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Abstract: Water scarcity is the most critical constraint for sustainable cotton production in
Xinjiang Province, northwest China. Drip irrigation under mulch is a major water-saving
irrigation method that has been widely practiced for cotton production in Xinjiang.
The performance of such an irrigation system should be evaluated for proper design and
management. Therefore, a field experiment and a simulation study were conducted to
(1) determine a modeling approach that can be applied to manage drip irrigation under
mulch for cotton production in this region; and (2) examine the effects of irrigation amount
and mulch on soil water distribution and root zone water balance components. In the
experiment, four irrigation treatments were used: T1, 166.5 m3; T2, 140.4 m3; T3, 115.4 m3;
and T4: 102.3 m3. The HYDRUS-2D model was calibrated, validated, and applied with the
data obtained in this experiment. Soil water balance in the 0–70 cm soil profile was
simulated. Results indicate that the observed soil water content and the simulated results
obtained with HYDRUS-2D are in good agreement. The radius of the wetting pattern,
root water uptake, and evaporation decreased as the amount of irrigation was reduced from
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T1 to T4, while a lot of stored soil water in the root zone was utilized and a huge amount
of water was recharged from the layer below 70 cm to compensate for the decrease in
irrigation amount. Mulch significantly reduced evaporation by 11.7 mm and increased root
water uptake by 11.2 mm. Our simulation study suggests that this model can be applied to
provide assistance in designing drip irrigation systems and developing irrigation strategies.
Keywords: HYDRUS-2D; mulch; soil water dynamic; cotton; drip irrigation; water balance

