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Abstract: Plastic film mulching is a commonly used agricultural measure in arid/cold regions to
improve crop growth. Despite previous studies on the impact of film mulching on soil water/heat
status and crop growth, it is not clear how plastic film colours and perforations affect energy dis-
tribution, soil temperature, and evaporation. Six sets of column experiments were performed with
three plastic film colours: transparent (T), black (B), and silver-grey (G), and two perforation ratios:
4.49% and 21.44%, to monitor soil evaporation and soil/film mulching temperature. Using these two
main control factors, a soil–mulch–atmosphere system (SMAS) model was established to simulate
soil evaporation and energy distribution. The simulations of soil evaporation compared well with the
measurements. The available net energy was positively related to the perforation ratio and transmit-
tance of the plastic film, which further influenced soil temperature and altered energy distribution.
Both simulated and measured results gave the following order for transpiration with the plastic films:
T > B > G. The SMAS model was more accurate when a mulch with weak light transmittance covered
the field. Moreover, by comparing simulated evaporation mass loss with and without considering
heat conduction between the plastic mulch and the soil surface, Csm, we found that it is feasible to
exclude Csm. However, Csm is indispensable in the SMAS model for understanding the mechanism of
plastic film mulching in agroecosystems, particularly at night.

Keywords: plastic film mulching; colours and perforations; energy distribution; soil evaporation; soil
temperature; SMAS model

1. Introduction

Soil-water evaporation is a fundamental component in farmland ecosystems’ water
balance. It controls the microclimate in the canopy by influencing energy distribution
between the soil surface and adjacent atmosphere, and it is widely considered to be non-
beneficial water loss. This water loss may be particularly crucial in arid regions [1–3], where
water scarcity is the major constraint to socioeconomic development [4].

Plastic film mulching is commonly used due to its beneficial effects on soil evaporation,
weed suppression, and yield increases in maize, vegetables, and other crops [5–7]. Research
has found that plastic mulch hinders water vapor transfer between the soil surface and the
atmosphere [8]. Studies of surface energy distribution for plastic mulch using the energy
balance for the different components—net radiation (Rn), sensible heat (H), and latent heat
(λE)—concluded that plastic mulch changes the available energy and energy distribution,
particularly when the leaf area index is lower than 1.0 [9]. Both heat flux from the soil
surface layer (0 to 5 cm) and sensible heat increase with soil temperature. The surface soil
heat flux should not be neglected when the surface energy balance is evaluated, regardless
of whether transparent or black plastic mulch is used [8,9].
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In practice, plastic films of different colours with different perforation ratios are
used for various purposes [10]. Perforation may be intentional, such as film perforation
upon seedling emergence, or unintentional, such as by natural degradation of the film.
Assessment of the effects of plastic film colour and perforation on evaporation and energy
distribution is more complex [11,12]. Chen et al. (2017) found that the film temperature
decreases by 6–13 ◦C at 14:00 daily when a perforated white film is used compared to a non-
perforated white film [12]. A linear relationship between cumulative evaporation and the
square root of time for different perforation ratios was found for perforated plastic mulches
by Li et al. (2003) [11]. These studies indicated that the influence of perforation on soil
temperature and evaporation should not be neglected. While film perforation influences
soil temperature and evaporation, film colours can influence evaporation, soil temperature,
and surface energy distribution due to reflection, transmission, and absorption [9,13].
Transparent and black plastic films are the two most widely used materials in mulching.
Previous research has shown that transparent film mulches can effectively reduce soil
evaporation, and increase soil surface temperature, water-use efficiency of some crops, and
grain yield [7,14,15]. The transparent plastic mulch increases the surface albedo, which
modifies the energy exchange between the soil, mulch, and atmosphere [16]. Ai et al.
(2018) concluded that plastic mulch increases surface albedo and decreases net radiation [9].
Zhang et al. (2017) reported that transparent plastic film mulching significantly decreases
Rn in the early stage and slightly increases Rn in the later stages [17]. Monitoring the
energy balance for strips of black plastic film mulching, Tarara (1999) found that the strips
of black plastic mulch provided numerous sources of sensible heat compared to the bare
soil between the film strips [8]. Tuovinen et al. (2006) and Kasperbauer (2000) found that
black polyethylene mulch reduces soil temperature and enhances strawberry and potato
yield compared to non-mulched controls [13,18].

Several shoot and root crop plants, such as strawberry and potato, benefit from the
reflected wavelength combinations in the visible and far-red parts of the electromagnetic
spectrum of some coloured film mulching [13,19]. Strawberry fruit size was found to be
larger under new red plastic mulch because the reflected far-red and red light are the
main factors affecting the phytochrome-mediated allocation of photosynthate [13]. These
laboratory and field studies concentrated either on the colour and arrangement of film
mulching or on the comprehensive influence of film perforation. The effect of film colour on
soil energy distribution and evaporation has seldom been monitored or discussed in detail.

