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ARTICLE INFO ABSTRACT

Handling Editor - Dr R Thompson A shortcoming of the RZ-SHAW model (A hybrid version of Root Zone Water Quality Model and The Simulta-
neous Heat and Water Model) is that it cannot simulate the plastic mulching technology which is widely used in

Keywords: arid areas. Our objectives in this study were to develop RZ-SHAW to include a new plastic module, and to

glzasstll{CA“';ﬂCh evaluate the model’s performance over three years of maize (Zea mays L.) production in China. A new plastic

module was added to compute changes in the shortwave and longwave radiation transfer, turbulent heat and
vapor transfer from the surface, and the energy and water balances in the system associated with a plastic mulch
layer. The modified RZ-SHAW model can adequately simulate soil water (0.017 cm® em 3 < RMSE < 0.030 cm?®
em ™) and capture the evaporation reduction and transpiration increase under plastic mulch. The model over-
estimated the increased soil temperatures under plastic mulch (2.3 °C over the 100-cm profile) compared to the
measured data (1.4 °C). Overall, the revised RZ-SHAW model adequately simulated soil water and heat exchange
under plastic mulch conditions. The modified RZ-SHAW model can be used as an effective decision tool for
management optimization in plastic mulched cropland.
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Software Availability 1. Introduction
Model name: RZ-SHAW (RZWQM). China supports 22% of the world’s population with 7% of the world’s
Developer: USDA Agricultural Research Service (ARS). arable land (Loro, 2014). Therefore, improving food production is a
Year first available: 1990. major goal for China. The most challenging issues occur in dryland
Hardware required: CPU 1 G, RAM 1 G, Disk 1 G. production regions which have fewer water resources and occupy about
Program language: Fortran. 50% of the cultivated land. Addressing the shortage of water resources
Program size: 70 M. that restrict agricultural development in dryland regions is essential for
Get software: https://www.ars.usda.gov/research/software/downl ensuring food security. Many agricultural management practices to

oad/?softwareid= 412&modecode= 30-12-30-25. improve crop production while using less water have been tested in

dryland regions over the past few decades. One of the most effective
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Fig. 1. Flow chart of daily and hourly execution cycles of the RZ-SHAW model.

measures is the use of plastic mulching (PM).

The use of PM has become a major management practice for rainfed
farming in China (Zhang et al., 2018a), mainly due to its effects on
improving moisture retention and crop yield. Zhang et al. (2018a) re-
ported that PM increased maize yield by 4%— 245% compared with
non-mulched management across the Loess Plateau in China. At the
same time, PM can reduce soil evaporation (Gong et al., 2017; Li et al.,
2013b) and improve soil water storage and water use efficiency.
Furthermore, PM increased soil temperature in the early growing

seasons and improved seedling emergence (Cavero et al., 1996; Huang
et al., 2008). However, many problems need to be addressed such as
early maturity, increased water consumption, and crop failure (Bu et al.,
2013; Li et al., 1999; Steinmetz et al., 2016).

Due to questions regarding the effects of PM, a great deal of research
has been conducted to understand the mechanisms that affect the bio-
physical processes. Mahrer et al. (1984) established energy balance
equations of a mulched soil to describe the heat exchange process in the
soil-mulch-atmosphere system, which improved the prediction of soil
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Fig. 2. Surface Energy balance in SHAW module.

moisture and temperature of a mulched soil. Chung and Horton (1987)
developed a computer model which used a finite difference method to
study two-dimensional coupled soil water and heat flow with a partial
surface mulch. Wang and Deng (1991) analyzed the dynamics of soil
energy balance components that were responsible for soil temperature
increase under PM. Wu et al. (2007) built a physically-based model
coupling water and heat transport in a soil-mulch-plant-atmosphere
continuum. These models partly explain the effects of mulch on soil
moisture, temperature, and surface energy balance in the PM system.
However, these simple models usually do not consider the impact of
crops or set crop parameters to fixed values during the simulation.

To quantify the effect of PM on crop growth, many researchers have
used the AquaCrop model to simulate yield, biomass, and canopy cover
ratios of different crops (maize, millet (Setaria italica L.), cotton (Gos-
sypium spp.), sweet pepper (Capsicum annuum L.)) with PM (Cosic et al.,
2017; Guo et al., 2018; Ran et al., 2017; Tan et al., 2018). However, the
AquaCrop model does not consider the impact of PM on soil temperature
which an important factor affecting crop growth. Han et al. (2014)
modified the temperature module of the DNDC (Deni-
trification-Decomposition) model to analyze how soil moisture, soil
temperature, and corn yield were influenced by PM. Liang et al. (2017)
improved the soil water and heat modules of WHCNS (Soil Water Heat
Carbon Nitrogen Simulator) using the simple empirical approach of Han
et al. (2014) to identify optimal management practices among different
water and N treatments in GCRPS (Ground Cover Rice Production Sys-
tem). However, this approach was not applicable when surface soil
temperature was greater than the air temperature as often occurs in dry
areas (Liang et al., 2017).

Therefore, it is necessary to study the effects of PM on soil water, soil
heat, and crop growth from other perspectives (such as energy balance)
in a complete crop model (such as RZ-SHAW). The RZ-SHAW model was
developed by coupling the RZWQM (Root Zone Water Quality Model,
Ahuja et al., 2000) and the SHAW models (Simultaneous Heat and Water
Model, Flerchinger and Saxton, 1989). The RZWQM model has been
fully verified and applied to farmland ecosystems (Fang et al., 2014b),
and can simulate soil moisture, soil temperature, and evapotranspiration
of the soil-crop system (Fang et al., 2010b; Ma et al., 2012a). The SHAW
model has a very comprehensive energy balance system that performs
well in simulating soil moisture, soil temperature, and the energy bal-
ance of the soil-crop system (Flerchinger, 2017; Ma et al., 2012b). The
coupled RZ-SHAW model brings together the advantages and capabil-
ities of both RZWQM and SHAW, which has been successfully tested
using field data (Fang et al., 2014a; Li et al., 2012; Yu et al., 2007).