1. Introduction
The Aksu Region, located in southern Xinjiang, is one of the major areas in China that produces
cotton. The main climate feature in this arid region is the extremely high ratio of evaporation to
precipitation. Water scarcity is one of the most critical constraints for sustainable cotton production.
Drip irrigation under mulch is considered as the most efficient water-saving method because this
system can uniformly distribute water, accurately control the amount of applied water, and reduce
evaporation [1–3]. Hence, this method is widely practiced in semi-arid and arid regions [3,4].
In Xinjiang, drip irrigation under mulch is the main water-saving irrigation method and has been
applied to cotton cropping systems since 1996. The area of drip-irrigated farmlands reached
15.3 million ha in 2009 [5].
Considerable progress has been made to understand water flow, solute transport, and root water
uptake under drip irrigation covered by mulch. The characteristics of cotton root distribution under
different amounts of irrigation have been studied [5–7]. Fang et al. [8] reported that cotton root is
mainly distributed in the 0–40 cm soil layer, and its biomass in the deep soil layer increases with the
decrease in irrigation amount. Yan et al. [9] determined a significant correlation between cotton root
length density and biomass. According to their experiment results, maximum cotton production was
6360.8 kg·ha−1, which corresponds to an irrigation amount of 3464.4 m3·ha−1 [9,10]. The distribution
of water and salt affected by drip irrigation under mulch is also a critical issue that has been studied in
various experiments [1,11–17].
However, the effects of drip irrigation under mulch on soil water movement and root zone water
balance components have not been fully studied. Plastic mulch is an important factor that influences
soil moisture, soil temperature, and surface microclimate [18]. Moreover, several studies have
indicated that plastic mulch has a greater effect on soil water balance and ultimately improves water
use efficiency [19–21]. Thus, the effects of mulch on soil moisture and root zone water balance under
drip irrigation must be examined for the proper design, management, and operation of drip
irrigation systems.
Time- and site-specific experiment studies, which have been conducted in this region, can provide
information for irrigation management under specific soil–water–plant system and given climate
conditions. However, this information may not be applicable to other regions or to the same region in
other years because of the high variability of field and climate. Therefore, a model, as a common
management tool, is required to guide irrigation practice in different regions. In addition, measuring all
soil water balance components in a field experiment is difficult, if not impossible. A modeling
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approach coupled with field experiments can determine all components of water balance, including
root water uptake, drainage, and recharge from low soil profiles.
The soil moisture pattern under drip irrigation has been studied using empirical, analytical, and
numerical models in the past decades [22–28]. HYDRUS-2D is a hydrologic model that simulates water,
heat, and solute movements in 2D and 3D variably saturated porous media [29,30]. HYDRUS-2D has
been successfully used to model various solute transports under drip irrigation, such as nitrogen
leaching, fertigation, and salt accumulation [31–35]. Previous simulation studies [29,36–40] showed
that HYDRUS-2D simulations of soil water content are in reasonable agreement with measured values.
In the present work, a field experiment and a simulation study were conducted. The measured data
in the field experiment were used to calibrate, validate, and apply the HYDRUS-2D model. Then, the
model was used to quantify the effects of mulch and various amounts of drip irrigation on soil water
distribution and root zone water balance components, which is essential to evaluate and manage drip
irrigation systems in this region.
The objectives of this study were to (1) determine a modeling approach that can be applied in this
region for drip irrigation management under mulch and (2) evaluate the effects of different amounts of
drip irrigation under mulch on soil water distribution pattern and water balance components in a cotton
cropping system.
2. Materials and Methods
2.1. Field Experiment
2.1.1. Location
The experimental study was conducted in 2007 at the Aksu National Water Balance Station
(latitude: 40°37′10.54″ N, 80°49′52.29″ E, 1028.0 m a.s.l.) in the Aksu Oasis, northwest of the Tarim
Basin in Xinjiang Province, Northwestern China. The study site is located in a typical cotton
production area under a continental arid climate condition. The mean annual precipitation is 45.7 mm.
Precipitation mostly occurs from June to October, which accounts for 65% of the annual precipitation.
The mean annual evaporation from free water surface is 2500 mm. The average annual temperature in
the study area is approximately 8 °C, and the annual accumulated temperature higher than 10 °C is
4428 °C. The average depth of the groundwater table is approximately 4 m. Soil texture at the
experiment site is silty loam.
2.1.2. Design of Field Experiment
Four irrigation treatments were used in this study, as shown in Table 1. Each treatment was
replicated thrice following a completely randomized block design in 12 plots. Plot size was 64 m × 6.1 m,
and the plots consisted of four pieces of transparent plastic mulch. The layout of a plot is shown in
Figure 1. The width of the plastic mulches was 125 cm, and two seed rows were covered. The distance
between two mulches was 20 cm. The distance between seed rows under the same mulch was 65 cm
(wide strip), and the distance between seed rows between neighboring mulches was 60 cm (bare strip).
Seeds were sown 10 cm apart within each row (narrow strip). Drip tapes with emitters that were 30 cm
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apart were laid 5 cm deep in the middle of the mulch. The diameter of the drip tape was 16 mm.
The cotton seeds hybrid Xinluzhong No. 26 were sown on 25 April 2007.
Table 1. Experiment treatments from 24 June to 30 August 2007.
Treatment Code
Treatment (T1)
Treatment (T2)
Treatment (T3)
Treatment (T4)

Total Irrigation
Amount (m3)
166.5
140.4
115.4
10.23

Irrigation
Times
10
10
10
10

Irrigation
Interval (Day)
7
7
7
7

Amount of Each
Irrigation (m3)
16.65
14.04
11.54
10.23

Figure 1. Experiment region (A) and the domain geometry of the simulated region and the
positions where soil water content was measured (B).
The irrigation schedule followed in this study was the same as that applied by most farmers in the
region. The first irrigation (200 mm, excluded in treatments) was applied before seeding to leach salt.
No complimentary water was supplied during the seeding stage because soil water content was
sufficient. Approximately 2 months after seeding, i.e., from 24 June to 30 August 2007, each treatment
was irrigated 10 times at an interval of nearly 7 days. During each irrigation event, the irrigation
amount was 16.65, 14.04, 11.54, and 10.23 m3 for T1, T2, T3, and T4, respectively. Groundwater was
pumped through a tube well for irrigation, and a control unit that consisted of a water pump, a screen
mesh filter, pressure regulators, and pressure gauges was installed. The irrigation volume was
manually controlled with a water meter. Each irrigation event was completed in 1 day.
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2.1.3. Measurement of Soil Physical Properties and Soil Moisture
Soil samples were collected at depths of 0–10, 10–20, 20–30, 30–40, 40–60, 60–80, and 80–100 cm
in the experiment filed with three replications. Undisturbed samples were collected using a sampling
ring with a volume of 100 cm3. These samples were used to measure saturated hydraulic conductivity
(Ks) and saturated water content (θs). The dry bulk density of the soil samples was determined by
dividing soil dry mass in the sampling ring with the sampling ring volume. The values of bulk density,
saturated water content, and saturated hydraulic conductivity are presented in Table 2, and the soil
texture characteristics are presented in Table 3.
Table 2. Soil hydraulic parameters of the van Genuchten-Mualem model at the experiment
site. Saturated hydraulic conductivity (Ks) and saturated water content (θs) were measured
values, whereas n, α, and θr were estimated values through inverse simulation.
Depth Bulk Density (g/cm3) θr (cm3·cm−3) θs (cm3·cm−3)
0–10
1.52
0.040
0.453
10–20
1.58
0.040
0.483
20–30
1.59
0.040
0.482
30–40
1.58
0.039
0.453
40–60
1.56
0.039
0.482
60–80
1.56
0.039
0.474
80–100
1.54
0.043
0.486