Most current crop models barely simulate the water and heat dynamics for the plastic
films used in agricultural systems, and only a particular part of the evaporation decrease
is assumed [20–22]. For example, Liu et al. (2013), Han et al. (2015), and Li et al. (2015)
utilised HYDRUS-2D to simulate a mulched field [23–25]. Whereas Han et al. (2015) and
Li et al. (2015) set a no-flux boundary for the upper domain [24,25], Liu et al. (2013) added a
partition coefficient of 0.07 to simulate a drip-irrigated cotton field under plastic mulch [23].
Tan et al. (2018) and Adeboye (2019) adjusted parameters for crop development, crop
production, and water/salinity stress in the AquaCrop model to simulate soil evaporation
in a mulched field with no explanation of their rationale [26,27]. Ran et al. (2017) described
soil evaporation under plastic film mulch using a semi-empirical-based fraction of the
mulch, frmulch, and an adjustment factor, fm, introduced into the AquaCrop and SIMDualKc
models [28]. As film mulching affects the soil temperature, the energy balance feeds back
to water transfer, particularly under coloured films. A comprehensive modelling approach
is needed to demonstrate the interactions between energy distribution and water/heat
transfer under different film colours and mulching conditions.

In this study, we investigated the impact of plastic film colour and perforation ratio
on soil evaporation and energy distribution using soil column experiments. In addition, a
soil–mulch–atmosphere system (SMAS) model was established to quantify soil evaporation
and energy distribution under various plastic film mulch conditions.
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2. Materials and Methods
2.1. Study Site

Soil column experiments were conducted in May 2017 at the National Field Scientific
Observation and Research Station on Efficient Water Use of Oasis Agriculture in Wuwei of
Gansu Province, north-western China (37◦52′ N, 102◦52′ E, elevation of 1581 m). The climate
is cold temperate continental, with an average annual rainfall of 164 mm and potential
annual evaporation of 2400 mm. The winter is long, and the summer is characterised by
long hours of sunshine and a significant temperature difference between day and night. The
temperature rises quickly in the spring and drops rapidly in autumn. The average annual
temperature is 8 ◦C, with more than 3000 h of sunshine and 14.78 MJ m−2 of solar radiation.
The average groundwater depth in the region is ~30–50 m below the soil surface [29].

2.2. Column Experiment Design

Soil column experiments were used to determine soil evaporation and energy dis-
tribution under plastic film mulching with six treatments that included two substantial
variables—film colour and film perforation ratio. The plastic films were transparent (T),
black (B), or silver-grey (G) with two perforation ratios: 4.49% (1) or 12.47% (2). The plastic
films were made of polyethylene (PE). The space between the plastic film and soil surface
affects evaporation and energy distribution [30]; increasing it reduces the energy loss by
heat conduction and convection. This effect was not tested in the current study, and a
30 mm space was maintained for all six treatments.

The soil used for the column experiments was taken from 20–40 cm below the soil
surface to avoid film mulching residue, gravel, straw, and fertiliser. Its texture is given in
Table 1. The soil was packed in transparent acrylic columns, which were 28 cm long with
an internal diameter of 19 cm, at 5 cm increments. A perforated acrylic plate was placed
5 cm above the column bottom with a piece of gauze on it. Each column was filled to a
height of 20 cm with bulk density of 1.55 g cm−3. The column was gradually saturated from
the bottom to displace air. The plastic films were placed at the outer part of the column
inlet. After packing, all the columns were placed on a 10 m×10 m plot of vacant farmland
without any plants. Solar radiation was used as the energy source. Schematic diagram of
the column experimental setup is shown in Figure 1.
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Table 1. Particle size distribution and texture of soil used in the study.

Sand (%)
(2–0.05 mm)

Silt (%)
(0.05–0.005 mm)

Clay (%)
(<0.005 mm)

Soil Texture
(USDA)

Bulk Density ρ

(g cm−3)

34.441 56.747 8.812 Silty loam 1.55

2.3. Data Acquisition

Meteorological data (precipitation, solar radiation, relative humidity, wind speed,
and air temperature) were measured using a standard automatic weather station (HOBO
H21-001, Onset Computer Corp., Cape Cod, MA, USA). The sensors were located 2 m
above the ground surface. To avoid precipitation interference, a big umbrella was used to
protect the soil columns from wetting during rain events. The consequent reduction in solar
radiation was negligible due to the lack of solar radiation during the rain event. The rainfall
period, amounting to several hours, was short compared to the entire experimental period.