The objectives of this study were to: (1) add a plastic mulch sub-
module to RZ-SHAW based on energy balance and water balance
equations; (2) test the performance of the modified RZ-SHAW model for
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simulating soil temperature and water content using three years of data
(2014-2016) from a maize field; and (3) explore differences between
simulated evapotranspiration and surface energy fluxes between a
plastic mulch and control treatment to ensure that simulations are
reasonable and to gain a better understanding of the processes influ-
encing observed soil temperature and moisture.

2. Model descriptions
2.1. Brief description of the RZ-SHAW model

In the RZ-SHAW model, the SHAW model was linked to RZWQM to
simulate surface energy balance to overcome: the shortcomings of
assuming surface soil temperature equal to air temperature in the
original RZWQM,; and the inability of SHAW to simulate crop growth (Li
et al., 2012; Ma et al., 2012b; Yu et al., 2007). A simplified represen-
tation of the execution sequence for RZ-SHAW is shown in Fig. 1.

At the beginning of each day, the model reads the input daily or
hourly meteorological data, and then checks all of the management
practices and creates the management queue. If there is a rainfall or
irrigation event, the model executes the Green-Ampt equation to
calculate infiltration. Between rainfall or irrigation events, the soil water
is redistributed by using the Richards equation:
%:a%[l((h,z)g—ilfl((h,z)]7S(z,t) [1]
where 6 is volumetric soil water content (cm3 cm_g), t is the time at an
hourly time step, z is soil depth (cm, assumed positive downward), h is
soil water pressure head (cm), K is unsaturated hydraulic conductivity
(cm h™Y, a function of h and z), and S(z, t) is a sink term for root water
uptake (RWU) and tile drainage rates (hr 1). RWU in the sink term is
from SHAW and described later. The surface boundary condition is an
evaporative flux until the soil surface water potential falls below a
minimum value (set at —20,000 cm), at which time a constant head
condition is used:

k" k_E [2]
0z

where E is the evaporation rate at the soil surface (cm hr ). Soil
evaporation, E, from SHAW was used in this study when the surface
water potential was above the minimum value. When surface water
potential falls below the minimum water potential or if the E exceeds the
capability of the soil to deliver water to the surface based on the
Richards equation (Fang et al., 2014a), actual evaporation (AE) is
limited by the RZWQM routines. The Richards (Eqn. [1]) and its
boundary (Eqn. [2]) are solved by a mass-conservative, mixed form
iterative finite-difference numerical solution (Celia et al., 1987, 1990).
The SHAW routines are called at the same time step (hourly or sub-
hourly) as the Richards equation to simulate heat transfer and energy
balance in the system. The input parameters required to run the SHAW
module (soil water content, leaf area index (LAI), plant height, crop
biomass, and root distributions) are provided by RZWQM. SHAW rou-
tines first determine the liquid and ice water content of the soil for
temperatures less than 0 °C, and then update the matric potential and
solute concentration in the soil (Fuchs et al., 1978; Li et al., 2012). The
surface energy balance described in SHAW may be written as (Fig. 2):

R, =H+LET+G [3]

where R, is net all-wave radiation (W m’z), H is sensible heat flux (W
m*Z), L,ET is latent heat flux (W m’z), G is soil or ground heat flux (W
m~?), L, is latent heat of evaporation (J kg’l), and ET is actual evapo-
transpiration from the exchange surface and plant canopy (kg m~2s™1).
R, is defined by the equation:

Ry =8y +8a—Su+Li— Ly [4]



X. Chu et al.

where Sy, and Sy are direct (or beam) and diffuse downward shortwave
radiation incident on the surface, S, is shortwave radiation reflected by
the surface to the sky, Lq is downward longwave radiation emitted from
the atmosphere, and L, is longwave radiation emitted from the surface
to the atmosphere.

Shortwave and longwave radiation exchange and amounts absorbed
by each layer above the soil surface are computed according to Fler-
chinger (2017), Flerchinger et al. (2009), and Flerchinger and Yu
(2007). Direct, and upward and downward diffuse radiation being
transmitted, reflected, and absorbed are considered when calculating
the energy exchange among canopy, snow, residue, or soil layers. The
upward flux of diffuse shortwave radiation (S,;) and longwave radiation
(Ly;) above canopy layer i are determined by:

Sui = [tai + (@aiain + Tadaiie)(1=7a:)]Suiv1
Haifain + Taifainy)(1-74:)Sa, [5]
F(pifoinnr + T i) (1=75)Sh,

L= [ta;i + (1—=&)faiy (1=7a)]Luitt

+(1—ec)faint (1=7ai)La,
NP [6]

I —14; 4
t— > (1= 145)ec0T,

~—M Lij
ijl(l = Tqj) =1

where 7g4; is the transmissivity of canopy layer i to diffuse radiation, 73 ; is
the transmissivity of canopy layer i to direct (or beam) radiation, a;p;
and 7, ; are the effective albedo and leaf transmittance of canopy layer i
to direct radiation, a;4; and 7;4; are the effective albedo and leaf
transmission to diffuse radiation within canopy layer i, f; 1 and fg; 1
are the fractions of reflected direct and diffuse radiation scattered
backwards (e.g., downward radiation scattered upwards), f;; |, and fg; |,
are the fractions of reflected direct and diffuse radiation scattered for-
wards, Sq; and Sp; are downward diffuse and direct radiation entering
canopy layer i, & is the emissivity of the canopy elements, 74;; is the
diffuse transmissivity for plant j and of layer i, and Tj;; is the leaf tem-
perature of plant j in canopy layer i. The radiation exchange equations
for the crop residue layer are similar to that for the crop canopy, and a
similar expression can be written for downward radiation at any layer.

