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A B S T R A C T   

Soil–Water–Atmosphere–Plant (SWAP) model fails to consider the impacts of plastic film mulching on soil 
moisture and heat regimes, and crop growth and yield. In this study, SWAP model was modified in the modules 
of precipitation interception, soil evaporation, soil temperature, and crop growth to accommodate the changes of 
soil moisture and soil temperature caused by film mulching and the consequent variation of crop growth. The 
modified SWAP model was compared with original SWAP model. Here, the original model showed the case 
where there was no film mulching effect under the same input conditions as the modified model. The models 
were calibrated and validated by a field experiment of seed–maize conducted in the Shiyang River Basin of 
Northwest China in 2017, 2018 and 2019. The experiment included three drip irrigation treatments under film 
mulching conditions, i.e., WF (full irrigation), WM (medium irrigation, 70%WF), WL (low irrigation, 40%WF). 
Results showed the normalized root mean square errors (NRMSEs) for soil water storage (SWS), soil temperature 
at 0, 5, 10, 20 cm soil depths, leaf area index (LAI), aboveground dry biomass (ADB) and yield under different 
irrigation treatments for the three seasons by the modified model were 14.8%, 43.5% (an averaged value for the 
4 soil depths), 70.5%, 56.4% and 82.1% lower than those of the original model, respectively, which demon-
strated higher simulation accuracy of the modified model for mulched field. The modified model could more 
accurately depict the changes of the SWS and LAI caused by the film mulching at various growth stages. It could 
also reveal the enhanced soil temperature by film mulching especially at the early stage (0–60 day after sowing 
(DAS)). We analyzed the film mulching effects by comparing the simulation results of the modified model and 
the original model which could represent the difference between film mulching and no mulching. Results 
showed that soil evaporation and evapotranspiration under film mulching conditions were 60.7% and 10.1% 
lower while crop transpiration was 20.2% higher compared with no mulching. The yield and water use efficiency 
(WUE) under film mulching conditions improved by 38.9% and 54.3% compared with no mulching. Film 
mulching had more significant influence on the SWS, LAI, ADB, yield, crop transpiration and WUE under WL 
treatment than under WF and WM treatments.   

1. Introduction 

Agriculture in arid region is greatly restricted by the shortage of 
water resources, where efficient use of irrigation water is crucial for the 
sustainable development of agriculture and economy (Karthe et al., 
2014; Yang et al., 2018). Plastic film mulching is a technology of saving 
water, regulating soil temperature and increasing production that has 
been widely employed in the arid and semi–arid areas of the world 
(Maurya and Lal, 1981; Anikwe et al., 2007; Bonachela et al., 2012;  
Dong et al., 2014; Fan et al., 2019). In China, plastic film mulching with 

drip irrigation has been employed over 4.7 million hm2 and applied in 
the cultivation of more than 40 crop types, including major field crops 
such as wheat, maize and cotton (He et al., 2018). 

In the cultivation and production of field crops, soil moisture and 
soil temperature are key factors due to their direct impacts on crop 
growth and yield (Ramakrishna et al., 2006; Balashov et al., 2014). Soil 
water is mainly affected by precipitation, irrigation schedule, soil 
evaporation and root water uptake (Zhao et al., 2018; Li et al., 2020). 
Water stress in root zone limits crop transpiration, and affects the ac-
cumulation and distribution of dry matter and the crop yield (Du et al., 
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2005). Soil temperature is a comprehensive indicator of soil thermal 
status, which influences crop phenology and canopy development, dry 
matter accumulation and yield formation (Stone et al., 1999). 

Many field experiments were conducted to quantity the influence of 
film mulching on soil moisture and temperature status and crop growth 
(Alliaume et al., 2016; Fan et al., 2016; Yang et al., 2018). Plastic film 
mulching could reduce soil evaporation and increase rainwater deten-
tion, thus increase soil water storage (Chakraborty et al., 2010; Li et al., 
2013). Plastic film mulching could also reduce soil water storage be-
cause the vigorous crop growth under film mulching consumed more 
water during the crop–growing seasons (Zhang et al., 2017c;  
Yang et al., 2018). Soil temperature was influenced by film mulching 
because of the change in albedo, the heat conduction on soil surface and 
the latent heat consumption (Liakatas et al., 1986). The transparent 
film mulching increased soil temperature at 0–10 cm and 10–20 cm 
depths by 2 °C and 3 °C, respectively (Fan et al., 2016). Film mulching 
provided favorable soil water and heat conditions for crop growth 
(Ren et al., 2008; Chen et al., 2015) and it could improve dry biomass 
and yield of maize by 21.0%–40.6% and 28.3%–87.5%, respectively 
(Bu et al., 2013). Therefore it is necessary to involve and accurately 
evaluate film mulching impacts in quantification of soil water and heat 
dynamics as well as their interactions with crop growth and yield. 

Crop models are powerful tools to predict crop growth and yield 
under various agricultural management measures. 
Soil–Water–Atmosphere–Plant (SWAP) model, an agro–hydrological 
model, could simulate crop growth, vertical transport of water, solute 
and heat in both unsaturated and variably saturated soils (Kores et al., 
2000). SWAP model reveals the close interactions between soil water/ 
salt transport and crop growth (Van Dam et al., 2008). It has been 
proved that it could well simulate the transport of soil water and salt 
dynamics, crop growth and water consumption under various saline 
water irrigation scenarios at field scale (Jiang et al., 2011; Kumar et al., 
2015; Kamyab–Talesh et al., 2017; Yuan et al., 2019). Good perfor-
mance in predicting soil temperature was recorded for SWAP model in  
Balashov et al. (2014). SWAP model was also applied at regional scale, 
e.g. by assimilating leaf area index (LAI) and evapotranspiration/sa-
tellite–based surface incoming solar radiation into SWAP for crop yield 
estimation (Huang et al., 2015; Mokhtari et al., 2018), or by integrating 
SWAP and MODFLOW–2000 for simulation of regional groundwater 
dynamics (Xu et al., 2011b). In addition, SWAP model was used for 
predicting the impact of climate change on crop production and water 
productivity (Crescimanno et al., 2012; Martínez-Ferri et al., 2013;  
Liu et al., 2019). 

Despite the large contributions SWAP had made on simulations 
under various agricultural managements and environmental scenarios, 
it was not particularly designed to deal with the impact of film 
mulching on crop growth. In general, impact of plastic film mulching 
was mostly considered by adjusting the input parameters or by mod-
ifying the crop model code. For example, in view of the warming and 
interception effect of plastic film, Kim et al. (2014) adjusted meteor-
ological input data of precipitation and air temperature to consider the 
effects of plastic mulch on soil moisture and temperature dynamics 
based on LandscapeDNDC model. Yang et al. (2015) adjusted artifi-
cially the air temperature by considering the compensation effect of soil 

temperature on air temperature under film mulching to simulate the 
growth of mulched maize based on Aquacrop model. Han et al. (2014) 
and Liang et al. (2017), in Denitrification–Decomposition model 
(DNDC) and soil Water Heat Carbon Nitrogen Simulator model 
(WHCNS) respectively, considered the reduction of soil evaporation by 
the linear influence of the ratio of the ground covering film on the 
potential evaporation, and the increase of soil temperature considering 
the thickness and heat conductivity of the film. Hou et al. (2014) 
modified the Hybrid–Maize model by deducting soil evaporation line-
arly and using measured temperature beneath plastic film at 5 cm depth 
for simulating crop development and growth before the 6–leaf stage 
(V6). However, these studies did not comprehensively consider the ef-
fects of film mulching on soil water and heat status and their impact on 
crop growth, as well as not validating the performance of their models 
under various irrigation levels. Therefore, further work is required re-
garding the response of soil water and heat under film mulching and 
their comprehensive impacts on crop development under various irri-
gation levels. 

In this study, SWAP model was adopted as the target model for 
modification, to accommodate the impact of film mulching on soil 
water and heat dynamics as well as crop growth and yield. Then, the 
performance of modified SWAP model was evaluated on the soil water 
storage (SWS), soil temperature, LAI, aboveground dry biomass (ADB), 
yield, water balance components and water use efficiency (WUE) under 
various irrigation levels based on our experimental data at seed–maize 
fields. 

2. Field experiments 

2.1. Experimental site description 

The field experiments were conducted at Shiyang Experimental 
Station for Water–saving in Agriculture and Ecology of China 
Agricultural University, Wuwei City, Gansu Province of China (37°52′N, 
102°52′E, elevation above mean sea level 1581 m). The mean annual 
precipitation is 164 mm and the mean annual pan evaporation is 
2000 mm. Moreover, the average annual duration of sunshine is 
3000 h, the mean annual air temperature is 8 °C and the mean annual 
air cumulative temperature (> 0 °C) is 3550 °C (He et al., 2018;  
Qin et al., 2018). The groundwater table is 40–50 m below the ground 
surface. 