α
0.012
0.011
0.010
0.004
0.009
0.005
0.006

n
Ks (cm3/day)
2.00
27.3
1.70
12.5
1.50
8.90
1.80
11.4
1.37
9.30
1.35
4.70
1.35
4.50

l
0.5
0.5
0.5
0.5
0.5
0.5
0.5

Table 3. Soil bulk density and particle size distribution.
Depth
(cm)
0–10
10–20
20–30
30–40
40–60
60–80
80–100

Soil Particle Size Distribution (%)
<0.002 mm
0.002–0.02 mm
>0.02 mm
5
46
49
5
48
47
5
49
46
11
74
15
16
80
4
6
48
46
4
39
57

Soil moisture was measured at depths of 10, 30, 50, 70, and 90 cm in the middle of wide, narrow,
and bare strips for each treatment. The black dot in Figure 1 indicates the location of soil moisture
measurement. Regular soil moisture measurement occurred from 26 June to 17 September 2007.
During this time, soil moisture was measured every three days, and additional measurement was
carried out whenever there were irrigation events. In total, the soil moisture was measured 29 times
during this time. In addition, soil moisture was also measured two times before 26 June 2007. The soil
moisture was measured using a neutron probe (CNC503DR). The neutron probe was calibrated at the
end of the study in the same area by measuring gravimetric soil moisture, and the average error
was 0.05 cm3·cm−3.
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2.1.4. Measurement of Leaf Area Index (LAI), Plant Height, and Root Length Density
LAI and plant height were measured six times on 5 May, 15 June, 4 July, 21 July, 11 August and
2 September by destructive sampling for each treatment with four replications. Root samples were
taken four times with three replications during the growing season. A root auger, which was 125.6 cm3,
was used to take root samples at depths of 0–10, 10–20, 20–30, 30–40, 40–50, and 50–60 cm in the
middle of the narrow, wide, and bare strips. Then, the roots in the augers were carefully washed and
screened. The separated roots from the soil were scanned, and total root length was calculated using
Delta-T SCAN software. Root length density was the total root length divided by root auger volume.
A fully equipped meteorological station, which was 200 m from the experiment site, was set up to
measure weather data.
2.2. Numerical Modeling
2.2.1. Water Flow Equations
Soil water movement in the experiment field was simulated as water flow in a 2D vertical plane that
crosses a drip emitter. The governing equation for water flow is as follows [41]:
∂θ
∂
∂h
∂
∂h
∂ k (θ)
[ k (θ)
]+
[ k (θ)
]+
=
−S
∂t ∂ x
∂x
∂z
∂z
∂z

(1)

where θ is the volumetric water content (cm3·cm−3), h is the pressure head (cm), S is a sink
term (cm−3), and k(θ) is the unsaturated hydraulic conductivity function (cm·day−1).
Soil hydraulic properties were estimated with the van Genuchten-Mualem function [42] as follows:
θs − θ r

; h<0
n
θ r +
[1 + α h ]m
θ( h ) = 
θ ; h ≥ 0
 s

(2)

K (θ) = K s S el [1 − (1 − S e1/ m ) m ]2

(3)