After computing net radiation fluxes, the turbulent transfer co-
efficients for both H and ET fluxes from the surface are calculated. H is
calculated from temperature gradients between the exchange surface
and the atmosphere (Campbell and Norman, 1998):

Tejsmyrsss — Ta

H = —PuCa [7]

s

where p,, ¢4, and T, are the density (kg m™~%), specific heat (J kg~1°C™1),
and temperature (°C) of air at the measurement reference height, T¢/sn/r/
ss is the temperature of the canopy, snow, residue, or soil surface, and ry
is the resistance to the surface heat transfer (s m~1) corrected for at-
mospheric stability. Actual ET used to calculate latent heat flux at each
time step is calculated from vapor density gradients between the ex-
change surface and atmosphere (Flerchinger, 2017):

_ Pvc/smjr)ss — Pra
r,

ET [8]

where p, //r/ss and p,, are vapor density (kg m~3) at the exchange
surface (canopy, snow, residue, or soil surface) and at the reference
height, and r, is the resistance value for vapor transfer.

The RWU needed in the Richards equation, and equal to actual
transpiration (AT), is calculated by a difference in water potential be-
tween soil and plant xylem (Flerchinger and Pierson, 1991):
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Vi — Ve

NS
AT =RWU =)
=1 Tri

i=

[9]

where y,; and y, are water potentials (m) in layer i of the soil and the
plant xylem, respectively. NS is the number of soil nodes. The resistance
to water flow (m® s kg_l) through the roots of layer i, r;;, is calculated by
dividing total root resistance for the plant by its fraction of roots within
the soil layer. Leaf temperature for each plant species within each can-
opy layer is calculated with a leaf energy balance equation described by
(Flerchinger, 2017).

The energy balance equation for temperature distribution in the soil
matrix, considering convective heat transfer by liquid and latent heat
transfer by vapor for a layer of freezing soil, is given by:

oT, 06, 9 o, T, . g, dp,
S Lt = k=] — —L,
a Py = gkl ey LG )

Cy [10]
where C; and T are volumetric heat capacity (J kg~! °C™1) and tem-
perature (°C) of the soil, p; is density of ice (kg m’g), 0; is volumetric ice
content (m® m™3), k; is soil thermal conductivity (W m~!°Cc™D, Py is
density of water, ¢; is specific heat capacity of water (J kg~! °C™), ¢, is
liquid water flux (m s’l), gy is water vapor flux (kg m2s 1), and p, is
vapor density (kg m~>) within the soil. The soil energy balance (Eqn.
[10]) for the surface soil layer interfaces with the surface energy balance
equations (Eqns. [3, 4, 7, and 8]) or the energy balance of the overlying
material (canopy, snow, or residue). Surface temperature and humidity
must be solved iteratively to balance all components of the surface en-
ergy balance at the soil surface (R,, LyET, H, and G). Energy balance
equations for all layers (canopy, snow, residue and soil) throughout the
profile are solved simultaneously using the Newton-Raphson method for
temperature change at each node in the current time step. After a so-
lution is obtained for a time step, the computed soil surface temperature,
water and ice content can be used to calculate soil heat flux G directly
from the terms in Eqn. [10] for the surface soil layer (Fig. 2):

k(s

s(1) AZS
G= Tot) = Tuy) — 2 Co( Ty —
[Azl‘+ch1]( s0 = T) = 54 (G (Tt (1]

=iy (O — Oii—an)] + Logy

where Az; is depth of the second soil node (m), At is the time step (s),
Ts(y) is surface soil temperature at the end of the time step (°C), Tg(c—ay) is
surface soil temperature at beginning of the time step (t — At;°C), Tyyis
soil temperature of the second soil layer (°C).

The water balance equations established for the canopy and residue
layers are solved simultaneously for vapor density change at each node
(Flerchinger, 2017). The water balance for the soil layers of SHAW was
not used in RZ-SHAW, and the mass balance of snowpack was calculated
after solving the energy and water balance equations. Latent heat flux
(LyET) is the sum of the heat exchanges caused by transpiration and
evaporation.

At the end of the hourly time step, SHAW outputs shortwave and
longwave radiation absorbed by each layer and energy balance com-
ponents (H, LyET, G, and Ry,). SHAW then provides liquid and ice water
content and soil temperature to RZWQM for the next hourly step. When
all hourly steps are finished for a day, the daily soil water content and
soil temperature are input to the crop growth module in RZ-SHAW to
update crop parameters, such as LAI, biomass, root distribution, plant
height, and yield. The CERES-maize growth module was used in this
study, and the theory for that module can be found in Jones et al. (2003)
and Ma et al. (2006). New crop parameters are then used for the next
day’s loop.

2.2. Description of the plastic mulch layer submodule

The plastic mulch layer submodule was developed based on SHAW in
RZ-SHAW by adding a plastic layer into the original atmosphere-canopy-
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snowpack-residue-soil layered system. The new plastic mulch layer is
between the snowpack and residue layers. This layer changes the
shortwave and longwave radiation transfer, turbulent heat and vapor
transfer from the surface, and the energy and water balances in the
system. Assumptions for this submodule are as follows: (1) vapor cannot
pass through the plastic material so that evaporation only occurs from
uncovered areas; (2) The difference in soil temperature in the horizontal
direction caused by partial mulching is ignored because RZ-SHAW is a
vertical one-dimensional model; and (3) heat transfer that occurs by
evaporation or condensation between the mulch and the soil surface can
be ignored in comparison with the latent heat transfer between the soil
and the atmosphere (Yang et al., 2012).

