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A B S T R A C T   

Film mulching is widely used as an agronomic practice to counteract water scarcity in arid and semi-arid areas. 
Although crop models have emerged as powerful tools for system studies and scenarios analysis, they have been 
rarely used in areas with severe drought and salinization and where mulching is being used as a management 
practice. An earlier study shown great modelling potential under severe salinity in southern Xinjiang, China. The 
model is WAVES (the WAter Vegetation Energy and Solute), while evaporation was overestimated in the earlier 
study without considering the mulching effect. In this study, we used a modified WAVES model by incorporating 
three functions working on potential evaporation, underlying surface albedo, and soil resistance into it to 
represent the mulching effect. Calibration and validation were conducted using cotton field experiments from 2 
different years. Of the 3 functions evaluated, the one representing potential evaporation reduction exerted the 
highest modification effect on soil water status. The modified model better simulated evaporation, soil-water 
content, soil-salt content, leaf area index (LAI), and yield than the original model, decreasing normalized root 
mean square error (NRMSE) by 173%, 15%, 14%, 9%, and 35%, respectively. The modification effects were most 
significant during the seedling stage. In addition, the modified model produced a higher realistic evaporation 
(E)/evapotranspiration (ET) under the film mulching environment. These findings suggest that the modified 
WAVES model can be applied for crop management under film mulching, particularly in areas with low rainfall 
and high salinization.   

1. Introduction 

Water scarcity has been one of the major limitations to the produc-
tion of crops in arid and semi-arid regions globally (Caparas et al., 2021; 
Elliott et al., 2014; Sun et al., 2018). Thus, water management is highly 
crucial to ensure increased and constant production of food for the 
world’s growing population (Kang et al., 2017). Film mulching is a 
process that involves covering the crop areas with a film to protect them 
from adverse environmental conditions and preserve moisture, thereby 
recycling the lost water back into the soil. It was introduced in the 1950s 
and since then has been applied to overcome agricultural problems 
related to water shortage (Griffin-LaHue et al., 2022). The global use of 

agricultural plastic films is projected to increase by 59% from 2018 to 
2026 (Sintim et al., 2020). In northwest China, where agriculture 
heavily relies on irrigation, film mulching is increasingly being used to 
conserve water. For example, 64% of the cotton planting area in Xin-
jiang, China, is under film mulching, with a total area of 1.6 million 
hectares in 2021. 

The effects of plastic film mulching on crop cultivation have been 
well documented by previous studies. The film functions by altering the 
growing environmental conditions, including increasing the underlying 
surface albedo, attenuating incident solar radiation, enhancing water 
vapor transfer resistance, reducing soil water evaporation, entrapping 
rainfall, and increasing soil temperature (Kader et al., 2017; Lisson et al., 

* Corresponding author at: Center for Agricultural Water Research in China, China Agricultural University, Beijing 100083, China. 
E-mail address: kangsz@cau.edu.cn (S. Kang).  

Contents lists available at ScienceDirect 

Agricultural Water Management 

journal homepage: www.elsevier.com/locate/agwat 

https://doi.org/10.1016/j.agwat.2023.108470 
Received 1 February 2023; Received in revised form 1 August 2023; Accepted 2 August 2023   

mailto:kangsz@cau.edu.cn
www.sciencedirect.com/science/journal/03783774
https://www.elsevier.com/locate/agwat
https://doi.org/10.1016/j.agwat.2023.108470
https://doi.org/10.1016/j.agwat.2023.108470
https://doi.org/10.1016/j.agwat.2023.108470
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agwat.2023.108470&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Agricultural Water Management 288 (2023) 108470

2

2016; Wang et al., 2019; Xu et al., 2023). The changed growing envi-
ronment consequently affects crop growth, for example, in terms of 
improved water use efficiency and increased crop yield (Gao et al., 2019; 
Lv et al., 2023; Zhao et al., 2020). However, the soil-plant-atmosphere 
continuum during mulching has not been studied much. A review by 
Kader et al. (2017) states a lack of process-based investigations on the 
effects of mulching. Crop models are useful and efficient tools that are 
process-based and reflect the crop responses to agronomic practices, and 
can contribute to the development of sustainable plans and management 
of crop production. It is possible to evaluate the impact of film mulching 
on underground soil status and aboveground crop growth using crop 
models. 

Certain models have already added functions to study mulching ef-
fects. Models have been modified to accurately estimate single variables, 
such as evapotranspiration under mulching. For instance, Li et al. (2013) 
modified the Shuttleworth-Wallace (SW) model by considering the 
mulching effect on soil evaporation. Shukla et al. (2014) developed a 
crop coefficient for drip-irrigated watermelons grown with plastic 
mulch. Ding et al. (2015) modified the Penman-Monteith (PM) model by 
revising the surface resistance and assuming no evaporation in the 
film-covered area. In addition, certain complex systematic models have 
been studied under mulching. For example, the Hydrus-2D model con-
siders the boundary condition of the crop area under the mulch as a 
no-flux boundary (He et al., 2018; Saglam et al., 2017). Moreover, other 
researchers considered the evaporation under the film as zero and 
calculated the reduction in soil evaporation by multiplying the potential 
evaporation and film cover fraction, for example in DNDC (Han et al., 
2014), WHCNS (Liang et al., 2017), Hybrid–Maize model (Hou et al., 
2014), and DSSAT-CERES (Shen et al., 2021). Other approaches include 
adding a newly developed surface albedo function with a mulching ef-
fect into the land surface model Two-Big-Leaf-SHAW (TBLSHAW) 
developed by Yang et al. (2012); another example is directly adjusting 
meteorological input data of rainfall when using the LandscapeDNDC 
model developed by Kim et al. (2014). 