The variations in volumetric soil water content (cm3 cm−3) and soil temperature (◦C)
during the experimental period were measured by soil sensors (5TE, Decagon, Pullman,
WA, USA) installed 10 cm below the soil surface. Evaporation (mm) was determined for
each soil column by weighing it using a high-precision (0.1 g, equivalent to 3.53 × 10−3 mm)
electronic scale (2002E/02, Mettler Toledo, Switzerland). Columns were weighed daily at
6:00, 10:00, 13:30, and 20:00.

3. The SMAS Model
3.1. Model Establishment

The SMAS model considered the different plastic film colours and perforation ratios,
with the following assumptions: the perforation holes in the plastic film are of similar size
and are uniformly distributed; the gap between the film and the soil surface is constant,
despite the micro variations in the soil surface formed during soil wetting; soil evaporation
is driven by radiant energy; the heat variation due to phase changes (evaporation and
condensation) within the gap between the plastic film and the soil surface is ignored; lateral
heat transfer within the cylindrical soil columns is ignored. All of the parameters in the
SMAS model are listed in Table 2.

Table 2. List of parameters and their symbols.

Symbol Definition Means Value

Rs Solar radiation (W m−2) Meteorological station Input file
Tatm Atmospheric temperature (◦C) Meteorological station Input file

τsm
Shortwave transmissivity of the

plastic film Calibrated [31]
T: 0.83; 0.6–0.9
B: 0.58; 0.1–0.6
G: 0.45; 0.1–0.5

τlm
Longwave transmissivity of the

plastic film Calibrated [31]
T: 0.82; 0.6–0.9
B: 0.2; 0.1–0.6

G: 0.49; 0.1–0.5

ρlm
Longwave reflectivity of the

plastic film Calibrated [31]
T: 0.13; 0.1–0.4

B: 0.01; 0.01–0.1
G: 0.01; 0.01–0.1

εm Plastic film emissivity Calibrated [31]
T: 0.05; 0.01–0.1
B: 0.79; 0.5–0.8
G: 0.5; 0.5–0.8

Tm Plastic film temperature (◦C) Infrared thermometer Input file
Ts Soil surface temperature (◦C) Infrared thermometer Input file

Tl
Temperature at 10 cm below the soil

surface (◦C) 5TE Input file

4z
Vertical distance between the soil

surface and the reference points below
the soil surface (m)

Experimental design 0.1
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Table 2. Cont.

Symbol Definition Means Value

u Perforation ratio (%) Experimental design 4.49 or 12.47
ρss Soil’s shortwave reflectivity Calibrated [31] 0.15; 0.15–0.3
εs Soil emissivity Calibrated [31] 0.98; 0.78–0.98

β Proportionality factor Calibrated [32] 0.45
(−17.3–16.2)

λ Latent heat of vaporisation (MJ kg−1) Determined 2.45

b1
Empirical coefficient of soil thermal

conductivity (W m−1 ◦C−1) Determined 0.243

b2
Empirical coefficient of soil thermal

conductivity (W m−1 ◦C−1) Determined 0.393

b3
Empirical coefficient of soil thermal

conductivity (W m−1 ◦C−1) Determined 1.534

θ Volume moisture content (cm3 cm−3) 5TE Input file

d Thickness of the gap between plastic
film and soil surface (m) Experimental design 0.03

ka Air conductivity (W m−1 ◦C−1) Determined 0.02517
Nud Nusselt number Determined [33] 1

The soil–film continuum consisted of three layers bounded by the atmosphere (at the
reference height of 2 m), the plastic film, and the soil surface (Figure 2). For the unperforated
parts, the solar radiation reached the soil surface through transmission, reflection, and
absorption, and by direct radiation through the perforated parts in the plastic film (Figure 3).
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The energy balance for the soil–plastic film–atmosphere continuum is:

Rns + λE + Hsa + Csm + G = 0 (1)

where Rns (W m−2) is the net radiation at the soil surface; λE (W m−2) is the latent heat
flux between the soil surface and atmosphere with λ, the vaporisation latent heat equal to
2.45 MJ kg−1; Hsa is the air sensible heat flux between the soil surface and the atmosphere;
Csm (W m−2) is the heat conduction between the plastic film and the soil surface; and
G (W m−2) is the heat flux downward through the soil surface.

The net radiation at the soil surface is:

Rns = Rss + Rls (2)

where Rss and Rls are the shortwave and longwave radiation, respectively, at the soil
surface. A schematic diagram of the shortwave radiation transmission, reflection, and
absorption at the plastic and soil surface boundaries is presented in Figure 3. Based on
Figure 3, the shortwave radiation at the soil surface can be expressed as:

Rss = (1− ρss)uRs + (1− ρss)τsm(1− u)Rs (3)

The longwave radiation, Rl , is emitted by the soil, plastic film, and atmosphere. The
relationship between Rl and an object’s temperature T0 (◦C) is [33]:

Rl = ε0σT4
0 (4)

where ε0 is emissivity, and σ is the Stefan–Boltzmann constant.
In the SMAS system, longwave radiation emitted by the atmosphere, plastic film, and

soil is demonstrated in Figure 4. Rlatm in Figure 4 is the longwave radiation emitted by the
atmosphere, expressed as Rlatm = εatmσT4

atm, where εatm and Tatm(◦C) are the atmospheric
emissivity and temperature, respectively.Rlm is the longwave radiation emitted by the
plastic film, expressed as Rlm = εmσT4

m, where εm is the plastic film emissivity and Tm (◦C)
is the plastic film temperature.Rls is the longwave radiation emitted by the soil, expressed
as Rls = εsσT4

s , where εs is soil emissivity and Ts (◦C) the soil surface temperature. Based
on Figure 4, the longwave radiation at the soil surface can be expressed as:

Rls = εsuRlatm + εsτlm(1− u)Rlatm + εs(1− u)Rlm + εsρlm(1− u)Rls (5)
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Hsa was assumed to be proportional to λE with a proportionality factor β:

Hsa = βλE (6)

The one-dimensional heat-conduction equation determines soil heat conduction (G in
Equation (1)):

G = −K(θ)(Tl − Ts)/4 z (7)

where K(θ) is soil thermal conductivity and can be calculated empirically [34]:

K(θ) = b1 + b2θ + b3θ0.5 (8)

where b1, b2, and b3 are constants.
Csm in Equation (1) is calculated by Equation (9) [33]:

Csm = (Ts − Tm)/rc (9)

where rc (m2 ◦C W−1) is the thermal resistance between the film mulching and the soil
surface, and rc is related to the thickness of the gap between the mulch and the ground
surface and is expressed as [33]:

rc = d/(kaNud) (10)

The SMAS model was obtained by combining Equations (2), (6), (7) and (9) with
Equation (1). The evaporation rate (E; m s−1) is the only unknown variable to be evaluated.
The time step for the SMAS model simulations, conducted between 25 May 2017 at 6:00
and 30 May 2017 at 4:00, was set to 2 h.

The simulation results were compared to the measured values. The value of the
calibrated parameters was selected using the smallest error between the simulated and
measured values, where treatments T1, B1, and G1 were used for the calibration, and the
other three treatments, T2, B2, and G2, were used for the validation. The meteorological
data were similar for the experimental period. Note that the soil water content, soil surface
and plastic film temperatures, and the perforation ratio introduced into the model were
measured independently for the different treatments.

3.2. SMAS Model Simulations

The SMAS model simulations were evaluated by comparing the measured and simu-
lated values using different measures: root mean square error (RMSE), mean relative error
(MRE), index of agreement (IA), and coefficient of determination (R2). These measures are
defined, respectively, as:

RMSE =

√
(

n

∑
i=1

(Si −Mi)
2)/n (11)

MRE = (
n

∑
i=1

(Si −Mi)/Mi)/n× 100% (12)

IA = 1−
n

∑
i=1

(Si −Mi)/
n

∑
i=1

(|Si −
−
M|+ |Mi −

−
M|)2 (13)

R2 =

[
n

∑
i=1

(
Mi −

−
M
)(

Si −
−
S
)]2

/

[
n

∑
i=1

(
Mi −

−
M
)2 n

∑
i=1

(
Si −

−
S
)2
]

(14)

where Si and Mi (i = 1, 2, . . . , n) are the simulated and measured values, respectively, n is the

number of observations, and
−
S and

−
M are the average of the simulated and measured values,

respectively. The above indexes represent the average degree of absolute error, deviation, and
coincidence degree, respectively, between the simulated and measured values [35].
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4. Results and Discussion
4.1. Shortwave Radiation

The measured shortwave radiation during the experimental period is depicted in
Figure 5. It consisted of a single daily peak of 981.9, 988.1, 1004.4 801.9, and 800.6 W m−2 at
13:45 on May 25, 26, 27, 28, and 29, respectively, and decreased to 0.6 W m−2 from 20:45 h
to 5:45.
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Figure 5. Shortwave radiation patterns measured by the standard automatic weather station during
the experiment.