2.2.1. Shortwave radiation through plastic layer

Shortwave radiation exchange in the plastic layer is simulated using
similar equations as the canopy layers (Eqn. [5]). Shortwave radiation
exchange in the plastic layer is computed by considering downward
direct (or beam, Sp,;), and upward (Sy,+1) and downward (Sg,) diffuse
radiation being transmitted, reflected, and absorbed by the plastic layer.
The upward (S,,) flux of diffuse shortwave radiation above the plastic
layer (Fig. 3a) is computed as:

Su,p = [Td,p + (ad‘pfd,p.ll + Td./lfd.p.lT)(l - Td.p)]su.p+]
H(@apfapir + Tapfapar) (1 = Tap)Sap [12]
H @ ufopit + Topfopii) (1= 755)Sh,p

The downward fluxes of direct (Spp.1) and diffuse (S4,.1) shortwave
radiation through the plastic layer (Fig. 3a) are computed as:

Sopt1 = TopSp [13]
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[tap + (@Qupfapy + Tapfipar)(1=Tap)]Sup
H@pfopir + Topfopi1)(1=T65)Sbp [14]
+(@apfapar + Tapfapar) (1 =Tap)Supsi

Sd.p+l =

where 74;, and 7, are the transmissivity of the plastic layer to diffuse
and direct (or beam) radiation, respectively. a3, and ag4), are the effec-
tive albedo of the plastic layer to direct and diffuse radiation (app = agp
= 0.14 in this study according to Yang et al., 2012). f; |1 and fg, |1 are
the fractions of reflected direct and diffuse radiation scattered backward
(e.g., downward radiation scattered upward), fy; |, and fgp,, are the
fractions of reflected direct and diffuse radiation scattered forward.
Flerchinger and Yu (2007) developed expressions for the fractions of
forward and back scattered direct and diffuse radiation. The upper
boundary conditions Sg, and Sp,;, are downward diffuse and direct ra-
diation entering the plastic layer. The bottom boundary S, p; is the
solar radiation reflected by the residue or soil layer:

(1 — ) (Spps1 + Sapt1)

g B { residue under plastic
wptl = (1 - ax)(Sb‘pH + Sd.,pH)

soil under plastic [15]

where a, and a5 are the albedos of the residue and soil surface, respec-
tively. Net shortwave radiation absorbed by the plastic layer (S,;) is
computed from:

Sup = (1 =74) (Sap + Supr1) + (1 = 75,)Sh, [16]

The transmissivities of direct and diffuse shortwave radiation for the
plastic layer are calculated from:

Tpp = Tap = (1 = Fy) +7,F, [17]

where F, is the fraction of plastic cover (ranging from 0 to 1 with the
measured value being 0.8 in this study). 7,is the transmissivity of the
plastic material (0.81 in this study according to Yang et al., 2012).

2.2.2. Longwave radiation through plastic layer

The expression for upward (Ly,) and downward (Lgp4+1) longwave
radiation through the plastic layer is similar to that for shortwave ra-
diation, but longwave emittance replaces the term for direct shortwave
radiation (Fig. 3b):

Ly = [TdW +(1- gp)fdp.u(l - Td.p,l)]Lu,p+1
+(1 = & )apar (1 = Taps)Layp [18]
+(] - Td‘P_[)SpUT;}

Lips1 = [taps+ (1 — & )fapu (1 — 7api)]Layp

(1 = &)fapar (1 = Tapi)Lups [19]
+(1 - rd,p‘,)e,,(rT;‘,

where 74,;and ¢, (¢, = 0.88 in this study according to Yang et al., 2012)
are transmissivity and emissivity of the plastic layer for longwave ra-
diation, respectively. Tyis the temperature of the plastic layer, and o is
the Stefan-Boltzman constant. Ly,is the downward longwave radiation
from the canopy or snow above the plastic layer. Ly, ; is the upward
flux from the residue or the soil layer below the plastic layer:

residue under plastic

(1 —&)Laps1 + 0T}
Lipi1 = { o [20]

(1 — &)Lyp1 + €06TL  soil under plastic

where ¢, and ¢ are residue and soil layer emissivity, respectively. Net
longwave radiation absorbed by the plastic layer (L,p) is computed
from:
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Table 1

Measured soil physical and hydraulic parameters at various soil layers in the study site, Yangling, China.

Agricultural Water Management 269 (2022) 107666

Soil layer Sand Silt Clay Bulk density (g Field capacity (cm® Wilting point (cm® Saturated hydraulic Saturated water content
(cm) (%) (%) (%) cm™3) cm™3) cm™3) conductivity (cm h™%) (em® cm™3)

0-20 7.4 75.0 17.7 1.27 0.317 0.199 2.2 0.370

20-40 5.3 69.7 25.0 1.57 0.325 0.195 1.1 0.413

40-60 6.0 59.4 34.6 1.40 0.348 0.220 1.3 0.408

60-80 5.0 63.6 31.3 1.35 0.335 0.150 1.3 0.433

80-100 7.7 77.2 15.1 1.39 0.307 0.141 1.2 0.491

Air temperature (°C)

A&
Qb\\‘)\ »

e o @ e

Precipitation (mm)

- 20

At

\1°\

N Y Y Y \O
\\5\ > \\5\%°\5\¢° \%Q \”9 5\%° o =>\¢Q
Date (mm/dd/yyyy)
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Fig. 4. Experiment field configuration and meteorological conditions: (a) a traditional planting system without mulching; (b) a planting system with full transparent

plastic mulching; and (c) precipitation and air temperature during crop growing seasons (2014-2016) at Yangling, China.

Table 2

Dates of planting, harvest, irrigation, and fertilization for three years of a summer maize experiment at Yangling, China. Date format is mm/dd/yyyy.

Planting date

Harvest date

Drip irrigation date

Fertilizer application date

06/19/2014
06/11/2015
06/09/2016

10/11/2014
10/08/2015
09/22/2016

07/18/2014, 08/01/2014

08/02/2015
08/13/2016

06/17/2014
06/09/2015
06/07/2016
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Table 3

Agricultural Water Management 269 (2022) 107666

Initial soil hydraulic parameter values and lower and upper boundaries used by parameter estimation software (PEST) to obtain optimized final values. BD, soil bulk
density (g cm~3); 0, /3, soil water content at 33 kPa (em® em™3); 6;5, soil water content at 1500 kPa (cm® cm™2); 6, saturated water content (cm® cm™); Kyy, saturated

hydraulic conductivity (cm h™).