Researchers believe that the functions of models under mulching 
need to be strengthened. Although plastic film degrades slowly under 
environmental conditions, it could be broken on exposure to extreme 
weather events such as hail and storms due to physical fragmentation 
and chemical aging (Steinmetz et al., 2016). In addition, agronomic 
activities such as cotton top-cutting manually destroy the film, thereby 
greatly reducing the water-retention performance. However, studies on 
the effects of disintegrated areas of plastic film on soil water movement 
are limited. Besides, the mulching effects are variable for different en-
vironments and crops (Hou et al., 2014) because of the complex changes 
in the microenvironment and soil. Gao et al. (2019) reviewed the liter-
atures and concluded that the effect of film mulching on crop yield was 
highest for potato, followed by cotton, wheat and maize. For the 
different regions, the highest yield increase was found in Central China, 
followed by Northwest China, Eastern China, North China and Northeast 
China. Thus, existing general models need to be modified to adapt them 
to specific natural conditions or agricultural settings for a more reliable 
estimation (Ai and Yang, 2016). 

A few crop models have been used for mulched crops in areas of 
severe drought and high salinization (soil salt content greater than 6 g 
kg− 1, Gao et al., 2011). A review of the handful of studies on the subject 
has found that the results were underperforming (Qureshi et al., 2013; 
Su et al., 2005). Among the few studies available, a process-based model 
of WAVES stood out and was calibrated and applied to the crops grown 
in Southern Xinjiang, China, an area with water and salt stress (Yu et al., 
2021). WAVES uses a possible and valuable expression (Integrated Rate 
Method, Wu et al., 1994) that shown modelling potential under high 
salinity. Yu et al. (2021) found WAVES could model dynamic changes of 
soil water and salt with high accuracy, while its inability to account for 
film mulching effect was also found. The WAVES model overestimated 
the growing season evaporation. This could potentially be improved by 
incorporating the film mulching effect. Thus, in the present study, we 

modified the WAVES model by applying different functions from the 
above reviewed aspects and also considering dynamic film mulch cover 
fraction. The main purpose of this study is to incorporate the film 
mulching effect on water movement in WAVES model and evaluate the 
modification performance compared to the original WAVES model for 
cotton crop in Southern Xinjiang, China. 

2. Materials and methods 

2.1. Field experiments and measurements 

2.1.1. Experiment A 
Field experiment A was performed in 2021 at the Soil and Water 

Conservation Monitoring Station (E 81◦12′, N 40◦37′) of the First Divi-
sion of Xinjiang Production and Construction Corps, China. The site is in 
a warm temperate zone with an arid climate. The annual average tem-
perature, precipitation, relative humidity, sunshine hours, pan evapo-
ration, and solar radiation are 11.3 ℃, 45.7 mm, 48%, 2948 h, 2500 
mm, and 6000 MJ m− 2, respectively. 

We used the Gossypium hirsutum L. cv. Zhongmian 40 cotton variety. 
Four treatments (T1, T2, T3, and T4) were applied using different total 
irrigation amounts of 255, 330, 405, and 480 mm, respectively, with 
three replicates. Detailed irrigation schedule information is listed in 
Table S1. A transparent plastic film was used with drip irrigation. The 
irrigation water was obtained from a well and the water salinity was 
2.18 g L− 1. The soil texture is sandy loam (64.2% sand, 34.1% silt, and 
1.8% clay) with a bulk density of 1.60 g cm− 3. The groundwater depth 
was deeper than 3 m during the whole growth period. The sowing was 
performed on April 14 and the harvesting was conducted on October 10. 
Crop management was performed according to local practices. 

Meteorological data, including precipitation, temperature, sunshine 
hours, and solar radiation, were collected using an automatic weather 
station (HOBO, USA) at the experimental site. Rainfall and temperature 
values are shown in Fig. S1. Rainfall during the growing season was 64 
mm in 2021. Soil samples were collected after harvest to determine the 
soil density, soil texture, and the characteristic curves of soil moisture. In 
addition, we collected soil samples during the growing season at depths 
of 0–10, 10–20, 20–30, 30–40, 40–60, and 60–80 cm to assess the soil 
water content (the gravimetric method) and soil salt content. The soil 
salt content was measured using an indirect method by determining the 
soil water electrical conductivity (EC1:5, dS m− 1), which was measured 
on 1:5 extracts for soil and water (by weight). The soil salt content (SSC, 
g kg− 1) was empirically related to EC1:5 (Hu et al., 2013), as follows:  

SSC = EC1:5 × 4.61, (R2 = 0.96; 517 soil samples)                              (1) 

Daily soil evaporation was monitored using micro-lysimeters 
composed of polyvinyl chloride (PVC) tubes with a 10 cm inside diam-
eter, installed at a depth of 20 cm. Soil evaporation was only measured 
in one treatment. Two replicates were installed in bare soil and daily 
evaporation was obtained by weighing micro-lysimeters using an elec-
tronic scale with a precision of 0.1 g at 21:00 Beijing time from July 26 
to September 12 in 2021. On a rainy day, micro-lysimeters were rein-
stalled to minimize the difference between soil moisture inside and 
outside the tubes. The final measured soil evaporation was obtained by 
integrating the film cover fraction and the measured value from micro- 
lysimeters, assuming that the soil evaporation under the film area was 
zero. The calculation was as follows: 

Eest = (1 − fm)Emea (2)  

where Eest is the estimated soil evaporation (mm d− 1) of the film 
mulching treatment, fm is the film-covering fraction, and Emea is the 
measured evaporation (mm d− 1) using micro-lysimeters. The film- 
covering fraction before sowing was 71%. Holes (about 3 cm in diam-
eter) were created during sowing to enable the plants to grow above the 
film; thus, an fm of 65% was used in this study for the 2021 experiment. 
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Next, the leaf area index (LAI) was estimated by measuring the 
length and maximum width of fully unfolded leaves from three repre-
sentative cotton plants. Cotton yield (lint) for each treatment was 
measured at harvest by hand harvesting with replications in three plots, 
each plot measuring 2.28 m × 2.92 m. 