Se = (θ − θ r ) / (θs − θ r ) , m = 1 − 1 / n, n > 1

(4)

where θs is the saturated water content (cm3·cm−3), θr is the residual water content (cm3·cm−3), Ks is the
saturated hydraulic conductivity (cm·day−1), α and n are the shape parameters, and l is the pore
connectivity parameter.
The HYDRUS-2D model solved the aforementioned Richard equation using the Galerkin finite
element method. The detailed introduction to the model can be found in the HYDRUS instruction
manual [43].
2.2.2. Domain and Boundary Conditions
Figure 2 shows the domain geometry used in the HYDRUS-2D model to characterize the irrigation
system in our experiment field, which corresponds to Figure 1B. The domain geometry was defined as
72.5 cm in width and 160 cm in depth. Given that 10 cm-wide ponding water was observed at the left
upper corner of the domain during each irrigation event, this part of the domain was defined as the
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time-variable flux boundary to represent drip irrigation. The atmospheric boundary condition, which
was 10 cm wide at the right corner of the domain, was used to represent soil surface without mulch
cover. The mulch was considered as a no-flux boundary for the rest of the upper side of the domain.
The no-flux boundary was used at the right and left sides of the soil profile because the relation in the
symmetry of the soil water pressure head inside and outside the geometry domain was assumed [39].
A free drainage boundary condition was imposed at the bottom of the soil profile.

Figure 2. Positions of different boundary conditions.
2.2.3. Initial Condition, and Temporal and Spatial Discretization
The simulation study was conducted from 19 June to 17 September 2007 (from the 170th to the
260th day of the year) at a daily time step. The measured soil moisture data from 18 June 2007 were
used as the initial condition. The grid size of the simulation domain was 2.01 cm in the horizontal
direction. In the vertical direction, the grid size at the top 60 cm was 0.5 cm. Grid size was 1 cm from
depths between 60 and 80 cm, and 3 cm from depths between 80 and 160 cm.
2.2.4. Estimating Evaporation and Transpiration
Evaporation from the exposed soil surface and potential transpiration were required as inputs in
HYDRUS. Both evaporation and transpiration were calculated daily using the dual crop coefficient
approach [44]. Daily LAI and plant height were obtained under the assumption that the plant growth
curve between two measurement times was linear. For the dual crop coefficient approach, the
evapotranspiration of the crop (ETc) was estimated with the following equation:
ETc = ( K cb + K e ) × ET0

(5)

where Kcb is the basal coefficient, Ke is the evaporation coefficient, ET0 (cm) is the reference crop
evapotranspiration computed with the FAO Penman-Monteith method [44]. The basal coefficient (Kcb)
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is defined as the ratio of the crop evapotranspiration to the reference evapotranspiration (ETc/ET0)
when soil surface is dry, but transpiration occurs at a potential rate. The soil evaporation coefficient Ke
represents the evaporation component from soil evaporation. The detailed information on evaluating
these coefficients can be found in [44]. The calculated ET0 and ETc and the coefficients of Kcb and Ke
are shown in Figure 3A,B, respectively.

Figure 3. (A) Reference evapotranspiration (ET0) and cotton potential evapotranspiration
(ETc); (B) Crop coefficient (Kc), basal coefficient (Kcb), and evaporation coefficient (Ke) of
the FAO-56 dual crop coefficient method.
2.2.5. Root Water Uptake
In HYDRUS, the volume of water removed from soil as a result of root water uptake is defined
as follows [43]:
S w ( h ) = α( h ) × RLT ( x,z ) × S t × ETc

(6)

where α(h) is the soil water stress function (dimensionless) of Feddes et al. [45]. St is the length of the
soil surface associated with transpiration (cm). RLT(x,z) is the normalized root water uptake
distributions, which is defined as follows:
RLT ( x, z ) =

b( x, z )

 b( x, z )

(7)

where b(x,z) is the root water uptake distribution function that was developed by Vrugt et al. [46],
as follows:
px