Layer (cm) BD 01,3 015 05 Ksat
Initial Lower Upper Final Initial Lower Upper Final Final Final Final
0-20 1.27 1.1 1.6 1.100 0.317 0.269 0.365 0.269 0.134 0.585 17.335
20-40 1.57 1.1 1.6 1.551 0.325 0.276 0.373 0.325 0.163 0.415 0.270
40-60 1.40 1.1 1.6 1.478 0.348 0.296 0.400 0.322 0.161 0.442 0.722
60-80 1.35 1.1 1.6 1.600 0.335 0.285 0.385 0.307 0.153 0.396 0.271
80-100 1.39 1.1 1.6 1.600 0.307 0.261 0.353 0.296 0.148 0.396 0.392
transport processes in the plastic layer, the energy balance equation is
Table 4 expressed as:

Initial maize genetic parameter values and lower and upper boundaries used by
parameter estimation software (PEST) to obtain optimized final parameter
values.

Parameter” Initial Lower Upper Final

P1 160 100 450 246.1
P2 0.75 0.01 2 0.737
P5 780 600 1000 600

G2 750 440 1000 875.2
G3 8.5 5 16 9.207
PHINT 49 30 75 60.45
Himax 245 200 250 202
Biomass_half 37 30 40 30

2 P1: Thermal time from seedling emergence to the end of juvenile phase
during which the plants are not responsive to changes in photoperiod (degree
days above 8 °C base temperature). P2: Extent to which development is delayed
for each hour increase in photoperiod above the longest photoperiod at which
development is at the maximum rate, which is considered to be 12.5 h (days).
P5: Thermal time from silking to physiological maturity (degree days above 8 °C
base temperature). G2: Maximum possible number of kernels per plant. G3:
Grain filling rate during the linear grain filling stage and under optimum con-
ditions (mg day~!). PHINT: Phyllochron interval, the interval in thermal time
(degree days) between successive leaf tip appearances. Hpax: Maximum plant
height at maturity (cm). Biomass_half: Plant biomass at half of the maximum
height (g plant™?).

Ly = &(1 = 7aps)(Lap + Lups1 — ”Tﬁ) [21]

Longwave radiation transmissivity of the plastic layer is calculated as
follows with an assumption that longwave radiation cannot be trans-
mitted through plastic:

Tps = 1—F, [22]

The model assumes no longwave radiation transfer through the
plastic layer when it is covered by snow. Alternatively, the thermal
conductivity of the snow is used for heat transfer through the plastic
layer voids.

2.2.3. Turbulent vapor transfer through plastic layer
We assumed that vapor cannot pass through plastic material, so the
vapor transfer through the non-plastic covered surface is calculated as:

_ Pvrfss = Praje/sn (

E, 1-F,) [23]

Ty

where E, is the vapor transfer through the plastic layer, p, ./ is the
vapor density of the residue or soil surface below the plastic layer and
Py.ajc/sn 18 Vapor density of the ambient air, plant canopy, or snow above
the plastic.

2.2.4. Energy balance equation of plastic layer

Heat flux through the plastic layer considers a partial plastic mulch
cover where heat fluxes represent a weighing of the areas covered by
plastic and the exposed residue or soil surface layer. For the heat

o7, 0 ' a7, 0 —p, OR,,

= = —(k,=L) — L= 24
ot 0z(p0z) 02( rp) oz [24]

where C, and T, are volumetric heat capacity (J m™> K1) and tem-
perature (°C) of the plastic layer; k;, is heat transfer coefficient of the
plastic layer (W m! K’l); L, is the latent heat of vaporization of water
(2.5 x10°% Jkg™h); pp is the vapor density (kg m~%) within the plastic
layer; r, is the plastic layer boundary resistance (s m™1), and Ry is the
net all-wave downward radiation flux within the plastic layer. Heat
storage and transfer coefficients in Eqn. [24] are weighted based on the
area covered by plastic mulch.

A constant volumetric specific heat capacity (C, = 1.2 x 10% J m3
K1) of the plastic layer was used in this study, which is the product of
the heat capacity of the plastic material (1000 J kg~! K1) and plastic
density in the layer (1200 kg m™3). k;, is the weighted average of the
thermal transfer coefficient of plastic covered and uncovered areas:

k/, = (k1 + kv)(l - F,,) + (ktﬁ + kw?)F/? [25]
where kg, and k,, are thermal conduction and convection coefficients for
the fraction of soil covered by plastic, and k; and k, are thermal con-
duction and convection coefficients for the fraction of soil not covered
by plastic. ky is calculated from the Rayleigh number (Ham and Klui-
tenberg, 1994; Yang et al., 2012):

ka/Dp, R, < 1708 or T, > T,
_{ k,RY/3pro07
o = # R, > 1708 or T, < T 2]
DDp—

where k, is the thermal conductivity of air (0.025 W m~! k! in this
study), D, is the distance between the plastic and the soil (m), Pr is the
Prandtl number of air (0.75 in this study), and R, is the Rayleigh
number. The Rayleigh number can be calculated by:

R, = gp(Tys — Tl’)dr3 271

av

where g is the acceleration of gravity (m s *); p is the thermal expansion
coefficient of air (K‘l, 3.5 *1073 in this study), v is the kinematics vis-
cosity (m? s%, 1.5 *107° in this study), and « is the thermal diffusivity
(m? s’l, 2.2 *107° in this study). The thermal conduction coefficient of
plastic (kg,) was 0.30 W m1K! (Kalaprasad et al., 2000) in this study.
Bristow et al. (1986) and Flerchinger et al. (2003) established equations
of thermal convection coefficient for the residue layer with an
assumption that thermal convection through crop residue increases
linearly with wind speed. Based on these results, ky is calculated by:

ky = ka(1+0.007T,) (1 + knppt, ) [28]

where y, is the wind speed over the plastic layer. k; is dependent largely
on moisture content of the residue and calculated by:
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Fig. 5. RZ-SHAW model calibration with measured maize data for CK treatment during three years at Yangling, China: (a) soil temperature at 15 cm depth (ST); (b)
soil water storage (SWS) in 0-100 cm layer; (c) plant height; (d) aboveground biomass. The vertical lines on the observed data symbols (b-d) designate one standard

deviation around the mean (computed from three replicate plots).