2.1.2. Experiment B 
Field experiment B was conducted in 2010 at the Aksu National Field 

Research Station of Agro-ecosystems (E 80◦51′, N 40◦37′), Xinjiang 
Uygur Autonomous Region (Xinjiang), China. The two stations are 
within the same irrigation district and have the same climatic conditions 
and cotton growth stage durations. 

We used the Gossypium hirsutum L. cv. Tuonong 1 variety of cotton. 
Four irrigation treatments (T1, T2, T3, and T4) were administered using 
different total irrigation amounts of 262.5, 375, 487.5, and 600 mm, 
respectively. Twelve irrigation events were conducted and detailed 
dates and irrigation amounts are listed in Table S2. A transparent film 
was used with drip irrigation, the same as in experiment A. Fresh water 
(surface water) with a low salinity concentration of 0.49 g L− 1 was used 
for irrigation. The soil texture was silty loam (25.4% sand, 69.4% silt, 
and 5.3% clay) with a bulk density of 1.48 g cm− 3. The groundwater 
depth was generally around 2 m during the whole growth period. The 
sowing was performed on April 30, and the crop was harvested on 
November 4. Crop management was performed according to local 
practices. 

An automatic weather station (HOBO, USA) was located at the 
experiment site. The maximum temperature, minimum temperature, 
and rainfall are shown in Fig. S2. The rainfall during the growing season 
was 65.7 mm in 2010, similar to that for experiment A. Soil samples 
were collected during the growing season to determine the soil density, 
texture, saturated hydraulic conductivity, and soil moisture character-
istic curve. The soil water content was measured every 5 days using a 
neutron probe at depths of 10, 30, 50, and 70 cm. The neutron probe was 
calibrated by measuring the soil water content using the gravimetric 
method. To measure the soil salt content, soil samples were collected 
during the growing season at depths of 0–10, 10–20, 20–30, 30–40, 
40–60, and 60–80 cm. The methods to obtain the soil salt content and 
soil evaporation (three replicates) were the same as those used in 
experiment A. The initial film cover fraction was 68%. Considering the 
opening holes (about 3 cm in diameter) for plants, an fm of 60% was used 
in this study for the 2010 experiment. Cotton yield (lint) for each plot 
was measured at harvest by hand harvesting with three replicates. 

2.2. Description of the WAVES model 

WAVES (the WAter Vegetation Energy and Solute model), coded in 
FORTRAN, was developed by the Commonwealth Scientific and Indus-
trial Research Organization in Australia (Zhang and Dawes, 1998). 
WAVES is a process-based model at a daily time-step, with a good bal-
ance between complexity, usefulness, and accuracy. WAVES can well 
predict the soil water budgets and evapotranspiration (ET) (Cheng et al., 
2014; Gharun et al., 2018; Tian et al., 2017), crop growth and yield 
(Kang et al., 2003; Wang et al., 2001), groundwater recharge (Barron 
et al., 2012; Crosbie et al., 2013; Silberstein et al., 2013), and water and 
carbon balance (Gharun et al., 2018; Silberstein et al., 2013). In addi-
tion, WAVES solves Richard’s equation and the convection dispersion 
equation to obtain soil water movement and solute transport through 
the soil profile. The model partitions the available energy into canopy 
and soil for plant growth and evapotranspiration, calculates carbon 
assimilation, and dynamically allocates carbon to leaves, stems, and 
roots. The model is described in details in the user manual (Zhang and 
Dawes, 1998). In addition, the model has been validated in Xinjiang 
(severe salinity) in a former study (Yu et al., 2021). Mulching is widely 
used in Xinjiang, China, and its impact on soil water status can’t be 
ignored. The principle of WAVES model did not consider the mulching 
effect. Yu et al. (2021)’s study set the Kc (hydraulic conductivity) at a 

very low value as 0.001 m day− 1 in the surface layer (0–0.002 m) to 
indirectly reflect the partial mulching effect. The modelling perfor-
mance were good in Yu et al. (2021)’s study, while the soil water content 
in the earlier stage was underestimated and the evaporation was over-
estimated, indicating that WAVES model needs modification on 
mulching effect from a mechanistic perspective. 

2.3. Modifications of the WAVES model 

2.3.1. Function 1 reduction of potential evaporation 
In WAVES, the potential evaporation was calculated by direct 

application of the Penman-Monteith equation. 

λEs =
ΔRns + ρCpVPDs

/
ras

Δ + γ(1 + rs/ras)
(3)  

where Es is potential soil evaporation (mm), λ is the latent heat of 
vaporization (MJ kg− 1), Δ is the average gradient of the saturated vapor 
pressure versus temperature (kPa ◦C− 1), Rns is the net radiation of the 
underlying surface (MJ m− 2 day− 1), ρ and Cp are the density (kg m− 3) 
and the specific heat of the air at constant pressure (J kg− 1 K− 1), 
respectively, VPDsis the vapor pressure deficit (kPa), γ is the psychro-
metric constant (kPa ◦C− 1), ras is aerodynamic resistance (s m− 1), and rs 
is soil surface resistance (s m− 1). 

The modified WAVES added a new parameter-film cover fraction. 
Soil evaporation under the film cover is assumed to be zero to simulate 
the mulching effect. The soil evaporation under film mulching was 
calculated by Eq. 4, 

Es film = (1 − fm)Es (4)  

where Es_film is potential soil-film evaporation (mm), fm is the film cover 
fraction. 