4.2. Soil Surface, Below Surface, and Plastic Film Temperatures

The variations in the patterns of plastic film temperature (Tm), soil surface temperature
(Ts), and temperature measured 10 cm below the soil surface (Tl) (Figure 6) followed the
variations in shortwave radiation (Figure 5). Tm and Ts varied similarly, with highest values
between 12:00 and 14:00; the variation in Tl was shifted, peaking at around 18:00. The three
temperatures were higher on May 25, 26, and 27 than on May 29 and 30. The column charts
in Figure 6 indicate that the daily average temperature below the soil surface (Tl_DAT)
was highest for treatments T1, T2, B1, and G1, followed by the soil surface (Ts_DAT) and
plastic film (Tm_DAT) temperatures. Tl_DAT in the B2 and G2 treatments was still higher
than Ts_DAT and Tm_DAT, except on May 26 for the G2 treatment. Ts_DAT was lower
than Tm_DAT on May 25, 27, and 28 for the B2 treatment and on May 28 and 29 for the
G2 treatment. The total average temperature below the soil surface (Tl_avg) was highest for
treatments T1, T2, B1, B2, G1, and G2 (28.1, 26.5, 26.7, 26.3, 24.6, and 23.7 ◦C, respectively),
followed by that of the soil surface (Ts_avg) for T1, T2, B1, and G1 (25.8, 24.5, 24.8, and
23.5 ◦C, respectively) and of the plastic film (Tm_avg) for T1, T2, B1, and G1 (23.5, 23.5,
23.4, and 22.6 ◦C, respectively); under the B2 and G2 treatments, Ts_avg (23.1 and 22.3 ◦C,
respectively) was slightly lower than Tm_avg (23.4 and 22.6 ◦C, respectively).

Tl_avg was lower for treatments with the same colour and a larger perforation ratio
(B2, G2) (Figure 6). For the transparent plastic film, Tl_avg was 1.6 ◦C lower under the
perforation ratio of 12.47% (T2) than under the lower perforation ratio (T1), compared to
a 0.4 and 0.9 ◦C difference for the B and G plastic films, respectively. Similarly, the larger
perforation ratio reduced Ts_avg by 1.3, 1.7, and 1.2 °C compared to the lower perforation
ratio for T, B, and G, respectively. Note that the perforation ratio had a minor effect on
Tm_avg. Tm_avg, Tl_avg, and Ts_avg were all influenced by the plastic color, being highest
for the transparent plastic film (T1 and T2), followed by the black plastic film (B1 and B2),
and silver-grey plastic film (G1 and G2).
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ture at a constant level at night. Both 𝑇  and 𝑇  were higher under the T vs. B plastic film, 
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Figure 6. Variations in plastic film temperature (Tm_DAT), soil surface temperature (Ts_DAT),
temperature below the soil surface (Tl_DAT), the difference between Tl and Ts(Tl − Ts),
the difference between Ts and Tm(Ts − Tm), daily average temperature for the plastic film (Tm_avg),
soil surface (Ts_avg) and 10 cm below the soil surface (Tl_avg), and the overall average temperatures
for film, soil surface, and soil at 10 cm depth between 25 May and 30 May (Tm_avg, Ts_avg, Tl_avg,
respectively) for the six treatments: (A) T1; (B) T2; (C) B1; (D) B2; (E) G1; (F) G2.

Following Equations (7) and (9), the soil heat conduction (G) is positively related to
the difference between Tl and Ts(T l − Ts), and the heat conduction between the plastic film
and soil surface (Csm) is positively related to the difference between Ts and Tm(T s − Tm).
Figure 7 shows that Ts − Tm was consistently positive at around 18:00 to around 2:00 on the
next day for T1, T2, B1, and G1, and less consistently so for B2 and G2. The positive values
of Ts − Tm were 10.6, 7.2, 6.1, 4.5, 8.8, and 4.7 ◦C in the T1, T2, B1, B2, G1, and G2 treatments,
respectively, whereas the lower values were −4.2, −4.8, −3.2, −3.8, −10.2, and −5.5 ◦C,
respectively. Tl-Ts was higher than Ts-Tm, with positive values for the former of 14.2, 13.6,
11.9, 14.2, 9.8, and 9.4 ◦C, respectively, and lowest values of −12.4, −13.2, −11.2, −11.0,
−13.4, and −15.4 ◦C, respectively.
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The plastic film temperature (Tm), temperature 10 cm below the soil surface (Tl),
soil surface temperature (Ts), Tl − Ts, and Ts − Tm for the six treatments are depicted in
Figure 7. Tl − Ts for the G film (G1 and G2) was lower than that for the B and T plastic
films (Figure 7D), in contrast to the lack of a clear pattern for Ts − Tm under the different
treatments (Figure 7E). Tm, Tl , and Ts differed significantly during the day compared to the
night hours for the coloured plastic films (Figure 7A–C). Moreover, Tl and Ts were higher
for the 4.49% vs. 12.47% perforation ratio, independent of the time of day (Figure 7B,C).
The lower Ts and Tl for the larger perforation ratio indicated that the plastic film acts as
an insulator, namely, decreases the sensible heat flux and maintains soil temperature at a
constant level at night. Both Tl and Ts were higher under the T vs. B plastic film, followed
by that under G, because plastic film with lower transmittance intercepts more radiation,
which decreases the net radiation reaching the soil surface. The soil releases heat during the
night through sensible heat flux along with the decrease in atmospheric temperature, Tatm.
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Figure 7. Comparisons of (A) plastic film temperature (Tm); (B) temperature below the soil surface
(Tl); (C) soil surface temperature (Ts); (D) the difference between Tl and Ts (Tl − Ts); (E) the difference
between Ts and Tm (Ts − Tm) for the six treatments.