2.2. Experimental design 

Seed–maize was planted in 137.2 m2 plots (24.5 m in length and 
5.6 m in width) with a row spacing of 40 cm and plant spacing of 25 cm. 
The planting date was April 24, April 20, April 18 in 2017, 2018, 2019, 
respectively. For convenience, in this study we divided the whole 
growing period of seed–maize into three stages, i.e., early stage (0–60 
day after sowing (DAS)), middle stage (61–106 DAS) and late stage 
(after 107 DAS). The soil type in the field is silt loam and the measured 
soil physical properties along the soil profile are shown in Table 1. The 
farmland was covered by transparent plastic film of 85 cm wide and 
0.004 cm thick, with 5 cm overlap in the adjacent films. The study 

Table 1 
Measured soil physical properties along the soil profile in the experiment site.        

Soil layers (cm) Particle fraction (%) Bulk density (g cm–3) Soil texture (USDA)  

Sand (2–0.05 mm) Silt (0.05–0.002 mm) Clay (<0.002 mm)    

0–20 27.1 63.6 9.3 1.53 Silt loam 
20–40 30.2 60.4 9.4 1.48 Silt loam 
40–60 17.9 71.1 11.0 1.46 Silt loam 
60–80 17.0 73.0 10.0 1.58 Silt loam 
80–100 35.2 57.1 7.7 1.50 Silt loam 
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included three drip irrigation treatments, i.e., WF (full irrigation), WM 
(medium irrigation, 70%WF), WL (low irrigation, 40%WF) and the ir-
rigation schedule is given in Table 2. The drip line was placed between 
two rows of seed–maize with a spacing of 80 cm. Drippers were located 
every 30 cm along the drip line and the discharge rate was 2.5 L h–1. 
The layout of the film mulch, drip irrigation system and seed–maize are 
shown in Fig. 1. 

2.3. Field data collection 

The volumetric water content of the soil was measured every 3–7 d 
at 20 cm intervals from the surface to the depth of 100 cm using 
Time–Domain–Reflectometry (TRIME–PICO/PICO–BT, Imko GmbH, 
Ettlingen, Germany). The soil temperature at the depths of 0, 5, 10, 
20 cm was monitored every 30 min (except the soil temperature at 5 cm 
depth in 2017) by the temperature sensors connected with soil tem-
perature recorders (HZ–TJ1, both sensors and recorders came from 
Hezhong Bopu Technology Development Co., Ltd., Beijing, China). A 
ruler was used to measure the length and maximum width of fully 
unfolded leaves every 7–10 d to get LAI. The ADB was measured by 
drying the whole plant sampled randomly from the plot every 15–20 d. 

At maturity, the 10 consecutive seed–maize ears were hand–harvested 
from the center of each plot to measure the seed–maize yield, which 
was expressed at a water content of 12% (Li et al., 2013; Ren et al., 
2017). Although no replicate treatment was considered due to the 
limitations of the field experimental plot, soil water content, LAI, ADB 
and yield were measured at three locations in each plot. 

3. SWAP model and modifications 

3.1. Introduction of SWAP model 

SWAP, coded in FORTRAN, was developed by the Water Resources 
Group of Wageningen University and is an physically based and de-
tailed agro–hydrological model Kroes et al., 2000). SWAP provides two 
or more options in some modules, such as for the soil hydraulic char-
acteristics, water stress function, soil heat flow and crop growth pro-
cess, etc. In this study, soil water flow in saturated and unsaturated 
zone was described by Richards equation (Richards, 1931), with van 
Genuchten–Mualem (VGM) model (van Genuchten, 1980) to show the 
soil hydraulic property (i.e., the relationship between soil matric po-
tential, water content and the unsaturated hydraulic conductivity), and 

Table 2 
Irrigation schedule under different treatments in 2017, 2018 and 2019.               

Treatments 2017 2018 2019 
DAS (d) Depth (mm) DAS (d) Depth (mm) DAS (d) Depth (mm) 

WF WM WL WF WM WL WF WM WL  

Irrigation schedule 37 15.0 10.5 6.0 43 14.5 10.2 5.8 45 14.8 10.4 5.9 
49 7.6 5.3 3.1 53 22.2 15.6 8.9 55 31.4 22.0 12.6 
57 39.7 27.8 15.9 62 40.2 28.2 16.1 65 35.0 24.5 14.0 
67 42.7 29.9 17.1 74 40.5 28.4 16.2 75 25.0 17.5 10.0 
77 42.1 29.4 16.8 84 37.9 26.5 15.1 85 24.0 16.8 9.6 
83 25.6 17.9 10.3 94 40.6 28.4 16.2 94 40.5 28.4 16.2 
87 30.3 21.2 12.1 104 50.2 35.2 20.1 105 43.1 30.2 17.2 
107 42.0 29.4 16.8 123 32.8 23.0 13.1 115 33.7 23.6 13.5 
127 61.3 42.9 24.5     125 41.3 28.9 16.5 

Total depth (mm)  306.4 214.5 122.6  279.0 195.3 111.6  288.8 202.2 115.5 

Note: DAS, day after sowing; WF, full irrigation; WM, medium irrigation, 70%WF; WL, low irrigation, 40%WF.  

Fig. 1. Layout of the plastic film mulching, drip irrigation system and seed–maize. 
Note: Three pieces of plastic film were shown in the figure in dashed lines, each with the width of 85 cm and 5 cm overlap between two adjacent films. 

Y. Zhao, et al.   Agricultural and Forest Meteorology 292–293 (2020) 108127

3



Feddes model (Feddes et al., 1978) to show root water extraction. The 
VGM model can be expressed by Eqs. (1)–((3) (van Genuchten, 1980). 
Soil heat flow was described by heat conduction equation. Crop growth 
was predicted by a detailed crop model (WOFOST) (Boogaard et al., 
1998), taking into account growth reductions due to water and oxygen 
stresses. More detailed descriptions of the model could be found in the 
user manual of SWAP version 4.0 (Kroes et al., 2017). 
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where θ is volumetric water content (cm3cm−3), h is soil water pressure 
head (cm), θs is saturated water content (cm3cm−3), θr is residual water 
content (cm3cm−3), α is an empirical parameter (cm−1), n, m and λ are 
empirical shape factors, and m = 1/(1 − n), K is unsaturated hydraulic 
conductivity (cm d−1), Ks is saturated hydraulic conductivity (cm d−1), 
Se is effective saturation. 

3.2. Modifications of SWAP model 

3.2.1. Basis for model modifications 
Our previous work on comparison of experimental results of farm-

land with and without film mulching (Zhao et al., 2018) demonstrated 
that transparent plastic film mulching could block rainfall infiltration, 
reduce soil evaporation, regulate soil temperature and accelerate crop 
growth and development. This provided fundamental support for the 
model modifications in this work. We also referred to previous studies 
(Dong et al., 2014; Fan et al., 2016; Yang et al., 2018) for the reliability 
of our model modifications. Based on the above analysis, the soil 
moisture module, soil temperature module and crop growth module in 
SWAP were modified respectively in this study. 

3.2.2. Modification of soil temperature module 
In the original SWAP model, the upper boundary condition of soil 

heat flow was Dirichlet boundary by specifying the upper boundary 
temperature. The bottom boundary condition could be Dirichlet 
boundary by specifying the bottom boundary temperature or Neumann 
boundary by specifying zero heat flux. With no direct measurements of 
soil surface temperature, normally users could only use air temperature 
as the upper boundary condition. With film mulching, it can sig-
nificantly modify the relationship between the soil surface temperature 
and air temperature. 

To make SWAP model more applicable under film mulching con-
ditions when without monitored soil temperature, we firstly calculated 
the soil surface temperature under non–mulched soil.  
Zheng et al. (1993) demonstrated that there was difference in the es-
timation of soil surface temperature under non–mulched soil between 
crop cover and no crop cover. In this study, when the LAI was less than 
1 cm2cm–2 (LAI < 1), the soil surface temperature under non–mulched 
soil was obtained by establishing a regression equation (Eq. (4)) for the 
measured soil surface temperature without mulching on the current day 
(Ttop, °C) and previous day (Ttop′, °C), as well as the air temperature on 
the current day (Tair, °C) and previous day (Tair′, °C), with a high cor-
relation coefficient of 0.865. 

= + +T T T T1.048 0.311 0.313 0.413top air air top (4)  

When the LAI was not less than 1 cm2cm–2 (LAI ≥ 1), the soil 
surface temperature under non–mulched soil was obtained based on 
Ttop′, Tair and LAI (Eq. (5)) (Zheng et al., 1993). 

=
+
+ <

T
T T T k LAI T T
T T T T T

0.25( )exp( ) ( )
0.25( ) ( )top

top air top e air top

top air top air top (5) 

where ke is the light extinction coefficient and is the product of ex-
tinction coefficient for diffuse visible light (Kdif) and the extinction 
coefficient for direct visible light (Kdir). Kdif and Kdir need to be speci-
fied by the user. 