Table 5

Mean difference (MD), root mean square error (RMSE), and coefficient of
determination (R?) for the simulated soil temperature at 15 cm depth (ST, °C),
soil water storage (SWS, mm) in 0-100 cm layer, plant height (cm), and
aboveground biomass (Mg ha™1) for maize simulations by the RZ-SHAW model
from 2014 to 2016 at Yangling, China.

Year Item ST SWS Plant height Biomass

2014 MD -0.4 0.97 1.96 1207
RMSE 1.5 1.88 16.03 1524
R? 0.91 0.87 0.93 0.96

2015 MD -0.7 -0.35 -15.42 1072
RMSE 1.5 1.30 26.92 1334
R? 0.89 0.74 0.91 0.99

2016 MD 1.1 -0.91 -32.93 -373
RMSE 21 1.25 33.86 991
R? 0.53 0.87 0.99 0.97

ke = kpwp(p,/prs) + kis(p,/ P1) [29]

where k; and k,, are the thermal conductivities of water and residue, w,
is the water content of residue below the plastic layer, and p, and p,, are
the bulk and specific densities of the residue.

2.2.5. Water balance equation of the plastic layer
Vapor flux through the plastic layer partially covering the surface is
described by
0 o, 0p, 0 ,—
2 é oy [30]

P = = o ,,

where the three terms (kg s~ m~3) represent, respectively: change in
vapor density within the plastic layer, net vapor flux into the plastic
layer, and evaporation rate from the plastic layer. Here, K, is the
convective vapor transfer coefficient of the plastic layer (m s72), and
computed as

k,
PaCa

K, = —(1-F,) [31]

where k, is thermal convection coefficient for the fraction of soil not
covered by plastic calculated by Eqn. [28].

3. Materials and methods
3.1. Site and experiment description

3.1.1. Site description

The summer maize field experiment was conducted from 2014 to
2016 at the Institute of Water Saving Agriculture of Northwest A&F
University, located in Yangling, Shaanxi, northwest China located on the
Loess Plateau (34°20'N, 108°24’E, 521 m above mean sea level). The
experiment covered three growing seasons: 11 June to 11 October 2014,
5 June to 8 October 2015, and 6 June to 22 September 2016. The
experimental site was located in a region with a dry sub-humid conti-
nental monsoon climate, where summer maize is one of the major food
crops. The mean annual temperature is 13.0 °C, annual average pre-
cipitation is 620 mm (mainly concentrated in July to October), mean
annual evapotranspiration is approximately 884 mm, the mean annual
duration of sunshine is 17,500 h (based on the data from 2008 to 2016),
and the average number of frost-free days 213 d. Groundwater level at
the test site was more than 5 m deep. The soil type in the experimental
area is silt loam (8% sand, 73% silt, 10% clay), with a mean dry bulk
density of 1.51 g cm 3. The mean saturated hydraulic conductivity is
31.01 cm d~! and the average saturated water content, field capacity
(soil water content at 33 kpa), and permanent wilting point in volu-
metric values are 0.429, 0.324, and 0.189 cm® cm ™3, respectively (Ding
et al., 2018). Detailed soil physical properties in the 0-100 cm soil layer
are shown in Table 1. The soil is slightly alkaline with a pH of 8.32 in the
surface soil (0-20 cm), and has high fertility: soil organic matter,
15.49 g kg™1; microbial carbon, 166.06 mg kg™!; microbial nitrogen,
14.66 mg kg~ '; available soil phosphorus, 19.22 mg kg™'; available soil
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Fig. 6. Simulated and observed volumetric soil water content in different soil layers (a-e), soil water storage (SWS) in 0-100 cm layer (f), and 10-day accumulated
water input (rainfall and irrigation, (g)) during maize growing seasons for CK and TPM treatments (Yangling, China, 2014-2016). The vertical lines on the observed
data symbols (a-f) designate one standard deviation around the mean (computed from three replicate plots).

potassium, 132.75 mg kg™!; soil NO3™-N, 5.19 mg kg™'; and NH4"-N,
1.31 mg kg L.

3.1.2. Experimental design

A randomized block design was used for this field experiment. Plots
were planted with the summer maize variety ‘ginlong 14°. The experi-
ment included two treatments: (1) a traditional planting system without
mulching (CK, Fig. 4a), and (2) a planting system with full transparent
plastic mulching (TPM, Fig. 4b). Each treatment was replicated three
times using plots that were 5 m long and 2 m wide. There was a 0.5 m
width guard row around each plot. Both treatments (with and without
plastic mulch) used consistent management techniques (such as variety,
irrigation, and fertilizer applied). Maize was planted with 60 cm row
spacing and plant spacing within rows of 40 cm in June of each year
during the study period. There were 52 plants (4 rows and 13 plants
within row) in each plot. Nitrogen and phosphate fertilizers were surface
broadcast as base fertilizer and incorporated 5 cm deep by manual
tillage before planting. The types of nitrogen and phosphate fertilizers
were urea and diammonium phosphate, respectively, the total amounts
of pure nitrogen (N) and phosphorus (P,0s) were 225kgha™! and
90 kg ha™! at each application. Drip irrigation was used in the experi-
ment and irrigated at least once during a growing season with 30 mm for
each irrigation. Besides, 30 mm of water was supplied by flooding on 12

June 2015 because of extremely dry conditions at planting. Dates of
planting, harvest, irrigation, and fertilization are shown in Table 2. For
the TPM treatment, a transparent plastic film (0.008 mm thick) was laid
over the soil surface within the plot, and holes were made in the film
where seeds were planted. The plastic mulching film was removed after
harvest and reestablished at the next planting date. Other field man-
agement operations, such as pest and weed control, were implemented
based on local farming practices.

