field experiment [5,22].

The differences between simulation and measurements were mainly found in the
desalination area below the dripper. The desalination area obtained from the simulation
(Figures 7d and 8d) showed a lesser degree of desalination (the simulated soil salinity was
around 5.29–5.81 g kg−1 below the dripper, whereas the measured salinity indicated in
Figure 9 was around 2.39–3.03 g kg−1). This was because the soil surface in the experiment
was not flat, but instead featured a pit formed by the impact of water droplets, which
enhanced the desalination effect immediately below the dripper. In addition, compared
with the measurements, more salt accumulated in the shallow bare soil in the simulation;
the simulated average soil salinity was around 13.44–13.83 g kg−1 in the shallow salt ac-
cumulation area (Figures 7d and 8d) whereas the measurements (Figure 9) were around
10.2–11.79 g kg−1. This may be due to the unsatisfactory description of the salt crust in the
simulation. In the experiment, the salt crystals could block the soil pores, reduce soil perme-
ability, and hinder water evaporation, as explained in previous study [51]. Therefore, less
water migrated upwards through the un-mulched soil, resulting in less salt accumulation
at shallow depths. This phenomenon led to particular differences between the simulation
and the measurements, which should be captured by the model in future research.

At various intensities of drip irrigation, salt migration showed different desalination
effects (see Figure 9). According to the measurements, soil salinity at 5 cm below the
dripper in W1 and W2 decreased by 73.11% and 70.92%, respectively. In the bare soil,
salinity in the shallow salt accumulation areas for W1 and W2 increased by 31.56% and
12.86%, respectively. As shown above, compared with W2, the desalination effect of W1
was larger and the salinity in the bare soil was higher at the end of experiment (Figure 9),
consistent with the simulations (see Figures 7d and 8d). This is because the water allocation
of W1 (with lower drip irrigation intensity) was more even, with a longer infiltration
process [52], which was more conducive to salt dissolution and further water transport.
Hence, more salt leached out of root zones, resulting in greater desalination efficiency in
root zones and more serious salt accumulation in the un-mulched soil.

The irrigation amount was a significant factor affecting salt distribution, and soil
leaching efficiency was promoted by increasing the irrigation amount [26,28]. Although
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the total irrigation amounts were the same in both treatments, the cumulative irrigation
amount varied at different points due to the different allocations of water, which led to
differences in salt distribution. It was observed in the simulations that compared with
W1, the salt accumulation area appeared earlier for W2 (Figure 8b), and the desalination
area was larger in the fifth irrigation (Figure 8c). This was caused by W2’s larger irrigation
amount during the first to fifth irrigations, as more soluble salt rapidly leached out of root
zones in the short timeframe, and the salt accumulation process speeded up compared
with W1. However, as mentioned above, the desalination effect of W1 was better by the
end of the experiment. The reason was considered to be that a more rapid wetting process
in previous irrigations led to longer ongoing low infiltration rate for W2. Therefore, water
tended to migrate laterally instead of downwards, resulting in reduced salt leaching in
later irrigations [50]. In addition, previous higher rates of seepage took salt to increased
depths, which suppressed later upward transport of salt during water evaporation and
further reduced salt accumulation on the soil surface, similar to previous findings [53].

The kinetic adsorption model was applied for the salt transport simulation. Its per-
formance was evaluated by comparison with the traditional instantaneous equilibrium
adsorption model. The results showed that when the other conditions were the same, the
NRMSE and R2 of the instantaneous equilibrium adsorption model (see in Figure 10) were
around 29% and 0.4, respectively. Those of the kinetic adsorption model were around 17%
and 0.6, respectively, indicating that the kinetic adsorption model could better depict the
salt transport.

Figure 7. Simulated contours of soil salinity under W1, for (a) the middle of the first irrigation; (b) the
middle of the third irrigation; (c) the middle of the fifth irrigation; (d) at the end of experiment.
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Figure 8. Simulated contours of soil salinity under W2, for (a) the middle of first irrigation; (b) the
middle of third irrigation; (c) the middle of fifth irrigation; (d) at the end of experiment.

Figure 9. Measured 2D distribution of soil salinity at the end of experiment: (a) Measured distribution
under W1; (b) under W2.