And then the soil surface temperature under film mulching condi-
tions (Tftop, °C) was determined by the Tair, daily maximum air tem-
perature (Tmax, °C) and Ttop, as well as by the film thickness (Dfilm, cm) 
and the thermal conductivity (TCfilm, J cm–1 °C–1d–1) Ma et al., 2015) as 
shown in Eqs. (6) and ((7). Liang et al. (2017) showed that the effect of 
film mulching on soil temperature was mainly at the stage of LAI < 1, 
while little effect at the stage of LAI ≥ 1. Therefore, the Eqs. (6) and (7) 
was solely applied at the stage of LAI < 1, while Tftop was set equal to 
Ttop at the stage of LAI ≥ 1. 

= +dH T T T D TC dt
2

· · ·air max
top film film (6)  

= +T T dH
C dVftop top

soil (7) 

where dH is heat flux from the film surface to the soil surface (J), Csoil is 
the soil specific heat capacity (J cm−3 °C–1), t is the unit of time (d), dV 
is set to 1 cm3. 

For the bottom boundary condition, with no direct measurements of 
the bottom soil temperature, normally the users could only take zero 
heat flux as the bottom boundary condition. Because the bottom depth 
in our study was 100 cm, zero heat flux assumption was unsuitable. In 
order to specify a more appropriate bottom boundary condition under 
no direct measurement, we used a common approach Eqs. (8) and ((9)) 
for estimating the bottom soil temperature (Zhang et al., 2002). 

= + +T T T Z
d

JD JD Z
d

exp cos 2
365

( )bot mean ampl
demp

0
demp (8)  

=d C2 /
2 /365demp

a a

(9) 

where Tbot is the soil temperature (°C) at the depth of Z (100 cm), Tmean 

is the mean annual air temperature (°C), Tampl is the amplitude of air 
temperature (°C), ddemp is the damping depth (cm), JD is the day of the 
year (DoY), JD0 is the DoY when the air temperature reaches its max-
imum, λa is the average thermal conductivity of the soil profile (J 
cm−1 °C−1d–1), Ca the average heat capacity of the soil profile (J 
cm−3 °C−1). 

3.2.3. Modification of soil water module 
In SWAP, the bottom boundary condition of the soil water move-

ment was specified as free drainage. The upper boundary condition was 
Neumann boundary determined by irrigation, precipitation and eva-
poration. When drip irrigation was applied, the soil surface was as-
sumed to be completely wet so that it could be simplified as 1–D ver-
tical soil water movement. For precipitation, the canopy interception 
(ΔPc, mm d–1) was described by Hoyningen–Braden method 
(Hornung and Messing, 1983; Braden, 1985), 

=
+

P LAI
b P a LAI

a· 1 1
1 ( · )/( · )c

(10)  

=b k LAI1 exp( )e (11) 

where a is an empirical coefficient (mm d–1) and should be specified by 
the users, b is the soil cover fraction, P is the total precipitation (mm 
d–1). 

Under plastic film mulching conditions, in addition to canopy in-
terception, the film interception on precipitation should also be con-
sidered. Haraguchi et al. (2003) concluded about 80% of the 
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precipitation infiltrated into the soil through transplanting holes under 
full film mulching and infiltration into holes might occur because the 
water could flow in all directions due to the flat surface. Therefore, film 
interception was considered to be 20% in our study and the precipita-
tion interception (ΔP, mm d–1) including canopy and film interception 
was calculated by Eq. (12), 

= +P P P P( )·20%c c (12)  

In this study, the potential evaporation (Ep, mm d–1) and tran-
spiration (Tp, mm d–1) was calculated by direct application of 
Penman–Monteith (Kores et al., 2017), 
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+ +
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where Wfrac is the fraction of the day in which the canopy is wet, Δv is 
the slope of the vapor pressure curve (kPa °C–1), λw is the latent heat of 
vaporization (J kg–1), Rn is the net radiation flux at the canopy surface 
(J m–2 d–1), G is the soil heat flux (J m–2 d–1), p1 accounts for unit 
conversion (86,400 s d–1) ρair is the air density (kg m–3), Cair is the heat 
capacity of moist air (J kg–1 °C–1), esat is the saturation vapor pressure 
(kPa), ea is the actual vapor pressure (kPa), rair,can is the aerodynamic 
resistance of uniform crop (s m–1), γair is the psychrometric constant 
(kPa °C–1), rs, min is the minimal stomatal resistance (s m–1), LAIeff is the 
effective leaf area index, rair,soil is the aerodynamic resistance of soil 
surfaces, rsoil is the soil resistance of a wet soil (s m–1). Note that on a 
daily base, G is assumed to be negligible in SWAP. The calculation 
method of each parameter in this equation was introduced in detail in  
Kroes et al. (2017), not described here. For the users, main parameters 
need to be given include crop height (CH), crop reflection coefficient 
(albedo) and minimum canopy resistance (MCR). The measured CH was 
given, and the albedo and MCR took the model default as the original 
value. 

In SWAP, soil evaporation was also calculated according to Darcy's 
law (Eq. (16)) and the empirical function (Eq. (17)). 

=E k h h Z
Zmax 1/2

atm 1 1

1 (16) 

where Emax is the maximum evaporation rate (mm d–1), k1/2 is the 
average hydraulic conductivity between the soil surface and the ad-
jacent discretization node (node 1) in soil (mm d–1), hatm is the soil 
water pressure head in equilibrium with the air relative humidity (cm), 
h1 is the soil water pressure head of the first node (cm), Z1 is the soil 
depth at node 1 (cm). 

=E ta dry
1/2 (17) 

where ∑Ea is the cumulative actual evaporation (mm), β is a soil–spe-
cific parameter (mm d–1/2) characterizing the evaporation process, tdry 

is the time after a significant amount of rainfall (d). 
In original SWAP, soil evaporation (E, mm d–1) was determined by 

taking the minimum value of Ep, Emax, and ∑Ea, 

=E E E Emin( , , )p max a (18)  

In this study, planting holes existed despite the application of full 
film mulching. Qin et al. (2018) concluded the proportion of planting 
holes was 2.13% which applied the same cultivation technology as 
ours. Wu et al. (2017) showed that the soil evaporation from planting 
holes could not be ignored under film mulching conditions. Li (2002), 

based on the same soil type and irrigation method (drip irrigation) as 
ours, indicated that the relationship between the reduction rate of soil 
evaporation under film mulching conditions (Cfilm) and the opening 
holes ratio (δ) could be expressed by Eq. (19), 

=C 1film
0.2047 (19)  

When δ is 2.13%, Cfilm is 55%. Therefore, in our study, the coeffi-
cient Cfilm with original (i.e., before calibration) value of 55% was in-
troduced, which showed the reduction rate of soil evaporation under 
film mulching to that of non–mulched soil. In the modified SWAP, soil 
evaporation (Epfilm, Emaxfilm, Eafilm, Efilm) under film mulching was cal-
culated by Eqs. (20)–(23), 

=E C E(1 )·pfilm film p (20)  

=E C E(1 )·maxfilm film max (21)  

=E C E(1 )·afilm film a (22)  

=E E E Emin( , , )film pfilm maxfilm afilm (23)  

3.2.4. Modification of crop growth module 
In the original SWAP model, all crop physiological processes were 

simulated based on air temperature, including phenological develop-
ment stages and photosynthesis and respiration. The crop development 
stage Ds was obtained by Eqs. (24) and (25), 

+ = +D JD D JD T
T

( 1) ( )s s
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T T T T

0 ( )
( )
( )

eff

air b

air b b air 0

0 b air 0 (25) 

where Ds(JD+1) and Ds(JD) are the crop development stage when DoY 
is JD+1 and JD respectively, Teff is the effective temperature (°C), Tsum,i 

is the temperature sum (°C) required to complete either the vegetative 
or the reproductive stage and given by the user, Tb is base point tem-
perature (°C), T0 is optimum temperature (°C). Tb and T0 are 8 °C and 
34 °C for maize, respectively (Jones and Kiniry, 1986). 

The crop development rate was not always dependent on the air 
accumulated temperature, but was controlled by the temperature of the 
meristem Ma et al., 2017). Stone et al. (1999) concluded maize mer-
istem was underground before V6 (6–leaf stage) and the crop devel-
opment rate was affected by the soil temperature. Under the conditions 
of plastic film mulching, the soil temperature increased significantly at 
the early stage of crop growth, and large error in crop growth simula-
tion would occur if the prediction was based on air accumulated tem-
perature (Hou et al., 2014; Ma et al., 2017). Therefore, SWAP model 
was modified to employ soil temperature at a depth of 5 cm below the 
plastic film for simulation of crop development stage (Ds–film) before V6 
by Eqs. (26) and ((27), while air temperature was still used for phy-
siological processes including photosynthesis and respiration. 