Farmers try their best to keep the film mulching intact; film degra-
dation largely occurs during late crop growth. In this study, a simplified 
piecewise linear process of fm was approximated to simulate the 
degradation of the film. We assumed that the film was nearly complete 
during the early growth period, following which the degradation was 
linear. Visual assessments during the field trial in the 2021 experiment 
revealed a 40% cover fraction at the end of the growing season. 
Therefore, we used this value as the final film cover fraction for both 
experimental years. Fig. 1 depicts the film cover fraction through the 
whole growing season. 

2.3.2. Function 2 strengthened underlying surface reflectance 
The film has a larger albedo than the soil. With film mulching, the 

reflectivity of the underlying surface (soil-film system) is greater than 
that for the bare soil. A modified underlying surface reflectivity (Eq. 5) 
was adopted from a previous study (Ai and Yang, 2016), which was 
conducted at the same station. Thus, the same parameters were used in 

Fig. 1. Dynamic film cover fraction through the whole growing season in 2021.  
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the current study. In addition, the reflectivity function considered 
multiple reflections between mulch and canopy and the effects of solar 
zenith angle, LAI, and soil moisture, resulting in increased reflectance. 
Surface reflectance under plastic mulch was calculated as follows. 

αs film = fm

(

rm +
αsτ2

m

1 − αsrm

)

exp(ahθ + bθ+ cLAI)+ (1 − fm)αs (5)  

where αs_film is the underlying surface (soil-film system) reflectance, rm 
and αs are the reflectance of film and soil, respectively, τm is the trans-
mittance of the plastic film, hθ is the solar zenith angle (rad), θ is the soil 
water content (m3 m− 3), and a, b, and c are fitted constants from Ai and 
Yang (2016)’s research based on experimental observations, considered 
as 20.42, 1.42, and 20.04, respectively, in this study. 

2.3.3. Function 3 soil resistance 
Film mulching prevent water escaping from soil and the soil resis-

tance under film mulching is larger than that under bare soil. When the 
soil is partially mulched, the generalized soil resistance is between the 
resistance under film mulching and the resistance of bare soil when 
using the one-dimensional model. The soil resistance using the original 
WAVES model is calculated as follows: 

rs =
τl

psoilDm
(6)  

where psoil is the porosity of the soil, Dm is the molecular diffusion co-
efficient for water vapor (m2 s− 1), τ is a tortuosity factor, and l is the 
depth of the air-dry soil layer (m); the minimum value is the first layer. 
The depth of the air-dry soil layer was determined by investigating the 
soil water potential profile to find how deep below the surface soil is 
below or equal to the air-dry potential. The soil water potential was 
determined dynamically by solving Richards’ equation. The air-dry 
potential was calculated from the sum of half the minimum soil water 
potential and half the wilting point water potential. 

When running the WAVES model, the depth of the air-dry soil layer 
was always the first layer. The first layer was set at 0.001 m, and the soil 
resistance was 191 s m− 1 in the original WAVES model, which was 
relatively small compared to Qin et al. (2018)’s research of 1280 s m− 1 

under mulching environment and was not suitable for mulching envi-
ronments. Soil surface resistance regulates the movement of water va-
pors from the interior to the soil surface, and it depends strongly on the 
soil water content of the upper layer (θsoil) (Zhao et al., 2015). Soil 
surface resistance is more commonly studied as a function of soil water 
content. In this study, the measured daily soil evaporation in the 2021 
experiment was used to calculate rs by solving Eq. 3. Three common 
functions were evaluated in this study: (Wang et al., 2019; Yang et al., 
2020; Li et al., 2013; Zhao et al., 2015) 

rs = exp(8.206 − 4.225 θsoil) (7)  

rs = 250 •
θsat

θsoil
− 150 (8)  

rs = 1.265 • (
θsat

θsoil
)

5.418 (9)  

where θsoil is the soil water content (m3 m− 3), and θsat is the soil- 
saturated water content (m3 m− 3). Average values of the surface 
0–10 cm of soil were used. 

The soil resistance was calculated according to Eq. 3. 

rs =
ΔRns +

ρCpVPDs
ras

− (Δ + γ)λEs

γλEs/ras
(10) 

The observed and selected relationships between rs and θsoil are 
shown in Fig. 2. Of the evaluated equations, Eq. 8 showed the best 
performance in simulating the measured data with the lowest root mean 

square error (348 s m− 1). Eq. 8 has been validated in several crops, 
including cotton (Anadranistakisa et al., 2000). Because we did not have 
abundant data to establish a new and robust relationship, Eq. 8 was used 
in this study. Under irrigation, the surface resistance was set as zero. 

2.4. Parameter sensitivity analysis and model calibration 

The model includes three types of parameters, namely, meteorolog-
ical, soil, and crop parameters. Meteorological parameters were ob-
tained from the meteorological station at each site. Soil parameters, such 
as soil hydraulic properties, were measured and adjusted manually to 
achieve good agreement between the measured soil water content and 
water potential. 

For the 21 crop parameters, a sensitivity analysis was first conducted 
using the Sobol method (Sobol, 2001) for both the modified and original 
models. Detailed sensitivity results are shown in Fig. S3. Results were 
similar between the two models (modified and original) and seven pa-
rameters (salt sensitivity factor, maximum production rate, optimum 
growth temperature, light extinction coefficient, aboveground parti-
tioning factor, accumulated temperature requirements, and 
semi-optimum growth temperature) showed higher sensitivity to the 
model output. The accumulated temperature requirement parameter 
was determined using the measured data. The remaining six sensitive 
parameters were determined through a calibration process using the 
Shuffled Complex Evolution approach (SCE-UA, Duan et al., 1994). 
Because there were more data available from experiment A, experiment 
A was used for parameter calibration, whereas experiment B was used 
for model validation. The calibration target was set as the sum of the 
normalized root mean square error of the soil water content, LAI, and 
evaporation. The same calibration process was used for both the modi-
fied and original models. Crop parameters after calibration are shown in  
Table 1. The original model has a bigger value of the light extinction 
coefficient (0.95) than the modified value (0.71). This may be because 
the original model cannot take into account the film mulching effect and 
in order to simulate evaporation that is closer to the measured value, the 
original model tends to take a larger extinction coefficient value 
(approaching the upper bound-0.95), resulting in less energy reaching 
the soil surface for evaporation and then the less soil evaporation. 