Figure 10. Simulated 2D distribution of soil salinity with instantaneous equilibrium adsorption at
the end of experiment: (a) Simulated distribution under W1; (b) under W2.
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3.4. Heat Transport under Various Irrigation Treatments

The temperature distribution differences of the simulations and of the measurements
taken in the middle of the first, third, and fifth irrigations and at the end of the experiment
are shown in Figures S1–S4. Their R2 values were all larger than 0.6 and NRMSE values were
all less than 17%. This indicates that the simulated temperature isotherm was consistent
with the measurements, and that the model could reliably simulate the heat transport.
However, an error was found to have occurred in the simulation. This was probably
because the temperature boundary condition could not fully reflect the actual situation,
especially on the soil surface. There the actual situation was too complex to be captured by
simulation, due to the limitations in HYDRUS−2D’s boundary settings.

The average temperature was calculated to analyze the 2D temperature distribution
during the entire experiment (Figure 11), to reflect effectively the heat condition over the
time period. The temperature rise was more obvious at shallow depths, and decreased
with the depth increase. At the soil surface there was also a difference in heat absorption
between the un-mulched and mulched soil areas, due to the presence of mulch, consistent
with previous findings [51]. In this study, the 2D soil profile was divided into three zones
according to the position of mulch in relation to the dripper; i.e., the left area of mulched
soil (ZL, 0–25 cm), the right area of mulched soil (ZR, 25–50 cm) and the un-mulched soil
area (ZU, 50–70 cm). The ZR and ZU showed higher average temperatures (with higher
temperature increases). Between the two, the average temperature in ZR was higher, which
was because the mulch prevented the evaporation of water and reduced the latent heat
consumption. In addition, the water in ZR migrated laterally to ZU, driven by evaporation,
so the water content in these zones was lower than in ZL. The high specific heat capacity of
water led to a slow temperature rise in ZL, and its average temperature was the lowest for
the whole period. These results are consistent with previous film mulching studies, which
showed that irrigation greatly affected soil temperature under mulch [49].

In order to explore the effects of mulch on heat transport in shallow areas where the
soil temperature changed obviously, the daily mean measured temperature at 0–16 cm soil
depth was considered. The shallow layer was divided into areas of mulched soil (0–50 cm)
and un-mulched soil (50–70 cm). Maintaining uniformity in mind, Figure 12 presents the
average temperatures of the un-mulched soil area and the mulched soil area for W2. The
daily mean temperature of the whole mulched soil area (0–50 cm) at the same depth was
always lower than that of the un-mulched soil area (50–70 cm). At greater soil depths, the
temperature difference between the two zones gradually decreased. Consideration of the
irrigation time reveals that the daily mean temperature rose after irrigation (for clarity,
the data points when the temperature began to rise have been marked in the figure with
triangle symbols (∆) at the 0 cm mulched soil line). The specific heat capacity of water is
higher than that of sandy loam [17]. Therefore, after being heated in the daytime, water
continued to infiltrate and slowly released heat, which increased the soil temperature. This
effect displayed a certain lag, because the temperature increase was behind the irrigation,
which gradually decreased with an increase in the cumulative irrigation amount, similar to
previous findings [49,54].
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Figure 11. The 2D distribution diagram of average soil temperatures for the entire period: (a) Mea-
sured distribution under W1; (b) simulated distribution under W1; (c) measured distribution under
W2; (d) simulated distribution under W2.

Figure 12. The daily mean temperature of soil at different depths and mulched conditions during the
entire period for W2.
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3.5. Discussion on the Coupling of Water, Salt, and Heat Transport

Previous analysis focused on the isolated aspects of water, salt, and heat. In fact, these
three processes are coupled during transport, and are influenced by various factors (e.g.,
temporal, spatial, and water conditions) [28,53], which can be analyzed from four perspec-
tives, i.e., spatial distribution, mechanism, time evolution, and treatment differences.

Previous indoor tank and field experiments using soil have investigated salt transport
and the wetting front, and explored leaching efficiency in the root zone under different
agricultural conditions [27,29,50]. For example, Chen et al. [29] conducted an indoor soil
tank experiment, finding that horizontal tillage could increase the water storage capacity of
soil underneath mulch and reduce soil salinization in the shallow soil layer. However, their
study ignored the initial salt salinity in the bare soil area without horizontal tillage, which
resulted in significant spatial differences. In terms of spatial difference, it was confirmed
that the difference in hydrothermal conditions resulting from mulch led to differences in
water, salt, and heat transport between mulched and un-mulched soil areas [23–25]; the
differences in water and salt transport were the most significant. Differences in water and
salt distribution were obvious in both the horizontal and the vertical directions of the soil
profile. Meanwhile, the differences in heat distribution were more obvious in the shallow
soil, which was consistent with the above results and previous findings [49].