+ = +D JD D JD T
T

( 1) ( )s film s film
eff film

sum,i (26)  

=
<

>
T

T T
T T T T T
T T T T

0 ( )
( )
( )

eff film

soil5 b

soil5 b b soil5 0

0 b soil5 0 (27) 

where Ds–film(JD+1) and Ds–film(JD) are the crop development stage 
under film mulching conditions when DoY is JD+1 and JD respectively, 
Teff–film is the effective temperature before V6 under film mulching (°C), 
Tsoil5 is the soil temperature at 5 cm depth (°C). 
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3.3. Model input parameters 

3.3.1. Meteorological and irrigation data 
The meteorological data required by the SWAP model mainly in-

cluded daily solar radiation, maximum temperature, minimum tem-
perature, precipitation, humidity and wind speed, which were mea-
sured using a standard automatic weather station (Hobo, Onset 
Computer Corp, USA) at a height of 2.0 m above the ground from 2017 
to 2019. The irrigation data was specified based on the actual irrigation 
schedule as Table 2. 

3.3.2. Soil parameters 
Soil parameters mainly included soil hydraulic parameters, soil 

evaporation parameters and soil heat transfer parameters. The original 
soil hydraulic parameters, as those parameters in VGM model, were 
obtained by available soil textural information (i.e., the measured soil 
particle composition and dry bulk density in Table 1) through the 
neural–network–based pedotransfer function approach (Šimůnek et al., 
1999). The original soil evaporation parameters were specified as the 
model default value (β) or based on the previous study (Cfilm). Soil heat 
transfer parameters required from the user mainly included soil texture 
information for the heat conduction equation and the parameters (Dfilm, 
TCfilm, Tmean, Tampl) for the estimation of upper and bottom soil tem-
perature in the modified model. The original soil texture, Dfilm, Tmean, 
Tampl were given from the measured value and the original TCfilm were 
selected from Kroes et al. (2017). The above parameters were then 
calibrated in modified SWAP based on the experimental data. 

3.3.3. Crop parameters 
The crop module in SWAP, i.e., WOFOST, contained many crop 

parameters such as crop development, initial leaf area index and total 
dry weight, green surface area, assimilation, conversion of assimilation 
into biomass, maintenance respiration, partitioning, death rates, root 
growth, etc. The original values of these parameters were given from 
the measured values or model default values. 

3.4. Parameter sensitivity analysis and model calibration 

SWAP model was calibrated using monitored data in the experiment 
of 2017 and validated by that of 2018 and 2019, respectively. SWAP 
involved so many parameters that increased the difficulty of calibration 
and possibly resulted in overfitting. Therefore, only the high sensitivity 
parameters were calibrated to achieve the highest efficiency of the 
SWAP model in predicting SWS, soil temperature, LAI, ADB and yield. 

In this study, the sensitivity of model parameters was investigated 
by one–at–a–time (OAT) method (Ma et al., 2013). The model was run 
with change in the value of one input parameter at a time by 10% 
increase and then by 10% decrease of its original value. Only one 
parameter of the model was changed and the others were fixed at every 
model run, and all parameters repeated the same process to investigate 
the impact of the change on the simulation results of SWS, LAI, ADB, 
yield and soil temperature. The relative sensitivity (RS) 
(Wilkerson et al., 1983) was used to express the sensitivity as follows, 

= +RS y x x y x y x
x x

( ( ) ( ))/ ( )
/ (28) 

where x is a parameter value in the model parameter, Δx is the change 
of the parameter, y(x) and y(x + Δx) respectively represent the output 
value before and after the parameter change, including SWS, LAI, ADB, 
yield and soil temperature. The higher RS value is, the more sensitive 
the parameter is, and vice versa. 

3.5. Model evaluation statistics 

Three statistical indices were used to evaluate model performance, 

i.e., root mean square error (RMSE), normalized root mean square error 
(NRMSE) and coefficient of determination (R2). 
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where M, S, M S¯ , ¯, and N are the measured values, the simulated values, 
the mean of measured values, the mean of simulated values, and the 
number of measured values, respectively. Note that the lower the RMSE 
and NRMSE values and the higher R2, the better the simulation effect 
(Jamieson et al., 1991). 

4. Results 

4.1. The results of sensitivity analysis and model calibration 

Parameters with RS greater than 0.1 are listed and arranged in the 
order of RS reduction in Table 3. Crop parameters had a higher sensi-
tivity than soil hydraulic parameters, and RS for soil temperature 
parameters was the lowest. In addition, the sensitivity of soil tem-
perature parameters (Dfilm, TCfilm) to crop growth (LAI, ADB, yield) was 
greater than 0.1, demonstrating soil temperature parameters should be 
calibrated before crop parameters. Therefore, the order of the para-
meter calibration was set up as soil temperature parameters, followed 
by crop parameters and soil hydraulic parameters. The results of 
parameter calibration are given in Tables 4–6. 

4.2. Model performance 

4.2.1. Soil water storage (SWS) 
The measured and simulated SWS by the original and modified 

models are shown in Fig. 2. The SWS by the modified model was more 
consistent with the measured SWS than that of the original model.  
Table 7 showed that the simulation accuracy of SWS was better by the 
modified model. Compared with the original model, RMSEs (or 
NRMSEs) of SWS under different irrigation treatments for the three 
seasons by the modified model decreased by 5.1%–26.4% (i.e., the 
range of all values under the different irrigation treatments for the three 
seasons) except for WL treatment in 2017 and WM treatment in 2018. 
The average R2 was 0.81 and 0.70 by the modified and original models, 
respectively. The modified model performed better for the SWS during 
the various growing stages than the original model, except for the 
middle stage under WL treatment in 2017, 2018, 2019 and the late 
stage under WM treatment in 2018. The RMSE by the modified model 
was averagely 26.1%, 20.3%, 21.6% lower at the early, middle, late 
stages than that of the original model, respectively. In this study, film 
mulching effect was included in the modified model, while the original 
model demonstrated the case where there was no film mulching effect 
under the same input conditions as the modified model. Therefore, we 
could assume that the comparison between modified and original 
models represented the difference between the film mulching and no 
mulching. Comparing the SWS of the modified model with that of the 
original model, we could see the average SWS at the early stage for the 
three seasons by the modified model was 4.8% (i.e., the averaged value 
of the three seasons), 5.6%, 7.6% higher under WF, WM, WL treatments 
than that of the original model (Fig. 2). The average SWS at the middle 
stage for the three years by the modified model was 3.9%, 4.6%, 6.8% 
lower under WF, WM, WL treatments than that of the original model. It 
indicated that film mulching (as represented by the simulation results 
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of the modified model) could enhance SWS at the early stage and de-
crease the SWS at the middle stage. Besides, with the decrease of irri-
gation amounts, both the enhancing effect and the decreasing effect 
were amplified. 

4.2.2. Soil temperature 
The measured and simulated soil temperature at the shallow soil 

layer (at 0, 5, 10, 20 cm soil depths) by the original and modified 
models are presented in Fig. 3. The variation trend of soil temperature 
by simulation and observation was similar. The measured soil tem-
perature mostly fell on the curve of the modified model, especially at 
the early stage. Table 8 showed that the simulation accuracy of soil 
temperature by the modified model was improved, where the average 
RMSE, NRMSE, R2 at different soil depths for the three seasons were 

1.52 °C, 7.31%, 0.83 by the modified model and 2.59 °C, 12.49%, 0.68 
by the original model. The simulation especially improved the accuracy 
at the early stage, where the average RMSE, NRMSE, R2 at different soil 
depths for the three seasons were 1.74 °C, 8.51%, 0.89 by the modified 
model and 3.61 °C, 17.56%, 0.87 by the original model. While for the 
middle and late stages, the average RMSE, NRMSE, R2 (1.28 °C, 6.07%, 
0.83) of the modified model were close to that of the original model 
(1.48 °C, 7.09%, 0.82). Compared with the original model, the average 
RMSE (or NRMSE) of the soil temperature by the modified model de-
creased by 51.8% at the early stage, while at the middle and late stages 
decreased by 13.5%. In addition, for both the modified model and the 
original model, the soil temperatures at 20 cm depth had the smallest 
RMSE and NRMSE values except for the original model in 2019 and 
RMSE of the soil temperature at 20 cm depth was averagely 23.8% 

Table 3 
The relative sensitivity (RS) of model parameters for SWS, LAI, ADB, yield and soil temperature.        