4.3. Measured and Simulated Soil Evaporation

The measured and simulated evaporation rates for the different treatments are shown
in Figure 8. Both had single peak values for all treatments. The plastic film colour and
perforation ratio affected the soil evaporation rate; the daily evaporation rate peaks were
negatively correlated with plastic film colour (opacity) and positively correlated with the
perforation ratio. Compared to the transparent plastic film (T1 and T2), the peak evapo-
ration rate for the black film (B1 and B2) and grey-silver film (G1 and G2) decreased by
nearly one-third and two-thirds, respectively. Moreover, the peak evaporation rate for
12.47% perforation (B2, G2) increased by 23.1% and 30.7%, compared to 4.49% perforation
(B1, G1, respectively). The unexpected decrease in evaporation rate for T2 compared to
T1 on May 28 and 29 (Figure 8) could be related to soil-crust formation. The trend for the
measured and simulated evaporation rates was well-matched according to the IA, with
values above 0.82 for all the six treatments (Figure 8). The RMSE values between the simu-
lated and measured evaporation rates were 4.82, 5.42, 2.34, 2.89, 1.54 and 2.35 mm day−1

for T1, T2, B1, B2, G1, and G2, respectively. The IA and RMSE values decreased for the
higher perforation ratio (except that IA was higher for T2 than T1), indicating that the
SMAS model prediction was closer to the measured results for the small perforation ratio
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(Figure 8). The SMAS model simulations were more reliable for the grey-silver film (G1
and G2) treatment, followed by the black (B1 and B2) and transparent (T1 and T2) films,
revealing that the model predictions were better for mulch with weak light transmittance.
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The measured and simulated soil evaporation mass losses (cumulative evaporation 
rate over time) for the six treatments are depicted in Figure 9. Daily patterns were ladder-
type, with a sharp increase during the day and a slight increase at night. Evaporation mass 
loss was higher for the larger perforation ratio, regardless of film colour. Evaporation 
mass loss was highest for the transparent plastic films, followed by black and grey-silver 
plastic films, regardless of perforation ratio. 

Figure 8. Comparison of simulated and measured evaporation rates for the six treatments: (A) T1;
(B) T2; (C) B1; (D) B2; (E) G1; (F) G2.

The measured and simulated soil evaporation mass losses (cumulative evaporation
rate over time) for the six treatments are depicted in Figure 9. Daily patterns were ladder-
type, with a sharp increase during the day and a slight increase at night. Evaporation mass
loss was higher for the larger perforation ratio, regardless of film colour. Evaporation mass
loss was highest for the transparent plastic films, followed by black and grey-silver plastic
films, regardless of perforation ratio.

A plot of the simulated vs. measured evaporation mass loss yielded a linear relation-
ship for all films (Figure 10). A slope lower than 1 was obtained for the larger perforation
ratio (0.9554 for T2 and 0.9113 for G2), indicating that the SMAS model slightly underes-
timated the evaporation mass losses for the partially covered soil. Comparison with the
MRE, RMSE, and IA values for the evaporation rate revealed that the simulated evapora-
tion mass losses are more consistent with the measured data: the MRE of simulated and
measured evaporation mass losses decreased sharply (9.13%, −3.52%, 15.48%, 7.6%, 7.87%,
and −3.91% for T1, T2, B1, B2, G1, and G2, respectively), while the MRE for evaporation
rate was −21.48%, −20.45%, −14.95%, −17.68%, −16.94%, and −20.57%, respectively. Fur-
thermore, the RMSE of the simulated and measured evaporation mass losses was quite low
(0.57, 1.16, 1.15, 0.40, 0.48, and 1.04 for T1, T2, B1, B2, G1, and G2, respectively), whereas
the IA increased to 0.9988, 0.9949, 0.9901, 0.9991, 0.9971, and 0.9904, respectively. Thus, the
large error between the simulated and measured evaporation rates decreased when the
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evaporation mass loss was considered, indicating plausibility of the simulated results for
evaporation mass losses.
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4.4. Energy Distribution in the SMAS Model