In terms of the mechanism, the transport of water, salt, and heat influenced one another.
The heat difference was a key factor that affected initial water and salt transport [55]. In the
late irrigation period, salt crust in the un-mulched soil area blocked the water evaporation
channel and intensified local heat accumulation [51]. Meantime, the differences in water
and salt transport further influenced heat transport [56], jointly forming the specific 2D
spatial distribution of water, salt, and heat.

From the perspective of time evolution, the two distinct salt zones (the salt accumu-
lation area and the desalination area) were gradually formed under partially mulched
conditions with drip irrigation, as clearly depicted by experiment and simulation.

From the perspective of different drip-irrigation intensities, under conditions of the
same total irrigation amount, low levels of drip irrigation were observed to better reduce
the salt in the root zone, while salt accumulation in the corresponding un-mulched soil
area was more serious.

3.6. Simulation Scenarios

For the purpose of finding the optimum irrigation schedule to control salinity under
partially mulched conditions, scenario simulations were conducted with various drip-
irrigation schedules. The scenario design was similar to the above simulation, except that
the bottom boundary was modified to a seepage boundary, which better reflected actual
field conditions. The durations of the scenario simulations were 30 days, and the dates
of drip irrigation were the same as in Table 1, with a total of 10 occurrences. Each drip
irrigation lasted from 10:00 to 20:00. The irrigation increment coefficient (Ivar) was defined
to describe the drip irrigation water allocation, as shown in Equation (26):

Ivar =
IAi+1 − IAi

IA1
(26)

where IAi is the drip irrigation amount for the i-th, i is the number of drip irrigations and
i = 1, 2, 3 . . . 10.

Figure 13 shows the soil salinity in the root zone (with a width of 5 cm around the
position of the dripper and a depth of 15 cm below the soil surface) and the un-mulched
soil surface, at the end of 30 days, for different total irrigation amounts (20–30 L) and
water allocations (with Ivar between −0.5 to 0.5). In the case of decreasing drip irrigation
treatments, smaller Ivar led to an improved desalination effect in the root zone and more
serious salt accumulation near the un-mulched soil surface. The simulations produced
similar results to those obtained in the earlier decremental drip-irrigation experiments,
where a lower drip irrigation intensity (W1) was attributed to higher desalination efficiency
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in root zones. For the incremental drip irrigation treatments, the desalination effect and
salt accumulation were more obvious with larger Ivar. In short, higher irrigation in the
early stages led to rapid lateral migration of water and insufficient leaching of soil in the
later stages, whereas higher irrigation in later stages effectively enhanced the short-term
leaching effect. This was essentially consistent with a previous study of improving root-
zone leaching efficiency by increasing the amount of drip irrigation [28]. Comparing the
two sub-figures, suitable irrigation treatments can be identified to ensure the effective
desalination of the root zone and the acceptable surface salinity of the un-mulched soil.
As shown in Figure 13, the appropriate irrigation treatments between the two red contour
lines formed the ideal desalination root zone (with soil salinity less than 0.6%) as well
as identifying acceptable un-mulched soil surface salt conditions (with soil salinity less
than 1.5%).