Fig. 2. Comparison of soil surface resistance responses to soil water content for 
three equations from published papers and the original WAVES model. RMSE is 
the root mean square error between different equations and observations. 
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2.5. Statistical analysis 

Statistical indices, including the root mean square error (RMSE), the 
normalized root mean square error (NRMSE), and the index of agree-
ment (IoA) were used to evaluate the model. They were computed using 
the following equations. 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
(Oi − Si)

2

n

√
√
√
√
√

(11)  

NRMSE =
RMSE

O
(12)  

IoA = 1 −

∑n

i=1
(Oi − Si)

2

∑n

i=1
(|Si − O| + |Oi − O|)

2
, (13)  

where Oi and Si are the observed and simulated values, respectively, O is 
the average of observed values, and n is the number of observations. 

3. Results 

3.1. Performance of individual functions 

All three functions affected evaporation (Fig. 3). Function 1 greatly 
reduced the evaporation, with average evaporation of 1.00 mm per day, 
whereas the original model resulted in an average evaporation of 
1.65 mm. The evaporation change throughout the whole growing sea-
son was less pronounced after applying Function 1. Simulated evapo-
ration from the original WAVES model was mostly higher than that 
obtained using Function 1, whereas reverse results were observed on 
certain days (for example days 125–131). In the flowering and boll- 
opening stages, we can see the small but visible differences comparing 
Function 1 and Function 1- in Fig. 3. The modification using dynamic 
film cover fraction mitigated the reduction in evaporation which 
increased a small amount (7.82 mm in total) compared with that ob-
tained using a constant film cover fraction (Function 1- in Fig. 3). 

Underlying surface reflectance after applying Function 2 is presented 
in Fig. S4. The soil albedo was 0.1. After applying Function 2, the un-
derlying surface albedo was more than 0.1 due to the albedo contributed 
by film mulching (0.13), which varied from 0.12 to 0.174. The line trend 
depicted in Fig. S4 indicated that the surface albedo was more related to 
the surface soil water content. The strengthened underlying surface 
resistance affects the radiation transfer, thereby decreasing the net ra-
diation caught by it (5.64%). Thus, Function 2 slightly reduced the 
evaporation with an average evaporation of 1.63 mm, as shown in 
Fig. 3. 

The application of Function 3 caused the soil resistance to fluctuate 
between 279 and 1821 s m− 1, as shown in Fig. S5, and it varied with the 
changes in the soil water content. Function 5 greatly reduced evapora-
tion, with an average evaporation of 1.01 mm, second only to the effect 
produced by Function 1. The surface resistance was set as zero during 
irrigation, and the water supply capacity was sufficient after irrigation, 
such that the evaporation on the irrigation day with the modified model 
was similar to that with the original model, as shown in Fig. 3. 

3.2. Performance of combined functions 

3.2.1. Evaporation 
We simultaneously applied the three functions, and the modified and 

original models were calibrated using the same methods and steps. The 
measured and simulated soil evaporation by the original and modified 
models after calibration are shown in Fig. 4. The 2021 experiment 
generated fewer data compared to the 2010 experiment. The measured 
evaporation varied from 0.09 to 0.33 mm and from 0.14 to 1.46 mm in 
2021 and 2010, respectively. The evaporation obtained using the 
modified model was more consistent with the measured evaporation 
than that simulated by the original model (Fig. 4). The evaporation in 
the seedling stage by the modified model was considerably less than that 
by the original model, which was close to the measured data. In all, the 

Table 1 
Main parameters used in the WAVES model after calibration.  

No. Parameter Value in 
the 
original 
model 

Value in 
the 
modified 
model 

Unit Source 

1 Albedo of the 
canopy 

0.2 0.2 - (Monteith and 
Unsworth, 2013) 

2 Albedo of the 
soil 

0.1 0.1 - Estimated 

3 Rainfall 
interception 
coefficient 

0.0003 0.0003 m day− 1 

LAI− 1 
(Vertessy et al., 
1996) 

4 Light 
extinction 
coefficient 

0.95 0.71 - Calibrated 

5 Maximum 
production 
rate 

0.035 0.030 µmol 
m− 2 s− 1 

Calibrated 

6 Slope 
parameter for 
the stomatal 
conductance 
model 

0.9 0.9 - (Leuning, 1995) 

7 IRM weighting 
of water 

1.5 1.5 - (Tian et al., 2017) 

8 IRM weighting 
of nutrients 

0.5 0.5 - (Tian et al., 2017) 

9 Ratio of 
stomatal to 
mesophyll 
conductance 

0.2 0.2 - (Zhang and 
Dawes, 1998) 

10 Temperature 
when the 
growth rate is 
½ of Optimum 

19.05 18.74 ◦C Calibrated 

11 Temperature 
when the 
growth rate is 
optimum 

31.96 28.04 ◦C Calibrated 

12 Degree- 
daylight hours 
of the growing 
season 

36000 36000 ◦C hr Estimated 

13 Saturation 
light intensity 

1200 1200 µmol 
m− 2 

day− 1 

(Wu et al., 1994) 

14 Specific leaf 
area 

28 28 LAI 
(kgC)− 1 

(Charles-Edwards, 
1982) 

15 Leaf 
respiration 
coefficient 

0.0007 0.0007 kgC 
(kgC)− 1 

(Running and 
Coughlan, 1988) 

16 Stem 
respiration 
coefficient 

0.0001 0.0001 kgC 
(kgC)− 1 

(Running and 
Coughlan, 1988) 