The following energy components are included in agroecosystem modelling: net
radiation (Rn), soil heat flux (G), latent heat flux (λE), and sensible heat flux (H). These four
components are considered in most research on mulched fields [8,16,36–39], while ignoring
the conduction between the mulch and soil surface, Csm, driven by the temperature differ-
ence between the two. The Csm component was considered by Ham and Kluitenberg (1994)
and Zhang et al. (2020) [33,40]. The relative contribution of each of the five components
is depicted in Figure 11. Note that Rns is the primary energy source for λE and Hsa. The
summed Rns during the experimental period was 12,596, 12,801, 8963, 9471, 7144, and
7804 W m−2 for T1, T2, B1, B2, G1, and G2, respectively. The summed λE was −9846,
9765, −7120, −7950, −5532, and −6013 W m−2, respectively, and the summed Hsa was
−4431, −4394, −3204, −3578, −2489, and −2706 W m−2, respectively.λE and Hsa had a
negative pattern, mirroring the positive pattern of Rns. Csm barely varied with time, while
the oscillations in G had negative values during the night and positive values most of the
day. The net value of Csm was 238, 106, 141, −28, 89, and −23 W m−2 for T1, T2, B1, B2,
G1, and G2, respectively, whereas the net contribution of G was 1443, 1253, 1220, 2085, 788,
and 938 W m−2, respectively. These results are consistent with the measured temperatures
in Section 4.2, indicating that the oscillations in G are greater than those in Csm, resulting
from the relatively small Tl − Ts and Ts − Tm (Figure 7), despite the small differences in the
coefficients in Equations (7) and (9). Csm is low (Figure 11) due to the small conduction coef-
ficient in the air between the soil surface and the mulch, which helps store energy, decreases
the release of heat flux, and preserves the soil temperature at night. This provides a good
demonstration of the thermal insulation of plastic film mulching in agroecosystems. The
energy distribution in these systems always comes up with crop growth [41–44]. Although
the current study with bare soil columns does not provide information about the films’
effect on plant growth or yield, it does provide information for the seedling stage without
surface canopy coverage. The absolute λE value in Figure 11 is one-third of that of Hsa,
as was also found by Feng et al. (2017) at the seedling stage [43]. However, under field
conditions, these energy components vary during the plant growing period due to dynamic
ambient conditions (leaf area index, rainfall, evaporation, and soil moisture) [39,43,45,46].
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4.5. The effect of Csm on SMAS model predictions

As shown in Figure 11, the heat conduction between the soil surface and the plastic
film, Csm, is lower than Rns, λE, Hsa, and G, and as a consequence, Csm is disregarded in
agroecosystem models [16,36], and even for mulched fields [8,38]. We therefore further
quantified the impact of Csm on λE and determined whether this component is essential in
the energy balance for calculations beyond the mechanistic process evaluation. Figure 12
demonstrates the deviation in the latent heat flux (λE) when Csm (DλE) is included in the
SMAS model. The range of the radar chart is uniform for T1 and T2, and more significant for
the B1, B2, G1, and G2 treatments due to the larger DλE under the transparent plastic film.
Where the red curve extends beyond the bold black circle, λE increases with the inclusion
of Csm; when the red curve shows the opposite pattern, λE decreases upon exclusion of Csm.
The difference between maximum and minimum DλE is 17.24, 13.89, 10.76, 9.61, 21.99, and
11.80 W m−2 for T1, T2, B1, B2, G1, and G2, respectively. The fluctuations of DλE are small
compared to the value of the latent heat flux itself, and Csm can therefore be excluded from
the calculation of daily evaporation mass loss. In contrast, Csm should be considered when
the SMAS model is used to follow the evaporation dynamics, in particular during the night
when small changes in Csm can induce a substantial relative difference. The absolute relative
error between λE during the night hours when Csm was taken into account compared to
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when it was excluded reached 11.9%, 8.1%, 29.8%, 7.4%, 7.9%, and 4.3% for T1, T2, B1, B2,
G1, and G2, respectively. When the daily evaporation, but not its dynamics, is of concern,
ignoring Csm simplifies the energy-partition calculation. In this case, Tm does not need to be
measured. The lower Csm values obtained in the current experiments compared with those
in Ham and Kluitenberg (1994) may be related to the smaller difference between Tm and
Ts in our study [33]. Beyond the embedded differences between column experiments and
field studies, emerging inter alia due to scale and the soil disturbance of the former that
affects its hydraulic properties [47–50], Ham and Kluitenberg’s (1994) study was performed
with intact films (with no perforations) [33]. These may explain the inconsistency between
the results obtained by Ham and Kluitenberg (1994) and those of our study [33].
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Figure 11. Simulated energy balance for the six treatments: (A) T1; (B) T2; (C) B1; (D) B2; (E) G1; (F) 
G2. Included are the net radiation at the soil surface (𝑅 ); the latent heat flux between the soil sur-
face and atmosphere (𝜆𝐸); the air sensible heat flux between the soil surface and the atmosphere 
(𝐻 ); the heat conduction between the plastic film and the soil surface (𝐶 ); and the heat flux 
downward through the soil surface (𝐺). 

  

Figure 11. Simulated energy balance for the six treatments: (A) T1; (B) T2; (C) B1; (D) B2; (E) G1;
(F) G2. Included are the net radiation at the soil surface (Rns); the latent heat flux between the soil
surface and atmosphere (λE); the air sensible heat flux between the soil surface and the atmosphere
(Hsa); the heat conduction between the plastic film and the soil surface (Csm); and the heat flux
downward through the soil surface (G).