Output SWS LAI ADM Yield Soil temperature  

Parameters n (0.340) Tsum1 (1.427) LUE (0.952) Tsum2 (1.457) Dfilm (0.102) 
ρ (0.332) LUE (0.892) EC–R (0.665) LUE (0.989) TCfilm (0.102) 
θs (0.295) SPAN (0.816) EC–L (0.632) SPAN (0.962) Soil texture (0.101) 
Cfilm (0.243) MRILAI (0.766) MRILAI (0.575) Tsum1 (0.931)  
β (0.204) EC–L (0.709) Amax (0.565) EC–SO (0.695)  
α (0.104) FTADM–R (0.589) FTDM–R (0.557) EC–S (0.317)   

SLA (0.588) EC–S (0.502) SLA (0.302)   
EC–R (0.581) ITCDW (0.475) FTDM–S (0.292)   
ITCDW (0.548) SLA (0.416) Kdif (0.232)   
EC–S (0.499) FTDM–L (0.309) MRR–L (0.201)   
FTDM–L (0.426) Dfilm (0.302) MRILAI (0.172)   
Dfilm (0.349) TCfilm (0.302) Amax (0.156)   
TCfilm (0.349) Kdif (0.252) EC–L (0.154)   
Amax (0.269) Tsum1 (0.157) Dfilm (0.128)   
Kdif (0.264) MRR–L (0.120) TCfilm (0.128)  

Note: Amax, max CO2 assimilation rate; Cfilm, reducing ratio of soil evaporation under film mulching; Dfilm, film thickness; EC–L, efficiency of conversion into leaves; 
EC–R, efficiency of conversion into roots; EC–S, efficiency of conversion into stems; EC–SO, efficiency of conversion into storage organs; FTADM–L, fraction of total 
aboveground dry biomass to the leaves; FTADM–R, fraction of total aboveground dry biomass to the roots; FTADM–S, fraction of total aboveground dry biomass to the 
stems; ITCDW, initial total crop dry weight; Kdif, extinction coefficient for diffuse visible light; LUE, light use efficiency; MRILAI, maximum relative increase in LAI; 
MRR–L, maintenance respiration rate of leaves; SLA, specific leaf area; SPAN, life span under leaves under optimum conditions; Tsum1, temperature sum from 
emergence to anthesis; Tsum 2, temperature sum from anthesis to maturity; TCfilm, film thermal conductivity; n, shape factor for soil water retention curve; α, shape 
factor for soil water retention curve; ρ, dry soil bulk density; θs, saturated water content; β, soil–specific parameter; The values in parentheses after the parameters are 
their RS.  

Table 4 
Main crop parameters used in SWAP.       

Parameters Descriptions Initial values Values Source of initial values  

Tsum1, °C·d Temperature sum from emergence to anthesis 850 895 Measured 
Tsum2, °C·d Temperature sum from anthesis to maturity 800 780 Measured 
ITCDW, kg ha–1 Initial total crop dry weight 10 10 Measured 
MRILAI, m2 m–2 

d–1 
Maximum relative increase in LAI 0.0294 0.02 Kores et al. (2017) 

SLA, ha kg–1 Specific leaf area (0–0.5–0.8–1–2) 0.0026–0.0017–0.0012–0.0012–0.0012 0.0035–0.0015–0.0007–0.0005–0.0005 Kores et al. (2017) 
SPAN, d Span 33 35 Kores et al. (2017) 
Kdif, (–) Extinction coefficient for diffuse visible light 0.60 0.60 Kores et al. (2017) 
Kdir, (–) Extinction coefficient for direct visible light 0.75 0.55 Kores et al. (2017) 
Amax, kg ha–1 

h–1 
Max CO2 assimilation rate (0–1–1.5–2) 70–70–70–70 40–48–60–40 Kores et al. (2017) 

EC–L, kg–1 Efficiency of conversion into leaves 0.65 0.80 Cheng et al. (2016) 
EC–SO, kg–1 Efficiency of conversion into storage organs 0.82 0.60 Cheng et al. (2016) 
EC–R, kg–1 Efficiency of conversion into roots 0.72 0.70 Cheng et al. (2016) 
EC–S, kg–1 Efficiency of conversion into stems 0.69 0.80 Cheng et al. (2016) 
MRR–L, kg 

CH2O kg 
d–1 

Maintenance respiration rate of leaves 0.030 0.020 Kores et al. (2017) 

FTADM–R, (–) Fraction of total aboveground dry biomass to the 
roots (0–0.2–0.4–1–2) 

0.40–0.34–0.27–0.00–0.00 0.55–0.44–0.33–0.00–0.00 Kores et al. (2017) 

FTADM–L, (–) Fraction of total aboveground dry biomass to the 
leaves (0–0.33–0.88–0.95–1.1–1.2–2) 

0.62–0.62–0.15–0.15–0.40–0.00–0.00 0.60–0.60–0.60–0.60–0.00–0.00–0.00 Kores et al. (2017) 

FTADM–S, (–) Fraction of total aboveground dry biomass to the 
stems (0–0.33–0.88–0.95–1.1–1.2–2) 

0.38–0.38–0.85–0.85–0.40–0.00–0.00 0.40–0.40–0.40–0.40–0.90–0.60–0.00 Kores et al. (2017) 

Note: In the table, the values in parentheses of the second column refer to development stages where 0 is emergence, 1 is anthesis, 2 is maturity, and so on.  
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lower than that of the other soil depths (Table 8). 

4.2.3. Leaf area index (LAI) 
The measured and simulated LAI by the original and modified 

models are presented in Fig. 4. Generally, the simulation effect of the 
modified model on LAI was better than that of the original model under 
different irrigation treatments, especially in the rapid growth stage of 
seed–maize. During the whole growing period, RMSEs of LAI under 
different irrigation treatments for the three seasons by the modified 
model were 52.2%–83.9% lower than those of the original model 
(Table 9). R2 were 0.91–0.99 and 0.79–0.98 by the modified and ori-
ginal models, respectively. At the early and middle stages, the RMSE of 
LAI under different irrigation treatments for the three seasons by the 
modified model reduced by 77.4% compared with the original model. 
The average R2 were 0.99 and 0.90 by the modified and original 
models, respectively. While at the late stage, the RMSE of LAI under 
different irrigation treatments for the three years by the modified model 
for three years reduced by 25.9% compared with the original model, 
except for WF treatment in 2018 and 2019. The average R2 were 0.98 
and 0.94 by the modified and original models, respectively. Comparison 
between the modified and original models showed that the average LAI 
at the early and middle stages for the three years by the modified model 
was 12.7%, 27.5%, 47.9% higher under WF, WM, WL treatments than 
that of the original model (Fig. 4). It indicated that film mulching could 
increase LAI, and with the decrease of irrigation amount this effect was 
more prominent. It showed the beneficial effect of film mulching for 
maintaining LAI especially under deficit irrigation. 

4.2.4. Aboveground dry biomass (ADB) 
The simulated ADB by the modified model agreed better with the 

measured values than the original model (Fig. 5). RMSEs of ADB under 
different irrigation treatments for the three seasons by the modified 
model were 1.9%–72.5% lower than those of the original model except 
for WL treatment in 2017 (Table 10). Comparison between the modified 
and original models showed the average ADB during the entire growing 
period for the three seasons by the modified model was 17.5%, 24.1%, 
33.3% higher under WF, WM, WL treatments than that of the original 
model (Fig. 5). It indicated film mulching could increase ADB and this 
effect was more prominent under deficit irrigation. 

4.2.5. Water balance components, yield and water use efficiency (WUE) 
Comparisons of the water balance components, yield and WUE of 

different treatments by the original and modified models are presented 
in Table 11. Precipitation and irrigation were the main water input and 
the irrigation amount of WF, WM, WL treatments accounted for 65.1%, 
56.7%, 47.8% of the total water input, respectively. An average of 
28.4% of precipitation was intercepted in the modified model, while 
only 9.1% in the original model. It was because plastic film interception 
was also considered in addition to canopy interception in the modified 
model. The average soil evaporation for the three seasons by the 
modified model was 56.0, 56.0, 58.2 mm under WF, WM, WL respec-
tively, which was 61.1%, 61.2%, 59.8% less than that of the original 
model. The average crop transpiration for the three seasons by the 
modified model was 348.9, 309.1, 242.5 mm under WF, WM, WL re-
spectively, which was 10.9%, 19.1%, 30.7% higher than that of the 
original model. The average evapotranspiration for the three seasons by 
the modified model was 11.7%, 9.7%, 8.9% lower under WF, WM, WL 
than that of the original model. A small amount of deep percolation 
occurred under WF treatment, while other treatments had no deep 
percolation. 

The simulation performance of the seed–maize yield by the mod-
ified model was significantly improved compared with the result of the 
original model. NRMSEs of yield under different irrigation treatments 
for the three seasons were 0.88%–12.80% and 14.84%–46.71% by the 
modified and original models, respectively. NRMSEs of yield by the 
modified model averagely decreased by 82.1% compared with the 
original model. 

Comparison of the results between the modified and original models 
showed that the yield for the three seasons by the modified model was 
29.4%, 37.3%, 50.2% higher under WF, WM, WL treatments than that 
of the original model. The WUE for the three seasons by the modified 
model was 46.6%, 51.7%, 64.5% higher under WF, WM, WL treatments 
than that of the original model. It indicated that film mulching could 
improve the yield and WUE especially under deficit irrigations. 

5. Discussion 

5.1. Evaluation of modified model under film mulching conditions 

5.1.1. Soil water module evaluation 
In general, water consumption includes evapotranspiration, deep 

Table 5 
Calibrated soil hydraulic parameters in van Genuchten–Mualem (VGM) model (van Genuchten, 1980).         

Soil layers 
(cm) 

Residual water 
content θr (cm3cm–3) 

Saturated water 
content θs (cm3cm–3) 

Saturated hydraulic 
conductivity Ks (cm d–1) 

shape factor for soil water 
retention curve α (cm–1) 

shape factor for soil 
water retention curve n 
(–) 

Hydraulic conductivity 
shape factor λ (–)  

0–20 0.04 0.41 20.84 0.0172 1.585 0.5 
20–40 0.04 0.40 24.65 0.0169 1.597 0.5 
40–60 0.08 0.43 25.77 0.0155 1.660 0.5 
60–80 0.08 0.42 16.97 0.0169 1.594 0.5 
80–100 0.03 0.42 25.41 0.0188 1.543 0.5 

Table 6 
Other parameters used in SWAP.       