17 Root 
respiration 
coefficient 

0.0006 0.0006 kgC 
(kgC)− 1 

(Running and 
Coughlan, 1988) 

18 Leaf mortality 
rate 

0.0004 0.0004 fraction 
of C d− 1 

(Running and 
Coughlan, 1988) 

19 Aboveground 
partitioning 
factor 

0.79 0.74 - Calibrated 

20 Salt sensitivity 
factor 

0.033 0.063 - Calibrated 

21 Aerodynamic 
resistance 

40 40 s m− 1 (Brutsaert, 1982)  
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modified model produced more convincing evaporation outputs in both 
experiments. The RMSE of the modified model varied from 0.1 to 
0.43 mm (Table 2), compared to 0.62–1.20 mm produced by the orig-
inal model. In addition, the modified model resulted in better NRMSE 
and IoA values than the original model. The accumulated evaporation of 
the modified model ranged from 59 to 92 mm and 110–118 mm in 2021 

and 2010, respectively. The accumulated evaporation of the original 
model ranged from 148 to 195 mm and 241–252 mm in 2021 and 2010, 
respectively. Proportions of evaporation to the total evapotranspiration 
(E/ET) were 14.9% and 18.4% using the modified model for the 2021 
and 2010 experiments, respectively. Higher values of E/ET (32.4% and 
28.3%) were found in the original model for the 2021 and 2010 

Fig. 3. Simulated evaporation through the whole growing season. Comparison of the original WAVES model with modified models by applying different functions (1, 
2 and 3). Function 1- refers to simulation results obtained from Function 1, but not including the effect of the dynamic film cover fraction. 

Fig. 4. Temporal variations in observed and simulated evaporations (mm) in 2021 and 2010. T1–T4 refer to different treatments, and the green and blue line imply 
the simulated results obtained using the original WAVES model and the modified WAVES model incorporating Functions 1, 2 and 3, respectively. 

Table 2 
Values of evaluation indicators of simulated evaporation in 2010 and 2021.  

Year Treatment Modified WAVES Original WAVES   

RMSE NRMSE IoA RMSE NRMSE IoA 

2021 (Calibration) 2021T4  0.10  0.46  0.55  0.62  2.90  0.16 
2010 (Validation) 2010T1  0.43  0.83  0.36  1.13  2.21  0.31 

2010T2  0.41  0.92  0.35  1.19  2.64  0.26 
2010T3  0.41  0.87  0.41  1.20  2.57  0.28 
2010T4  0.43  0.83  0.47  1.16  2.27  0.34 

Note: RMSE is the root mean square error (mm), NRMSE is the normalized root mean square error, and IoA is the index of agreement. T1–T4 refer to different 
treatments. 
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experiments, respectively. 

3.2.2. Soil water content 
Goodness-of-fit test indices of average soil water content in 2021 

(calibration) and 2010 (validation) are shown in Table 3. The modified 
model produced better results in all treatments in 2 years than the 
original WAVES model. For instance, the index of IoA varied from 0.48 
to 0.86 in the modified model, whereas it ranged from 0.30 to 0.68 in the 
original model. Similarly, compared with the original model, NRMSEs of 
soil water content under different irrigation treatments for two seasons 
decreased by 6.43–32.88% using the modified model. The average IoA 
values were 0.70 and 0.46 for the modified and original models, 
respectively. Fig. 5 shows the simulated and measured soil water content 
during the growing season. The simulated value varied largely following 
irrigation events. The modified model provided better agreement with 
the measurement than the original model. A large difference between 
the modified and original models, especially with time after germina-
tion, was observed. The application of the original model resulted in 
smaller soil water content than the modified model, because of higher 
evaporation at the budding stage. 

3.2.3. Soil salt content 
Table 4 and Fig. 6 show how the modified and original model 

simulate the average soil salt content. The average RMSE values for soil 
salt content were 1.01 g kg− 1 and 1.90 g kg− 1 for modified and original 
models, respectively. Overall, the modified model produced better or 
equal NRMSE compared with the original model. The modified model 
had larger IoA values, except for 2021T4. The dynamic change of the soil 
salt content using the modified model was more similar to the obser-
vations (Fig. 6). The original model overestimated the soil salt content in 
most cases, especially in the later stage. The simulated salt content 
gradually increased within the growing period except for 2021T4, 
2010T3, and 2010T4. In these three treatments, the shape of the simu-
lated salt content was S-shaped. The salt content increased at first and 
then showed a decreasing trend and approached its minimum value 
around the final irrigation time. After that, the salt content increased 
again without any more applied irrigation. Across the whole growing 
season, with the increase in the total irrigation amount (from T1 to T4), 
the salt content in the root zone displayed signs of salt washing when 
irrigation amount was greater than 480 mm. 

3.2.4. LAI and lint yield 
Fig. 7 shows temporal variations in simulated LAI and measured 

values. LAI was only measured in 2021. In 2021T1 and 2021T2, no large 
difference was recorded between the modified and original models, 
whereas the modified model generated noticeably better results than the 
original model in 2021T3 and 2021T4. Across all treatments, the 
average RMSE values were 0.37 and 0.59 m3 m− 3 for modified and 
original models, respectively. The modified model reduced the NRMSE 
by 9.43% on average. 

The results for cotton lint yield are shown in Fig. 8. The simulated 

and measured data from the modified model displayed a closer rela-
tionship to the 1:1 line. The mean RMSE of the modified model was 
248 kg ha− 1, the NRMSE was 9.46%, and the IoA was 0.93. The modi-
fied model performed well, simulating yield under different irrigation 
amounts and different salt environments. The original model generated 
a large bias in validation (an RMSE of 1615 kg ha− 1), indicating its poor 
yield reproducibility. 