*

−(
x
x
z
)(1 −
) e Xm
b ( x, z ) = (1 −
Xm
Zm

−x +

pz *
z −z )
Xm

(8)

where Xm and Zm are the maximum rooting lengths in the x- and z-directions (cm), respectively;
x and z are the distances from the origin of the x- and z-directions (cm), respectively; and px (-), pz (-),
x* (cm), and z* (cm) are the empirical parameters.
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The normalized root water uptake distributions RLT(x,z) is defined using observations of root length
density [43]. Root length density distribution was measured in 11 August 2007 at the full-bloom stage.
The estimated parameters of Equation (8) are shown in Table 4, and the root water uptake distributions
are shown in Figure 4.
Table 4. Parameters of the root water uptake distribution function.
Zm (cm)
70

z* (cm)
45.22

Pz
0.107

Xm (cm)
67.5

x* (cm)
37.63

Px
2.89

Figure 4. Root water uptake distribution function, i.e., b(x, z) of Equation (8).
2.2.6. Variable Flux Boundary
T2 was used as an example to demonstrate variable flux boundary calculation. The volume of water
that flowed into the model domain through a 10 cm variable flux boundary in 1 day was calculated as
3.6 cm/day (irrigation depth of each irrigation event) × 72.5 cm (surface length of the model domain) ×
1 cm (length along the drip line). Therefore, the variable flux boundary during the irrigation event was
(3.6 cm2/day × 72.5 cm)/10 cm, which is equal to 26.1 cm2/day. The values of the variable flux
boundary calculated using the same method were 30.9, 21.4, and 19.0 cm2/day for T1, T3, and T4
treatment, respectively.
2.2.7. Input Parameters
The simulation domain was divided into seven soil layers: 0–10, 10–20, 20–30, 30–40, 40–60,
60–80, and 80–160 cm. The soil input parameters are listed in Table 2. The measured values of bulk
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density, saturated soil water content, and saturated hydraulic conductivity were not allowed to be
calibrated. As an alternative, parameters θr, α and n were optimized via inverse modeling. The
optimized parameters θr, α and n are presented in Table 2.
2.3. Effect of Mulch
Additional simulation experiments were conducted to examine the effects of mulch on soil water
distribution and water balance component under drip irrigation. The effects of mulch on soil water
distribution, total potential transpiration, total actual transpiration, and capillary rise (defined as flow
from the 70 cm depth of the soil profile into the root zone) were evaluated from 19 June to
17 September 2007. In these additional simulations, the scenario with mulch (SM) maintained the
same model setup that was described earlier. Compared with SM, the scenario without mulch (SWM)
changed the no-flux boundary in the upper domain (Figure 2) to the atmosphere boundary conditions.
2.4. Criteria of Model Evaluation
The agreement between the simulated results and the observed data was evaluated with the
correlation coefficient R2, the root-mean-square error (RMSE) and mean bias error (MBE) for
each treatment [47]:
1 n
 ( Csi − Cob )
n i =1

MBE =

RMSE =[

(9)

1 n
( Csi − Cob ) 2 ]1/2

n i=1

(10)

 ( C − C )( C − C )
=[
 ( C − C ) (C − C
n

R

2

si

i=1

si

n

i=1

ob

ob

n

si

si

i=1

ob

ob

)

]2

(11)

where Csi is a simulated value; Cob is an observed value; n is the total number of observed values used
in the calibration and validation processes; and Csi and Cob are the mean values of the simulated and
observed data points, respectively.
3. Results and Discussion
3.1. Model Evaluation
The scatter plots between the simulated results and the observations are shown in Figure 5.
Although the model slightly underestimated soil water content for all treatments, good agreement
between the simulated and measured soil water contents is determined. Moreover, the RMSE for all
treatments is presented in Figure 5. R2 was larger than 0.75 for T1, T2, and T4 treatments, i.e., except
for T3. The MBE were −0.06, −0.03, −0.07, and −0.04 for treatment T1, T2, T3, and T4, respectively.
The relatively poor fitted result for T3 may be attributed to measurement error. The average measured
soil water contents were 0.37, 0.35, 0.35, and 0.30 cm3·cm−3 for T1, T2, T3, and T4, respectively.
The average value of T3, which was supposed to be smaller than 0.35 cm3·cm−3, was excessively large
because its irrigation amount was less than that of T2. The model has slightly underestimated the soil
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water content. Nonetheless, the simulated and measured results for T3 still exhibit high consistent
trends. It is quite a good agreement for as long as 90 days of simulation with several consecutive
irrigation events, in particular, considering the complexity of the conditions to which the model
was applied, i.e., heterogeneous soil properties, high evaporative demand, and assumed constant
root distribution.