3.2. Sampling and measurements

The meteorological variables included daily average wind speed,
minimum and maximum air temperature, relative humidity, rainfall,
and sunshine duration. Data were obtained from the Yangling Meteo-
rological Station located next to the experimental field.

The soil temperature was automatically recorded every hour (24
data points per day) using a datalogger (EM50 Datalogger, Decagon
Devices, WA, USA) for each treatment during the investigation period.
The thermal resistance temperature sensors (5TM) were located 15, 30,
50, 70, and 100 cm below the soil surface. The sensors’ specifications
can be found at https://www.metergroup.com/environment/product
s/ech20-5tm-soil-moisture/.

The volumetric soil water content was observed using a Trime-TDR
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Fig. 7. Daily mean air temperature in 2014-2016 (a). Simulated and observed soil temperature for CK and TPM treatments at different soil depths ((b) 15 cm, (c)
30 cm, (d) 50 cm, (e) 70 cm, (f) 100 cm) during three maize growing seasons from 2014-2016 at Yangling, China.

device (TRIME-PICO-IPH) about every 10 days during the three maize
growing seasons, and the measurements were taken from the soil surface
to a 100 cm depth at 10 cm intervals. The instrument’s specifications
can be found at http://imko.de/en/products/soilmoisture/soil-moisture
-sensors/trimepicoipht3.

Maize growth variables such as LAI, plant height, and aboveground
biomass were obtained at seven different phenological stages according
to Hanway (1966). For plant height and LAI, we selected two marked
maize plants in each plot and observed them throughout the growing
season. Plant height for each plant refers to the vertical distance from
the top of the plant to the soil surface. LAI was determined by summing
the lamina length x maximum width of each plant multiplied by an
empirical factor of 0.75 (Eldoma et al., 2016) and then divided by the
soil surface area per plant (0.192 m? plant~! was adopted in this study
based on 52 plants in a 10 m? plot). Average plant height and LAI for
each treatment were calculated as the average of three replicate plots.

Maize plant samples were randomly selected from the middle of each
plot and cut at ground level to determine aboveground biomass. The
plant sample should be representative of an average growth level in each
plot. The selected maize plant sample was dried in an oven at 105 °C for

10

1 h and then at 75 °C for a minimum of 72 h until a constant weight was
attained. Finally, the average aboveground biomass for each treatment
was determined as the average of three replicate plots.

3.3. Data analysis method

A one-way analysis of variance (ANOVA) using the ‘Statsmodels
Statistics in Python’ (http://www.statsmodels.org/) was performed to
test the differences between the two treatments. Multiple comparisons
were made using the Tukey HSD with statistical significance denoted at
the 5% level.

3.4. Model calibration and evaluation

We first calibrated the primary soil hydraulic parameters and crop
cultivar parameters against the observed data of daily soil water content,
soil temperature, plant height, and aboveground biomass of the CK
treatment from 2014 to 2016. Initial values used were: soil hydraulic
parameters based on the field measurements (Table 1) and model
default crop cultivar parameters. The parameter estimation software


http://www.imko.de/en/products/soilmoisture/soil-moisture-sensors/trimepicoipht3
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Fig. 8. Simulated temperature differences (°C) and observed temperature differences (°C) between TPM and CK treatments at 15, 30, 50, 70, 100 cm soil depths at
Yangling, China. At each soil depth, temperature differences were calculated by simulated or observed soil temperature with plastic mulch minus that without

plastic mulch.

(PEST; Doherty, 2004; Malone et al., 2010) was used to calibrate these
parameters. During the process of parameter estimation, BD (soil bulk
density) and 6, 3 (soil water content at 1/3 bar or 33 kPa) were limited
to + 15% of measured values. Other soil parameters were a function of
calibrated parameters: ;5 (soil water content at 15 bar or 1500 kPa) was
set as half of 0y 3, 65 (saturated water content) was calculated from BD
using a particle density of 2.65 g m~3, and K., was calculated from 6
and 61,3 with the equation Ko = 764.5(6; — 61,3)>*° (Ahuja, 1986;
Ahuja et al., 2010). Other detailed descriptions of RZWQM optimiza-
tions with PEST can be found in Fang et al. (2010a). These initial and
calibrated soil hydraulic and crop genetic parameters used as inputs to
the RZ-SHAW model are presented in Tables 3 and 4.

The optimized soil hydraulic and crop cultivar parameters deter-
mined for CK were also used for the TPM treatment. Observed variables
for plastic mulch submodule evaluation were soil water content and
temperature at the measured depths, and plant growth variables
(aboveground biomass, plant height, grain yield) of TPM. The LAI
required to run the model was obtained by linear interpolation of the
measured values during model calibration and evaluation as shown in
Thorp et al. (2010). The reason for this was to eliminate error in LAI
simulation on plastic mulch effects.

The statistical indicators of Root Mean Squared Error (RMSE), Mean
Difference (MD), and coefficient of determination (R?) were used to
evaluate model performance.

11

RMSE = ,/% S s-0y [32]

MD = % i(&- -0) [33]
2 { 5L,(0 - 0)(5.~5) }

F=lzmo-0r" s s -5 (34]

where S; is the ith simulated value, O; is the ith observed value, S and O
are the average simulated and observed values, respectively, and n is the
number of data pairs.

4. Results and discussion
4.1. Model calibration with CK treatment

The simulated daily soil temperature at 15 cm depth showed similar
trends to the measured values, with 3-yr average RMSE of 1.7 °C (1.5 °C
in 2014, 1.5 °C in 2015, and 2.1 °C in 2016) (Fig. 5a, Table 5). Soil
temperature was underestimated from June to July but overestimated
towards the end of the growing season in 2014-2016.

Better soil water storage simulations were obtained for 2016 than for
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Fig. 9. Comparisons between simulated values of potential evaporation (PE), actual evaporation (AE), cumulative AE, potential transpiration (PT), actual tran-
spiration (AT), cumulative AT, actual evapotranspiration (AET), and cumulative AET by RZ-SHAW model for two treatments (CK, TPM) during three years at

Yangling, China.