4.6. Impact of Plastic Film Parameters on Energy Distribution

Activities which tend to alter land surface parameters such as aerodynamic resis-
tance, roughness and surface albedo, or soil heat flux can also affect the surface energy
budget [8,51,52]. The commonly used mulching films represent one such activity that can
be reflected in the energy acquisition and distribution in the underlying soil surface [31].
The theoretical and practical importance of the physical mechanisms involved in land–
atmosphere interactions in film-mulched agroecosystems has led to recent studies on this
topic [38,43,53]. Analysis of the relative contribution of the different components in the
energy balance for different mulching films is shown in Figure 13, where the patterns of
the different components (λE, Hsa, G, and Rns) are compared for the six treatments. The
net radiation at the soil surface is comprised of the shortwave (Rss) and longwave (Rls)
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radiation there (Equation (2)). Following the convolution of reflection, transmission, and
emission of the plastic film and soil surface, the longwave radiation emitted by the plastic
film combined with the shortwave radiation was cut by 29%, 27%, 49%, 46%, 59%, and
56% at 1400 h for T1, T2, B1, B2, G1, and G2, respectively. It can be seen in Figure 8 that Tl
under the transparent plastic (T) was lower than that under the black (B) and silver-grey
(G) plastic, indicating that plastic film with higher transmittance provides relatively poor
thermal insulation during the night.
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Figure 13. Comparisons of the different components: (A) the latent heat flux between the soil surface
and atmosphere (λE); (B) the air sensible heat flux between the soil surface and the atmosphere (Hsa);
(C) the heat flux downward through the soil surface (G); (D) the net radiation at the soil surface (Rns).

In other words, Rns was lowest for the G plastic film, followed by the B and T films
(Figure 13). The optical properties of the surface cover, solar elevation angle, soil water
content, and soil colour, all affect the surface albedo. When the field is covered with
coloured plastic film, the surface albedo largely depends on the plastic film’s optical
and physical properties [39,54]. The available net energy was positively related to the
perforations because the mulch filtered less of the areal part of the energy. The surface
reflectance of the incoming shortwave radiation component largely depends on the surface
albedo, and the surface albedo of a continuous plastic cover is higher than that of a
perforated one [9,30,54].

This result contradicts Chen et al.’s (2017) study, in which soil temperature decreased
with film perforation [12], but is in agreement with Li et al. (2003), where evaporation
increased with perforation ratio [11]. The contradiction in these results may emanate
from the variations in temperature fluctuations and environmental conditions in the two
experimental studies. However, a comparison between the dotted black and solid yellow
lines representing the transparent plastic film (Figure 13) indicates that the positive effect
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of the perforations on the available net radiation is relatively weak. We found no reports
with comparable conclusions. A feasible explanation is that the energy intercepted by the
mulch is similar to the energy that passes directly through the perforation holes, given that
the difference between the areas of the holes in our experimental study was 1.65%, which
is relatively small. In film-mulched agroecosystems, the plastic film may rupture during
the growing season, thus increasing this difference. The available net energy is negatively
related to the opacity of the plastic film [55], and further influences the soil temperature
and alters the energy distribution, i.e., Hsa, G, and λE. However, it can be seen in Figure 7
that Tl under the T film was lower than that under the B and G films, despite the higher
transmittance. This indicates that plastic film with higher transmittance provides relatively
poor thermal insulation during the night.

5. Conclusions

Bare soil columns were covered by combinations of differently coloured and perforated
plastic film mulching to study their effect on evaporation through the soil surface. The
experimental results were successfully compared with simulations using a SMAS model.
The net radiation, sensible heat, latent heat, heat conduction between plastic mulch and soil
surface, and soil heat conduction were measured and analysed for their relative contribution
to evaporation. The following conclusions were drawn from this study:

Overall, the SMAS model exhibited high accuracy in simulations of the soil evapora-
tion mass losses under plastic films with different colours and perforation ratios.

The SMAS model, in which transmission, reflection, and absorption were considered
in the process of energy transmission through plastic films with different optical properties,
showed that evaporation under the films followed the order: T > B > G.

With a perforation ratio increase of 7.98%, the evaporation mass loss increased by
1.26 and 2.32 mm for the G and B plastic films, respectively. In contrast, the impact on the
T film was insignificant. The SMAS model was more accurate for coverage with a mulch
with weak light transmittance.

Csm can be excluded when the daily evaporation mass loss, rather than the mechanism
of plastic film mulching in agroecosystems, is being considered. However, it is essential to
consider Csm in the SMAS model for simulations of evaporation dynamics, particularly at night
when evaporation is low, and small changes may yield substantial differences in evaporation.
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