Figure 5. Comparison of the simulated and observed soil water contents of the
four treatments.
The simulated soil water content at each observation point of T2 is presented in Figure 6. The three
columns of the plots in Figure 6 represent the horizontal location: under drip line (x = 4.03 cm), under
mulch (x = 36.25 cm), and under exposed soil (x = 68.47 cm). The five rows represent the following
depth from the soil surface: 10, 30, 50, 70, and 90 cm. Figure 6 shows that the simulated values of soil
water content are in close agreement with the observed values. Furthermore, the fluctuation patterns of
soil water content that resulted from the irrigation events were consistent. The change in soil water
content in the upper layers was apparently more drastic than that in the deeper layers. The amplitude of
soil water content decreased as the distance from the emitter increased horizontally. Figure 6 shows
that the irrigation for T2 could saturate soil in the 0–10 cm layer and dampen soil in the 10–30 cm
layer. The soil water content in other locations suggests that applied irrigation does not result in
significant periodical changes.

Water 2015, 7

Figure 6. Simulated soil water contents (lines) and measurements (dots) at various depths
in different observation locations for T2. The three columns of the plots represent the
horizontal location: the left column of the plots for the observation point under drip line
(x = 4.03 cm), the middle column of the plots for the observation point under mulch
(x = 36.25 cm), and the right column of the plots for the observation point under exposed
soil (x = 68.47 cm). The five rows represent the following depths from the soil surface:
10, 30, 50, 70, and 90 cm.
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3.2. Comparison of Water Distribution Patterns among Treatments
The simulated patterns of soil water distribution for all treatments are shown in Figure 7. The soil
water patterns were taken in 2 August 2007, i.e., the day when irrigation was applied. Figure 7
illustrates that the wetting patterns during the application of water can be mainly categorized into three
zones: a saturated zone close to the dripper (water content > 0.4), a low water–content region located at
the right upper corner of the domain (water content < 0.2), and a zone between them. A fan-shaped
wetting pattern was determined. Irrigation amount, soil properties, and evapotranspiration govern the
spatial distribution of water. The radius of the wetting pattern changed dynamically and decreased as
the irrigation amount was reduced from T1 to T4. Meanwhile, the blue area indicates that the low
water content caused by evapotranspiration was increased from T1 to T4. The water content in the
deep layers of the soil profiles was relatively stable. It could be concluded that the model could give
good soil water distribution simulation results and could reflect the impact of irrigation amounts on
soil water distribution and soil water content.

Figure 7. Simulated soil water contents of each treatment in 2D on 2 August 2007.
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3.3. Comparison of Water Balance Components among Treatments
The water balance components in the root zone (depth of 0–70 cm) for all treatments are shown in
Table 5. Total soil evaporation, actual root water uptake, drainage at a depth of 70 cm, and change in
water storage from 19 June to 17 September 2007 were computed from the simulation study. The
negative value of soil storage indicates water loss during the simulation, whereas the negative value of
drainage represents net recharge to the root zone from the soil profile below 70 cm. Root water uptake
and evaporation were significantly decreased as irrigation amount was reduced (from T1 to T4).
Meanwhile, a huge amount of stored water in soil was lost, and a huge amount of water was recharged
from low soil profiles. The amount of root water uptake was larger than the amount of irrigation in all
treatments. This phenomenon was attributed to the local common farmland management practice.
The field was irrigated with 200 mm water before seeding to leach salt, which provided a relatively
large amount of water storage in the root zone at the beginning of the simulation. Water storage and
recharge from low soil layers compensated for the shortage in irrigation. As irrigation amount
decreased, water storage and recharge from low soil layers became increasingly important, accounting
for 3.6%, 15.6%, 27.6%, and 31.1% of water losses for T1, T2, T3, and T4, respectively.
Table 5. Simulated water balance components of each treatment from 19 June to
17 September 2007.
Water Balance Component
Root water uptake (mm)
Evaporation (mm)
Drainage (mm)
Storage Change (mm)
Irrigation (mm)

T1
439.7
7.5
14.9
−30.6
426.5

T2
429.2
3.4
−13.6
−53.5
359.7

T3
404.4
1.8
−31.9
−79.6
294.7

T4
385.7
1.7
−38.1
−81.7
261.9

Note: The negative values of drainage refer to the net recharge to the root zone from soil layers under 70 cm.