4. Discussion 

4.1. Strengths and limitations of added functions 

Function 1, which is the most widely used method to study the 
mulching effect, was used to introduce film cover fraction into the 
model. It has been reported to work efficiently (Li et al., 2019; Shen 
et al., 2021), and it works well in this study. Function 1 reduces the 
simulated evaporation and makes it closer to the actual value. In most 
cases, the evaporation simulated by Function 1 is smaller than that from 
the original model. The reason for the opposite situation (for example 
days 125–131) to occur is because water consumption of the modified 
model in the early stage (days before 125) is smaller, with more volume 
of water remaining on the surface and the evaporation is larger than the 
original model in days 125–131. Besides, there is one aspect that re-
quires further attention. Function 1 works well when the evaporation is 
dominated by atmospheric evaporation capacity, which is calculated 
from potential evaporation (Eq. 3). Function 1 has no correction effect 
when the soil is very dry and the evaporation is decided by soil water 
supply capacity calculated from Darcy theory, not the potential evapo-
ration calculated from Eq. 3. In most cases, Function 1 worked well and 
exerted the highest modification effect on soil evaporation. The film 
cover fraction value is based on actual management practice. Because 
Function 1 has a great impact on evaporation, it should be cautious to 
decide its value based on the field management. The uncertainty of film 
cover fraction will affect the uncertainty of the model parameters. The 
dynamic film cover fraction (Fig. 1) also contributes to water movement, 
increasing the practicality of the introduced factor of film cover fraction. 
Biodegradable mulching is becoming more commonly used as an alter-
native to polyethylene mulching, and thus being able to model the dy-
namics of degradation in crop model applications is important. 
Griffin-LaHue et al. (2022) demonstrated that thermal time is a crucial 
factor that decides mulch degradation and established a zeroth-order 
kinetics model predicting the degradation rate of mulch. More 
process-based functions should be studied in the future. 

Function 2 exerted a small impact because of the limited change it 
could produce in soil reflectivity. Compared to the original model, the 
radiation reduced 5.64% due to the increased surface albedo, and the 
evaporation reduced 1.38%. The rate of reduction in evaporation was 
lower than that of radiation because evaporation is affected both by 
radiation and aerodynamics. Eq. 2 influences the distribution of radia-
tion by altering reflectivity. It is worth noting that the changes in 
reflectivity not only affect the radiation reaching the surface for 

Table 3 
Values of evaluation indicators of simulated soil water content in 2021 and 2010.  

Year Treatment Modified WAVES Original WAVES   

RMSE NRMSE IoA RMSE NRMSE IoA 

2021 (Calibration) 2021T1  0.03  0.21  0.72  0.06  0.50  0.41 
2021T2  0.01  0.18  0.83  0.02  0.25  0.68 
2021T3  0.04  0.28  0.66  0.07  0.47  0.50 
2021T4  0.02  0.14  0.86  0.08  0.47  0.48 

2010 (Validation) 2010T1  0.02  0.08  0.48  0.05  0.18  0.30 
2010T2  0.02  0.07  0.56  0.05  0.15  0.40 
2010T3  0.01  0.05  0.72  0.04  0.12  0.41 
2010T4  0.02  0.05  0.77  0.04  0.11  0.53 

Note: RMSE is the root mean square error (cm3 cm–3), NRMSE is the normalized root mean square error, and IoA is the index of agreement. T1–T4 refer to different 
treatments. 
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evaporation but also influence the radiation received by plants for 
transpiration. The introduction of Eq. 2 in the WAVES model allows for 
the consideration of the impact of film mulching on transpiration 
through changes in reflectivity. 

Function 3 changed the soil resistance, causing a drastic reduction in 
evaporation. This finding indicated that soil resistance is an important 
variable. The method that the original WAVES used to characterize 
surface resistance under film mulching condition is unsuitable. Because 
the depth of the air-dry soil layer is now always the first layer in the 
original model, how to determine the air-dry potential and get the depth 
of the air-dry soil layer could be further studied in the future. In the 
modified model, soil resistance was slightly overestimated (Fig. 2). 
Texture and depth selected to measure the soil water content varied 
among different studies (Zhao et al., 2015), possibly resulting in variable 
relationships between rs and θsoil. Function 3, taken from another study, 
was directly used in this study and therefore, we believe, resulted in 
overestimation. Relationships between rs and θsoil could be specified 
once data are available. 

Function 2 and 3 calculate the actual potential evaporation capacity 
under a film mulching condition. Function 1 assumes that the film 
mulching area does not evaporate, and then calculates a one- 
dimensional comprehensive evaporation. Although certain 

modifications exerted limited impact, they provided a better mechanism 
to simulate crops under film mulching. Altogether, the results showed 
that the incorporation of these formulas into the original model is highly 
effective. 

4.2. Evaluation of modified model under film mulching conditions 

A daily process-based hydrological crop model WAVES was modified 
using three functions related to mulching effects. All three functions 
contributed to improved outcomes; Function 1 exerted the biggest 
modification effects on soil water status, followed by Function 3. The 
modified model generated results on evaporation, soil water content, 
soil salt content, LAI, and yield with higher accuracy than the original 
model, decreasing NRMSE by 173%, 15%, 14%, 9%, and 35%, respec-
tively. In all, the evaporation performance was greatly improved. 
Moreover, the model produced a more realistic E/ET (less than 20%) 
under film mulching conditions, and the value was similar to that re-
ported by Tian et al. (2016). Soil water content greatly improved after 
modification, with different contributions in different growing stages. In 
the seedling stage, when the film mulching exerted the highest effects on 
the system, the modified model considerably better estimated the 
soil-water dynamics than the original model, which has also been 

Fig. 5. Temporal variations in observed and simulated average soil water contents of 0–80 cm depth in 2021 and 2010. T1–T4 refer to different treatments, and the 
green and blue line imply the simulated results obtained using the original WAVES model and the modified WAVES model incorporating Functions 1, 2 and 3, 
respectively. 