Parameters Descriptions Initial values Values Source of initial values  

Cfilm, (–) Reduction rate of soil evaporation under film mulching 55% 60% Li (2002) 
β, mm d–1/2 Soil–specific parameter for the evaporation process 3.5 5.0 Kores et al. (2017) 
a, mm d–1 Empirical coefficient for canopy interception 2.5 3.0 Kores et al. (2017) 
Dfilm, cm Film thickness 0.004 0.006 Measured 
TCfilm, J cm–1 °C–1d–1 Film thermal conductivity 216 216 Kores et al. (2017) 
Tmean, °C Mean annual air temperature 8.0 11.0 Qin et al. (2018) 
Tampl, °C Amplitude of air temperature 6.0 6.0 Kores et al. (2017) 
Albedo, (–) Albedo 0.20 0.21 Kores et al. (2017) 
MCR, s m–1 Minimum canopy resistance 131.0 121.0 Kores et al. (2017) 
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Fig. 2. Measured and simulated soil water storage (SWS) of 0–60 cm soil depths under WF, WM and WL treatments during the entire growing period in 2017 (a–c), 
2018 (d–f) and 2019 (g–i). 
Note: WF, full irrigation; WM, medium irrigation, 70%WF; WL, low irrigation, 40%WF. 

Table 7 
Model evaluation for SWS under WF, WM and WL treatments in 2017, 2018 and 2019.             

Years Treatments Indices Modified Original 
Early stage Middle stage Late stage Total Early stage Middle stage Late stage Total  

2017 WF RMSE (mm) 4.30 13.47 12.56 11.00 7.49 14.33 14.56 12.54 
NRMSE (%) 2.87 10.17 9.76 8.02 5.00 10.82 11.32 9.14 
R2 0.78 0.40 0.73 0.81 0.68 0.43 0.65 0.55 

WM RMSE (mm) 3.86 10.16 10.22 8.91 6.21 11.73 14.25 10.65 
NRMSE (%) 2.70 9.25 10.00 7.52 4.34 10.69 13.95 8.99 
R2 0.86 0.82 0.77 0.90 0.86 0.80 0.59 0.78 

WL RMSE (mm) 9.07 23.03 14.54 17.27 11.85 17.74 17.22 15.32 
NRMSE (%) 6.93 22.39 17.83 16.19 9.05 17.25 21.12 14.36 
R2 0.48 0.74 0.81 0.82 0.40 0.74 0.59 0.81 

2018 WF RMSE (mm) 7.48 16.79 11.99 15.99 8.15 22.52 15.18 16.85 
NRMSE (%) 6.48 15.19 10.52 14.49 7.06 21.61 13.32 15.27 
R2 0.65 0.51 0.40 0.48 0.83 0.34 0.37 0.30 

WM RMSE (mm) 7.26 6.64 15.57 9.52 10.17 8.02 10.61 9.46 
NRMSE (%) 7.20 7.26 13.16 9.44 10.08 8.77 8.97 9.38 
R2 0.38 0.83 0.92 0.79 0.21 0.75 0.81 0.76 

WL RMSE (mm) 5.91 8.97 8.80 8.10 8.41 7.64 11.70 9.01 
NRMSE (%) 6.05 11.24 9.26 9.10 8.62 9.58 12.31 10.12 
R2 0.58 0.72 0.60 0.79 0.44 0.50 0.66 0.57 

2019 WF RMSE (mm) 13.45 5.79 6.96 9.42 16.15 7.83 13.07 12.81 
NRMSE (%) 11.25 4.73 5.73 7.78 13.51 6.39 10.76 10.57 
R2 0.88 0.85 0.75 0.93 0.66 0.77 0.50 0.86 

WM RMSE (mm) 5.26 5.47 15.05 9.52 6.49 8.28 18.95 12.26 
NRMSE (%) 5.21 5.21 14.78 9.28 6.42 7.89 18.61 11.94 
R2 0.69 0.92 0.79 0.87 0.74 0.83 0.73 0.81 

WL RMSE (mm) 12.74 8.17 19.53 13.86 17.98 6.59 19.73 15.59 
NRMSE (%) 11.45 8.62 24.09 14.34 16.16 6.95 24.33 16.13 
R2 0.45 0.90 0.47 0.87 0.41 0.89 0.27 0.85 

Note: RMSE, root mean square error; NRMSE, normalized root mean square error; R2, coefficient of determination; Early stage, 0–60 DAS; Middle stage, 61–106 DAS; 
Late stage, after 107 DAS.  
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percolation, surface runoff and lateral drainage. From the water bal-
ance component, soil water input through irrigation and precipitation 
was mainly consumed by evapotranspiration and deep percolation in 
this study (Table 11). Table 11 showed under drip irrigation, deep 
percolation only occurred under WF treatment. Previous studies 
showed that film mulching reduced evapotranspiration, which was 
mainly caused by the decrease of soil evaporation (Zhang et al., 2018b). 
Crop transpiration was an important component of evapotranspiration 
(Lopez–Olivari et al., 2016) and the vigorous growth of crops under 
film mulching led to the increase of crop transpiration (Yang et al., 
2018). Through the comparison of the experimental results between the 
farmlands of film mulching and non–mulching, Zhang et al. (2018b) 
showed that the reduction rate of soil evaporation and evapo-
transpiration in mulched maize field were respectively 45.2% and 
2.8%–5.2%, while the increase rate of crop transpiration was 
5.9%–11.6% compared with the non–mulched conditions.  
Shen et al. (2019) concluded film mulching increased transpiration by 
14.3% and decreased soil evaporation and evapotranspiration by 45.8% 
and 2.5% for maize. In our modified SWAP model, the reduction effect 
of soil evaporation was achieved by introducing the coefficient Cfilm, 
while the increase effect of crop transpiration were realized by the 
prosperous crop growth because of beneficial soil moisture/heat con-
ditions as well as the advancement of crop development stage under 
film mulching. In summary, our simulations revealed that film 
mulching could decrease evapotranspiration. Furthermore, our mod-
ified model could also achieve the increase of evapotranspiration under 
film mulching conditions based on the bargaining between variations of 
evaporation and transpiration, able to explain such kind of conclusions 
drawn from previous studies (Chen et al., 2015; Xu et al., 2015). 

Similar to its influence on evaporation and transpiration, film 
mulching could influence the SWS accordingly. It could cause the dif-
ference in the SWS between the modified and the original models. For 
example, at the early stage, soil evaporation was the main water loss 

due to the small canopy cover. The modified model showed the re-
duction of soil evaporation as well as the higher SWS than the original 
model. While at the middle stage, the SWS by the modified model was 
lower. It was because the modified model could show the more vig-
orous crop growth (Fig. 4) and stronger transpiration (Table 11). At the 
late stage, the SWS by the modified model could be similar (as in 2017 
and 2018) or even a little higher (as in 2019) than that of the original 
model, because the advanced canopy senescence in the modified model 
(Fig. 4) could reduce the water consumption. Han et al. (2014) and  
Liang et al. (2017) had shown that the SWS in their modified model was 
higher than that of the original model in the whole growing period. It 
was because they assumed that film mulching greatly reduced soil 
evaporation, which could increase the SWS in the whole growing 
period. While in our modified model, we noticed the increased water 
consumption by transpiration which could reduce SWS at the middle 
stage. It demonstrated there were coupled effects between soil 
moisture/heat status and the crop water consumption/growth under 
film mulching conditions, which was captured in our modified model so 
that the stage changes of SWS under film mulching could be correctly 
revealed. 

5.1.2. Soil temperature module evaluation 
Soil temperature fluctuated with air temperature and was also af-

fected by the surface cover, such as plastic film mulching (Li et al., 
2013). The effect of plastic film mulching on soil temperature was re-
lated to the thermal and optical properties of plastic film under dif-
ferent climatic conditions (Bonachela et al., 2012; Liakatas et al., 1986;  
Zhang et al., 2017b). In this study, transparent plastic film was applied 
and generally the transparent plastic film mulching had heat pre-
servation effect (Fan et al., 2016; Yang et al., 2018), which was also 
confirmed in our previous study (Zhao et al., 2018). 