3.4. Effect of Mulch on Soil Water Fluctuation Patterns
The simulated soil water dynamic distribution patterns for SM and SWM are displayed in Figure 8.
These distribution patterns were average soil water contents during the cotton-growing season. Similar
water distribution patterns were observed between the two scenarios. The fan-shaped wetting pattern
was at the left upper corner of the domain, whereas the blue area at the right corner of the domain
represented the low water-content region. The comparison of the horizontal locations of the soil water
content contour between the two scenarios indicates that the water-wet radius was slightly smaller
under SWM, and that the root zone soil water content was higher under SM. We could conclude that
the mulch has little effect on the soil water distribution but could increase the root zone soil
water content.
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Figure 8. Average soil water contents simulated during the growing season under the
two scenarios (i.e., with/without mulch cover).
3.5. Effect of Mulch on Water Balance Components
The water balance components of the simulation for SM and SWM are presented in Table 6. After
mulch was removed, root water uptake was reduced by approximately 11.2 mm, whereas evaporation
was significantly increased from 3.4 to 25.1 mm. The increase in water storage change and the
recharge from the lower zone was compensated with evaporation. Under SM, root water uptake could
increase by 2.6%, soil evaporation could be reduced by 86.5%, less root zone soil water loss and
drainage could increase by 25.6%. Moreover, adding mulch can result in relatively high soil
temperature, which promotes early development of the root system [6]. We conclude that mulch is
useful in conserving soil water and increasing irrigation use efficiency. Drip irrigation under mulch is a
highly important technology in arid regions.
Table 6. Simulated water balance components under the two scenarios, i.e., SWM
(scenario without mulch) and SM (scenario with mulch).
Water Balance Component
Root water uptake (mm)
Evaporation (mm)
Drainage (mm)
Storage change (mm)
Irrigation (mm)

SWM
418.0
25.1
−18.3
−57.8
359.7

SM
429.2
3.4
−13.6
−53.5
359.7

Note: The negative values of drainage refer to the net recharge to the root zone from soil layers under 70 cm.
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4. Conclusions
For this research, field irrigation experiments with four treatments were conducted. The objective of
these experiments was to evaluate the accuracy of the demonstrated model for simulating the soil water
dynamic under drip irrigation with mulch. Besides this objective, an analysis of the role played by
mulch on soil water balance components was conducted. For this purpose, additional numerical
experiments were carried out.
The simulation model (HYDRUS-2D) was calibrated, validated, and applied in a cotton field
irrigated by a drip irrigation system under mulch cover. The results suggest that the observed soil water
content and the simulated results obtained with HYDRUS-2D are in good agreement. Root water
uptake, evaporation, and the radius of the wetting zone decreased as the amount of applied irrigation
was reduced (from T1 to T4). Soil water storage and recharge from low soil profiles were increased to
compensate for the difference in irrigation. The stored and recharged soil water from low soil layers
are highly important water sources, accounting for 3.6%, 15.6%, 27.6%, and 31.1% of water losses for
T1, T2, T3, and T4, respectively.
The simulation results revealed that mulch has a minimal effect on soil water distribution patterns.
However, mulch is effective for soil water conservation. Evaporation was significantly increased from
3.4 to 25.1 mm after mulch was removed, whereas root water uptake was decreased by 11.2 mm.
Drip irrigation under mulch is a widely applied water-saving irrigation technology that can reduce
evaporation, improve water use efficiency, and conserve water in extremely arid regions.
In terms of the analysis of the 2D distribution patterns of soil water and water balance components,
the HYDRUS-2D model can be applied to assist in the design and development of management
practices for drip irrigation systems under mulch cover in arid regions.
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