Figure 14 shows the 2D distribution of salt at the end of irrigation under different total
irrigation amounts, along with the Ivar. The contour lines of 9.41 g kg−1 and 10 g kg−1 rep-
resent the boundary of the desalination zone and the soil salinity of 1%, respectively. First,
the increase in the total irrigation amount obviously caused more lateral salt accumulation
in the un-mulched soil area, where the soil salinity was greater than 1%. According to the
scenario simulations, the position of the boundary between the desalination zone and the
salt accumulation zone at 20 cm depth was relatively stable under different drip-irrigation
treatments, whereas it was greatly influenced by the total irrigation amount in the deep soil
layer. The increase in the total irrigation amount tended to leach salt to deeper depths, with
the desalination boundary expanding accordingly. In the shallow un-mulched soil zone
below 20 cm depth, salt accumulated due to evaporation, so the change in the desalination
boundary was small. Moreover, the salt tended to migrate laterally instead of downwards,
with alternate action of irrigation and evaporation. In a study of the salt migration law for
cotton fields under partially mulched drip irrigation in arid areas, soil salt accumulated
slowly in the vertical direction [5]. This is consistent with previous results, where higher
drip-irrigation intensity in the later stages of incremental irrigation led to a better lateral
desalination effect [33]. Therefore, under the same total amount of irrigation, managers can
adopt incremental drip irrigation to achieve a better desalination effect in the root zone.
The accompanying problem was higher salt accumulation in the un-mulched soil zone,
and to control salt in the un-mulched soil zone, decremental drip-irrigation treatment was
more appropriate.

Figure 13. Soil salinity under different total irrigation amounts, with Ivar, at the end of scenario.
(a) Soil salinity in the root zone; (b) soil salinity in the un-mulched soil surface.
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Figure 14. The 2D distribution of soil salinity at the end of scenario under different total irrigation
amounts, and Ivar, for simulations.

4. Conclusions

In this study, two soil tank experiments were conducted, together with construction of
a HYDRUS-2D model, to investigate the soil water, salt, and heat dynamics under partially
mulched conditions with drip irrigation, in the sandy loam of southern Xinjiang. The main
conclusions are as follows:

(1) The HYDRUS-2D model compared reasonably well with the measured data, demon-
strating that it can reflect differences in water, salt, and heat migration in the vertical
and lateral directions. For solute transport, compared with instantaneous equilib-
rium adsorption, kinetic adsorption could better reflect the characteristics of solute
transport in this experiment.

(2) Under partially mulched drip irrigation, a significant difference was found in the
migration of water, salt, and heat between the mulched and the un-mulched soil area.
The un-mulched soil area was drier than the mulched soil area, and it also had higher
soil salinity level and higher temperature rise with radiation.

(3) For different irrigation intensities with the same total irrigation amount, lower inten-
sity drip irrigation showed smaller spatial distribution difference for water, and larger
spatial distribution differences in salinity and heat at the end of the process. Such
treatment can lead to effective desalination in the mulched area; more serious salt
accumulation was restricted to the un-mulched soil.

(4) Scenario simulations showed that the total quantity of drip irrigation had an obvious
effect on the desalination boundary in the deep soil layer. Drip irrigations with
appropriate incremental intensity could improve salt leaching in the root zone, as
more water migrates laterally.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w14182791/s1. Figure S1: Simulated contours for temperature under
W1: (a) The simulated result in the middle of first irrigation; (b) simulated result in the middle of
fifth irrigation; (c) simulated result in the middle of fifth irrigation; (d) simulated result at the end
of experiment; Figure S2: Measured temperature contour under W1: (a) The measured result in the
middle of the first irrigation; (b) the middle of third irrigation; (c) the middle of the fifth irrigation;
(d) at the end of experiment title; Figure S3: Simulated contour of temperature under W2: (a) The
simulated result in the middle of the first irrigation; (b) simulated result in the middle of the third
irrigation; (c) simulated result in the middle of the fifth irrigation; (d) simulated result at the end of
experiment; Figure S4: Measured contour of temperature under W2: (a) The measured result in the
middle of the first irrigation; (b) the middle of the third irrigation; (c) the middle of the fifth irrigation;
(d) measured result at the end of experiment.

https://www.mdpi.com/article/10.3390/w14182791/s1
https://www.mdpi.com/article/10.3390/w14182791/s1
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35. Kandelous, M.M.; Šimůnek, J. Numerical simulations of water movement in a subsurface drip irrigation system under field and
laboratory conditions using HYDRUS-2D. Agric. Water Manag. 2010, 97, 1070–1076. [CrossRef]

36. Van Genuchten, M.T. A closed-form equation for predicting the hydraulic conductivity of unsaturated soils. Soil Sci. Soc. Am. J.
1980, 44, 892–898. [CrossRef]

37. Ippisch, O.; Vogel, H.J.; Bastian, P. Validity limits for the van genuchten-mualem model and implications for parameter estimation
and numerical simulation. Adv. Water Resour. 2006, 29, 1780–1789. [CrossRef]
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