In this study, the effect of film mulching on soil temperature was 
considered by an empirical approach in the modified model and the 

Fig. 3. Measured and simulated soil temperature at 0, 5, 10, 20 cm soil depths under WF treatment during the entire growing period in 2017 (a, d, g, j), 2018 (b, e, h, 
k) and 2019 (c, f, i, l). 
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results demonstrated that the simulated soil temperatures at 0, 5, 10, 
20 cm soil depths during the entire growing period by the modified 
model were in better agreement with the measured values compared 
with the original model. Particularly, the regulating effect of plastic 
film on soil temperature was mainly reflected in the period when the 
canopy coverage was small, which led to the higher simulation accu-
racy for the soil temperature by the modified model than that of the 
original model at the early stage. Liang et al. (2017) concluded that 
RMSE of the soil temperature at 5 cm soil depth reduced from 4.22 °C to 
1.13 °C, by 73.3% at the stage of LAI < 1 compared with the results of 
the original model. However, Han et al. (2014) reported that simulation 
accuracy was only improved by 16.0% at the early stage compared with 
the original model, which was smaller than our result (51.8%) and  
Liang et al. (2017). This may be because non–mulched surface tem-
perature was set equal to the air temperature in Han et al. (2014), while 
it was estimated by the air temperature of the current day and previous 
day, as well as the soil surface temperature of the previous day in our 
study as shown in Eq. (1), which improved the model performance for 
soil temperature. With the continuous growth of crop canopy, the effect 
of film mulching on soil temperature decreased and crop canopy be-
came the main factor to regulate the soil temperature (Flerchinger and 
Pierson, 1991). Therefore the simulated soil temperatures by both the 
modified and original models showed good fits with the measured va-
lues at the middle and late stages. In addition, for both the modified 
model and the original model, the highest simulation accuracy was 
found in the soil temperatures at 20 cm depth among the different soil 
layers (Table 8). This may be because the soil temperature at 20 cm 
depth was relatively stable and less disturbed by the external en-
vironment (Yang et al., 2019). 

5.1.3. Crop growth and yield module evaluation 
Crop growth had an influence on soil water and heat status by af-

fecting the land surface energy distribution, partition of solar energy, 
and root zone development and water uptake, etc. (Liu et al., 2018). In 
turn, crop growth was also controlled by soil water and heat conditions 
and suitable soil water and heat conditions could promote crop growth 
(Dong et al., 2014). Our modified model showed that the film mulching 
increased the SWS and the soil temperature at the early stage, which 
was crucial for the crop development. In addition, the soil temperature 
at 5 cm soil depth was used to reflect the seed–maize growth in the 
modified model, which resulted in an increase of growing degree day 
(GDD) in the vegetative stage that directly related to leaf growth 
(Stone et al., 1999), inducing a more consistent LAI simulation result 
with the measured value at the early and middle stages. Our modified 
model showed a smaller LAI at the late stage than that of the original 
model. While Liang et al. (2017) reported that their modified model 
showed a higher LAI than that of the original model during the whole 
growing period. It was because our modified model considered the 
impact of soil temperature on crop development stage under film 
mulching conditions, which advanced the crop development stage. 
Therefore, when the crop canopy of modified model began to decline at 
the late stage, the crop canopy simulated by the original model was still 
in the vigorous period, which resulted in larger LAI. The similar effect 
of film mulching was revealed by previous experimental studies 
(Bu et al., 2013; Yang et al., 2018; Zhao et al., 2018), which compared 
the field data between film mulching and non–mulching. It demon-
strated our modified model could more accurately evaluate the effect of 
film mulching on the LAI at different growth stages. 

In general, the simulated LAI, ADB and yield by the modified model 
were more consistent with the measured values than that of the original 
model and the comparisons of RMSE of LAI, ADB, yield between the 
modified and original models also demonstrated the simulation accu-
racy of the modified model was greatly improved. Our modified model 
could be used for the evaluation of the LAI, ADB and yield of seed–-
maize under film mulching conditions. 

5.2. Evaluation of modified SWAP under different irrigation conditions 

Our modified model performed well in the evaluation of the SWS, 
LAI, ADB and yield under the three irrigation cases. Film mulching in 
the modified model could reduce evaporation and increase the SWS at 
the early stage (Fig. 2), thus enhancing the LAI at the early and middle 
stages (Fig. 4) and the ADB and yield during the whole growing period 
(Fig. 5 and Table 11), which in turn reduced the SWS at the middle 
stage (Fig. 2). Results (Figs. 2, 4, 5 and Table 11) also indicated film 
mulching could influence SWS, LAI, ADB, yield, crop transpiration and 
WUE significantly especially under deficit irrigation. It demonstrated 
that film mulching played a crucial role under severe deficit irrigation 
(WL treatment), showing its potential advantage in arid area. A similar 
result based on field experiments was deduced by Yang et al. (2018), 
who suggested film mulching increased wheat yield and WUE by 11.8% 
and 16.7% under sufficient irrigation condition, while 16.6% and 
27.6% under 50% sufficient irrigation condition compared with the 
non–mulching. Yu and Chai et al. (2015) indicated that film mulching 
improved the maize WUE by 6.1% and 29.3% under full irrigation level 
and 80% full irrigation level, respectively. The modified model could 
reflect the changes of the SWS, LAI, ADB, yield, water consumption and 
WUE caused by the film mulching under the various irrigation levels. 

Soil evaporation was not influenced greatly by the irrigation con-
ditions in both the modified and original models. It was because soil 
evaporation was relatively large only at the early stage, while there 
were only 2–3 times of irrigation and the irrigation amount was small at 
the early stage (Table 2), which led to the small difference of the SWS 
among different irrigation treatments. The more irrigation amounts, the 
more crop transpiration in both the modified and original models. It 
was related to the crop growth (Figs. 4 and 5) and the high LAI and ADB 

Table 8 
Model evaluation for soil temperature at the soil depths of 0, 5, 10, 20 cm under 
WF, WM, WL treatments in 2017, 2018 and 2019.           

Years Soil 
layer 
(cm) 

Indexes Modified Original 
Early 
stage 

Middle 
and late 
stages 

Total Early 
stage 

Middle 
and late 
stages 

Total  

2017 0 RMSE (°C) 1.93 1.21 1.62 2.98 1.19 2.13 
NRMSE (%) 9.63 5.74 7.86 14.84 5.63 10.34 
R2 0.94 0.99 0.85 0.91 0.99 0.78 

10 RMSE (°C) 1.45 1.45 1.60 3.87 1.51 2.73 
NRMSE (%) 6.88 6.76 7.52 18.31 7.05 12.85 
R2 0.93 0.99 0.99 0.93 0.99 0.68 

20 RMSE (mm) 1.25 0.72 1.02 2.51 1.10 1.85 
RMSE (°C) 6.42 3.50 5.07 12.85 5.33 9.16 
R2 0.93 0.99 0.88 0.93 0.99 0.77 

2018 0 RMSE (°C) 1.76 2.15 1.90 4.30 1.88 3.06 
NRMSE (%) 8.15 9.47 8.54 19.87 8.29 13.77 
R2 0.86 0.78 0.77 0.86 0.73 0.73 

5 RMSE (°C) 1.75 1.17 1.46 3.54 1.30 2.56 
NRMSE (%) 8.35 5.42 6.85 16.84 6.02 12.00 
R2 0.91 0.73 0.81 0.91 0.75 0.64 

10 RMSE (°C) 1.98 1.53 1.74 4.13 1.49 2.85 
NRMSE (%) 9.22 6.78 7.91 19.25 6.63 12.93 
R2 0.84 0.73 0.75 0.81 0.68 0.70 

20 RMSE (°C) 1.61 1.28 1.34 3.15 1.17 2.18 
NRMSE (%) 7.91 5.75 6.25 15.51 5.28 10.23 
R2 0.86 0.75 0.79 0.85 0.69 0.76 

2019 0 RMSE (°C) 1.80 1.29 1.53 4.80 1.83 3.42 
NRMSE (%) 8.33 6.51 7.41 22.25 9.22 16.61 
R2 0.88 0.81 0.87 0.85 0.80 0.53 

5 RMSE (°C) 2.31 1.28 1.79 3.13 1.80 2.45 
NRMSE (%) 11.83 6.62 9.22 16.06 9.32 12.65 
R2 0.85 0.73 0.77 0.83 0.73 0.63 

10 RMSE (°C) 2.00 1.18 1.58 3.36 1.50 2.47 
NRMSE (%) 10.30 6.11 8.16 17.30 7.73 12.71 
R2 0.90 0.74 0.77 0.85 0.72 0.63 

20 RMSE (°C) 1.48 0.95 1.20 4.41 1.68 3.14 
NRMSE (%) 7.50 4.81 6.10 22.32 8.52 15.92 
R2 0.85 0.77 0.81 0.84 0.74 0.60 
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under WF treatment consumed more water by transpiration than under 
WM and WL treatments. This resulted in the higher total crop evapo-
transpiration under WF treatment compared with that of the WM and 
WL treatments. DeJonge et al. (2012) concluded the maize evapo-
transpiration of the full irrigation was 8.7%–37.6% higher than that of 
the limit irrigation (no irrigation before the 12–leaf growth stage).  
Ran et al. (2017) considered the maize evapotranspiration under the 
irrigation of 70%–65% field capacity (FC) increased by 9.8%–16.2% 
and 27.0%–39.1% compared with that of the irrigation of 60%–55% FC 
and 50%–45% FC. Overall, our model could reflect the effect of dif-
ferent irrigation level on maize evapotranspiration. 