Table 4 
Values of evaluation indicators of simulated soil salt content in 2021 and 2010.  

Year Treatment Modified WAVES Original WAVES   

RMSE NRMSE IoA RMSE NRMSE IoA 

2021 (Calibration) 2021T1  1.69  0.19  0.43  3.06  0.34  0.43 
2021T2  1.63  0.60  0.14  1.63  0.60  0.06 
2021T3  0.48  0.22  0.77  0.73  0.34  0.65 
2021T4  0.70  0.23  0.28  1.11  0.37  0.37 

2010 (Validation) 2010T1  0.67  0.10  0.74  1.52  0.23  0.54 
2010T2  0.79  0.12  0.56  1.70  0.25  0.46 
2010T3  0.90  0.12  0.57  2.24  0.30  0.35 
2010T4  1.22  0.16  0.58  3.19  0.41  0.26 

Note: RMSE is the root mean square error (g kg− 1), NRMSE is the normalized root mean square error, and IoA is the index of agreement. T1–T4 refer to different 
treatments. 
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reported by Zhao et al. (2020) who modified the SWAP model to take 
into account the mulching effect. 

Because the simulated salt moves with water, the soil salt content is 
also affected by mulching. There were three soil salt content measure-
ments for 2021T2 that had abnormally large values that deviated from 
other points. The measured data could have been affected by the sam-
pling location and soil heterogeneity, thus leading to a larger error. 
Regarding the simulation of soil salt content, the salinity simulated by 
the original model was higher than that by the modified model, which 
could be attributed to the stronger evaporation capacity of the original 
model, resulting in greater traction of water moving toward the surface. 
The salt movement within the water resulted in increased salt 

accumulation of the original model in the root zone. Throughout the 
entire growth period, the soil salt content mainly shown increasing trend 
except for the case with larger irrigation amount. The simulated average 
salt content showed a decreasing trend with similar irrigation amounts 
in different years, that is, 480 mm (T4) in 2021 and 487.5 mm (T3) in 
2010. When the irrigation amount was 600 mm (T4) in 2010, the final 
salt storage (5.62 g kg− 1) was significantly less than the initial amount 
(7.66 g kg− 1), and the salt washing percentage was 26.63%. Tan et al. 
(2018) performed a similar study on cotton in southern Xinjiang, China, 
and demonstrated that the treatment with an irrigation amount of over 
412.5 mm led to a decreasing trend in average soil salt, which is 
consistent with the findings of our study. Another study (Xu et al., 2019) 

Fig. 6. Temporal variations in observed and simulated average soil salt contents of 0–80 cm depth in 2021 and 2010. T1–T4 refer to different treatments, and the 
green and blue line imply the simulated results obtained using the original WAVES model and the modified WAVES model incorporating Functions 1, 2 and 3, 
respectively. 

Fig. 7. Temporal variations in observed and simulated LAI values in 2021. T1–T4 refer to different treatments, and the green and blue line imply the simulated 
results obtained using the original WAVES model and the modified WAVES model incorporating Functions 1, 2 and 3, respectively. 
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conducted in northwest China reported higher soil desalting efficiency 
when the irrigation amount was in the range of 400–600 mm. When 
considering washing salt with abundant water, it is necessary to balance 
the relationship between water saving and salt washing efficiency. 

The modified model efficiently simulated LAI. However, there is a 
lack of validation for simulated LAI results related to crop growth in-
dicators. LAI data is needed for further validation in the future study. 
The modified model could efficiently forecast yield with high accuracy 
both during calibration and validation. Yield is obtained by multiplying 
biomass by harvest index and biomass is highly correlated with LAI. The 
good performance of yield could indirectly demonstrate the rationality 
of leaf area index simulation at current research. During validation, the 
original model simulated a larger yield than the measured value, which 
could be related to its strong evaporation effect. This component of 
evaporation does not contribute to plant yield. However, the yield for-
mation in the WAVES model is proportional to the ratio of actual ET and 
potential ET. Thus, the overestimated evaporation was also included, 
resulting in overestimated yield. 

This model concentrated on film mulching effects on soil water 
movement and its indirect effects on crop growth. In addition, the film 
mulch could trap outgoing terrestrial radiation, thereby increasing 
above- and below-ground temperatures (Lisson et al., 2016), which is 
not included in our model. The specific results are affected by the cali-
brated data. The crop varieties in the two field experiments were 
different and we lacked the validation of LAI, which would affect the 
uncertainty of the parameters but it didn’t affect our conclusion in this 
paper. Based on the same calibration method, we infer that the modified 
model has better mechanisms and performance than the original model 
to simulate crops under film mulching. More experiments on different 
areas and different crops are warranted to enhance the robustness and 
reliability in the future. Although the modified WAVES model cannot be 
immediately used by farmers, researchers or policymakers are encour-
aged to try and design scenarios to improve the situation of water 
scarcity. 

5. Conclusions 

A modified WAVES model incorporating the film mulching effect 
was analyzed in southern Xinjiang, China. Three functions working on 
potential evaporation, underlying surface albedo, and soil resistance 

were introduced into the original WAVES model. Calibration and vali-
dation were performed using 2 years of data obtained from cotton field 
experiments in areas with severe drought and serious salinization. The 
function modifying potential evaporation provided the greatest effect, 
followed by the modification on soil resistance. The application of dy-
namic film cover fraction and strengthened underlying surface reflec-
tance exerted smaller effects, while they provided a better mechanism to 
simulate crops under film mulching. Altogether, the modified model 
better estimated evaporation, soil water content, soil salt content, LAI, 
and yield than the original model indicating that the modified WAVES 
model could be valuable in field management under film mulching. Note 
that the modified WAVES model was calibrated based on our experiment 
data, further calibration and validation should be conducted once data is 
available to improve the parameters’ robustly and applicability. 
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