5.3. Limitations of the modified SWAP and future work 

The soil surface heat flow underneath the film is a complex process 
including energy balance and partition, heat conduction etc. under film 
mulching conditions (Ham and Kluitenberg, 1994; Liakatas et al., 
1986). However, our current approach for the estimation of soil heat 
mainly focused on the empirical relationship with LAI and air tem-
perature, as well as the film thickness and the thermal conductivity 
based on previous research, not considering the complex mechanism of 
plastic film mulching on the soil heat dynamics, which will be explored 
in our future work. 

Fig. 4. Measured and simulated leaf area index (LAI) under WF, WM and WL treatments during the entire growing period in 2017 (a–c), 2018 (d–f) and 2019 (g–i).  

Table 9 
Model evaluation for LAI under WF, WM and WL treatments in 2017, 2018 and 2019.              

Models Treatments Stages 2017 2018 2019 
RMSE (cm2cm–2) NRMSE (%) R2 RMSE (cm2cm–2) NRMSE (%) R2 RMSE (cm2cm–2) NRMSE (%) R2  

Modified WF Early and middle stages 0.23 6.39 0.99 0.14 5.60 0.99 0.39 11.75 0.98 
Late stage 0.34 8.04 0.99 0.80 20.88 0.99 0.22 3.91 0.99 
Total 0.25 6.78 0.99 0.42 14.65 0.98 0.37 9.19 0.99 

WM Early and middle stages 0.41 13.21 0.99 0.18 8.02 0.99 0.20 7.55 0.99 
Late stage 0.74 22.62 0.99 0.50 14.80 0.95 0.60 12.57 0.90 
Total 0.48 15.19 0.98 0.29 11.73 0.98 0.32 9.39 0.99 

WL Early and middle stages 0.29 9.03 0.99 0.24 11.91 0.98 0.22 8.00 0.99 
Late stage 0.52 16.56 0.99 0.51 17.98 0.93 0.17 3.83 0.99 
Total 0.34 10.45 0.96 0.33 14.89 0.96 0.21 6.41 0.99 

Original WF Early and middle stages 1.21 33.99 0.91 1.01 39.70 0.89 1.39 41.66 0.91 
Late stage 0.61 14.32 0.97 0.19 4.84 0.95 0.16 2.93 0.96 
Total 1.13 31.05 0.86 0.88 30.64 0.86 1.26 31.56 0.90 

WM Early and middle stages 1.02 32.90 0.92 1.14 51.51 0.91 1.23 45.35 0.93 
Late stage 1.56 47.83 0.98 0.52 15.39 0.94 0.69 14.35 0.95 
Total 1.12 35.83 0.86 1.02 40.74 0.85 1.15 34.18 0.90 

WL Early and middle stages 1.29 39.74 0.88 1.42 71.35 0.83 1.42 52.46 0.94 
Late stage 0.70 22.58 0.99 1.02 36.05 0.93 0.36 8.22 0.99 
Total 1.22 37.76 0.84 1.33 60.45 0.80 1.29 39.83 0.90    
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In the modified SWAP, the root growth could be affected by the 
advancement of crop development stage caused by film mulching, 
while it had not been verified by specifically designed experiment yet. 
The precipitation interception ratio was also based on previous study 
that not verified specifically. Therefore, further field experiments 
should be designed and conducted to improve the result reliability. 

In addition, the soil biological status was greatly influenced by the 
film mulching due to the change of redox state, soil temperature, soil 
moisture etc. However, this study focused on the soil water and heat 
conditions, with no limitation of nutrients on crop growth in our 
treatment. Therefore, the model needs to be further improved to con-
sider the effect of film mulching on the soil biological status in the 
future work. 

Despite these limitations, our modified model could adequately 
reflect the film mulching effect on soil water and heat conditions, as 
well as on the crop growth, water consumption, yield and WUE. It is 
especially useful because film mulching has been so widely used 
nowadays and concerns has raised regarding its potential impact on 
regional eco–hydrological process and even on climate change 
(Xu et al., 2011a; Zhang et al., 2017a). Supported by remote sensing, 
the modified SWAP, when embedded into regional hydrological model 

and general circulation model, could provide a powerful tool for eval-
uating the impacts of extensive use of film mulching. 

6. Conclusions 

The SWAP model algorithms in the module of precipitation inter-
ception, soil evaporation, soil temperature and crop growth stage were 
modified to accommodate the application of film mulching. The mod-
ified SWAP model performed better for the SWS, soil temperature, LAI, 
ADB and yield under different irrigation levels with film mulching than 
the original model. The staged changes of the SWS and LAI caused by 
the film mulching during the entire growing period could be reflected 
in modified model. The modified SWAP model demonstrated that film 
mulching could reduce the soil evaporation, increase the crop tran-
spiration and improve the yield and WUE. Film mulching had more 
significant influence on the SWS, LAI, ADB, yield, crop transpiration 
and WUE under severe deficit irrigation (WL treatment) than under 
relatively high irrigation (WF and WM treatments). Note that the 
modified SWAP was calibrated based on our experimental field, which 
should be further verified in the other region and on various crops to 
improve the model applicability and reliability. 

Fig. 5. Measured and simulated aboveground dry biomass (ADB) under WF, WM and WL treatments during the entire growing period in 2017 (a–c), 2018 (d–f) and 
2019 (g–i). 

Table 10 
Model evaluation for ADB under WF, WM and WL treatments in 2017, 2018 and 2019.             

Models Treatments 2017 2018 2019 
R2 RMSE (t hm–2) NRMSE (%) R2 RMSE (t hm–2) NRMSE (%) R2 RMSE (t hm–2) NRMSE (%)  

Modified WF 0.99 1.25 8.88 0.99 1.12 11.60 0.98 1.39 10.43 
WM 0.98 1.74 14.69 1.00 1.32 15.47 0.99 1.22 9.65 
WL 0.81 2.10 21.17 0.98 2.29 27.81 0.98 1.87 16.19 

Original WF 0.98 3.83 27.28 0.96 3.53 36.54 0.97 3.73 27.90 
WM 0.98 1.77 14.98 0.97 2.77 32.61 0.98 4.43 35.07 
WL 0.97 1.62 16.34 0.91 3.76 45.56 0.98 4.56 39.49 
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Years Treatments Water balance components (mm) Yield (t hm–2) WUE (kg m–3) 
P ΔP I T E ET D ΔW Measured Simulated NRMSE (%)  

2017 WF–Modified 133.8 38.9 306.4 330.2 60.4 390.6 30.2 19.5 7.19 7.34 2.09 1.88 
WF–Original 133.8 14.6 306.4 281.1 157.9 439.0 23.5 36.9 5.30 26.29 1.21 
WM–Modified 133.8 38.6 214.5 323.3 60.9 384.2 0.0 74.5 6.83 6.77 0.88 1.76 
WM–Original 133.8 14.6 214.5 268.1 155.4 423.5 0.0 89.8 5.07 25.77 1.20 
WL–Modified 133.8 37.4 122.6 248.1 59.9 308.0 0.0 89.0 5.68 5.21 8.27 1.69 
WL–Original 133.8 12.4 122.6 194.8 151.1 345.9 0.0 101.9 3.50 38.42 1.01 

2018 WF–Modified 178.4 50.1 279.0 378.6 55.0 433.6 4.8 31.1 5.14 5.34 3.82 1.23 
WF–Original 178.4 15.9 279.0 353.1 137.3 490.4 3.6 52.5 4.38 14.84 0.89 
WM–Modified 178.4 49.8 195.3 303.4 56.0 359.4 0.0 35.5 4.94 4.90 0.86 1.36 
WM–Original 178.4 12.2 195.3 253.8 144.1 397.9 0.0 36.4 3.92 20.67 0.99 
WL–Modified 178.4 48.2 111.6 234.8 59.4 294.2 0.0 52.4 3.91 4.09 4.60 1.39 
WL–Original 178.4 7.9 111.6 173.4 145.8 319.2 0.0 37.1 2.96 24.25 0.93 

2019 WF–Modified 156.8 44.9 288.8 337.9 52.6 390.5 1.7 –8.5 9.25 9.01 2.59 2.31 
WF–Original 156.8 18.4 288.8 309.1 136.4 445.5 1.2 19.5 7.05 23.76 1.58 
WM–Modified 156.8 46.0 202.2 300.7 51.2 351.9 0.0 38.9 7.46 8.30 11.26 2.36 
WM–Original 156.8 16.7 202.2 257.0 134.2 391.2 0.0 48.9 5.40 27.61 1.38 
WL–Modified 156.8 45.0 115.5 244.5 55.2 299.7 0.0 72.4 5.78 5.04 12.80 1.68 
WL–Original 156.8 13.4 115.5 188.4 137.0 325.4 0.0 66.5 3.08 46.71 0.95 

Note: P, precipitation; ΔP, precipitation interception (canopy and film interception); I, total irrigation; T, transpiration; E, evaporation; ET, evapotranspiration; D, 
deep percolation; ΔW, change of SWS between planting and harvesting period; WUE=Yield/ET.  
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