2014 and 2015, with the RMSE being 1.88, 1.30 and 1.25 mm for years
2014-2016, respectively (Fig. 5b, Table 5). Soil water storage was
overestimated from September to October in 2014, and underestimated
in October 2015. The R? values for soil water storage were above 0.70
for all three years. Overall, RZ-SHAW simulated soil water dynamics
well.

R2 values for plant height during the three years were greater than
0.9, indicating that the model reasonably simulated plant height
(Table 5, Fig. 5¢). The simulated aboveground biomass was close to the
measured data from 2014 to 2016, but better in 2016 than in 2014 and
2015 (Fig. 5d). Simulated biomass was also in good agreement with the
measured values in 2014-2016 (Table 5, R? >0.9), with somewhat
overestimation in 2014 and 2015.

In general, RZ-SHAW produced better simulations of soil water
storage, soil temperature, and plant height than of biomass during the
three years of the study. The simulation results of the calibrated RZ-
SHAW model were considered acceptable.

4.2. Simulated and observed effects of plastic mulch on soil water content

The field-measured soil water contents at each depth were similar
between the CK and TPM treatments (Fig. 6a-e). The mean observed
volumetric soil moisture in the 0-100 cm soil layer during the maize
growing seasons for the CK and TPM treatments were the same values
(0.26 cm® em ™3 in 2014, 0.27 cm® em™ in 2015, 0.25 cm® em ™2 in
2016, respectively). This was mainly due to a large amount of rainfall
and irrigation (Fig. 6g) in the experimental area, such that the
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evaporation suppression effect of the plastic mulch was not obvious.

The soil water content and soil water storage were overestimated for
both CK and TPM treatments during the later part of the 2014 growing
season but were underestimated in 2015 and 2016. However, the model
did capture the differences in soil moisture content between CK and TPM
early in 2014 and early 2015 (Fig. 6a-e). Similarly, simulated soil profile
water contents followed measured values closely for both TPM and CK
treatments, and correctly reflect plastic mulching effects. The RMSE
between simulated and observed soil water content for TPM ranged from
0.017 t0 0.030 cm® em 3 with a mean value of 0.024 cm® em 2 in all soil
layers. The R? values (coefficients of determination) for TPM were
greater than 0.70 in most soil layers.

4.3. Simulated and observed effects of plastic mulch on soil temperature

The observed soil temperature for TPM was higher than for CK at
each soil depth in all three years (Fig. 7b-f; Fig. 8a-e). The 3-yr average
soil temperatures for TPM and CK were 27.4 and 25.3 °C at 15 c¢m, 27.1
and 25.4 °C at 30 cm, 26.2 and 25.0 °C at 50 cm, 25.0 and 24.0 °C at
70 cm, and 24.1 and 23.1 °C at 100 cm, respectively. Soil temperatures
decreased with increasing soil depth for both CK and TPM treatments,
and the temperature differences between the CK and TPM treatments for
the 15 and 100 cm depths were 2.3 and 3.3 °C, respectively. Thus,
plastic mulch increased soil temperature at all depths and increased the
temperature gradient between the soil surface and deeper soil layers.

During each of the three growing seasons, the observed temperature
differences between TPM and CK was greater in the early growth stages
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Fig. 10. Simulated shortwave radiation (Rs, column 1) and longwave radiation (R, column 2) at the top of the maize canopy, at the plastic film, and at the soil
surface for TPM and CK treatments during the 2015 maize growing season at Yangling, China. The y-axis labels of column 2 are the same as column 1.

than that in the later period, and reached a maximum on 20 July 2014
(31 days after planting), 9 July 2015 (28 days after planting), and 26
June 2016 (17 days after planting) at the 15 cm depth (Fig. 8a). This was
a result of the greater soil heat flux for TPM than for CK in the early
growth stages, and less plastic mulch treatment effect in the middle and
later growth stages. The average temperature differences between the
two treatments generally decreased with increasing soil depth. The 3-yr
average differences at 15, 30, 50, 70, and 100 cm were 2.1,1.7,1.2, 1.0,
and 1.0 °C, respectively.

The revised RZ-SHAW model simulated soil temperature for TPM
better during early growth stages for all three years and overestimated
soil temperature during the later stages. This pattern became more
apparent at deeper soil depths (compare Fig. 7b to 7f). However, RZ-
SHAW underestimated the decline in soil temperature for both CK and
TPM treatments when air temperature decreased (for example, see the
large air temperature drops on 5 August 2014, 5 August 2015, and 15
July 2015 in Fig. 7), especially at 70 and 100 cm depths. The simulated
3-yr average soil temperatures for TPM and CK were 27.9 and 25.2 °C at
15 cm, 27.4 and 24.9 °C at 30 cm, 26.9 and 24.6 °C at 50 cm, 26.5 and
24.3 °C at 70 cm, and 26.1 and 24.1 °C at 100 cm, respectively. There-
fore, the RZ-SHAW model correctly simulated the warming effect of
plastic mulch (Fig. 8) and the pattern of soil temperature decreasing
with increasing soil depth. However, the simulated average soil tem-
peratures for TPM were slightly higher than the observed values in each
soil depth. The observed and simulated 3-yr average soil temperatures
for TPM were 27.4 and 27.9 °C (difference of 0.5 °C) at 15 c¢cm, 27.1 and
27.4 °C (difference of 0.3 °C) at 30 cm, 26.2 and 26.9 °C (difference of
0.7 °C) at 50 cm, 25.0 and 26.5 °C (difference of 1.5 °C) at 70 cm, and
24.1 and 26.1 °C (difference of 2.0 °C) at 100 cm, respectively. The
average RMSE value between simulated and observed soil temperatures
for TPM was 2.3 °C and R? values were greater than 0.70 at most soil
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depths, which indicates that RZ-SHAW acceptably simulated soil tem-
peratures under plastic mulch.

The simulated temperature increase caused by plastic mulch was
similar to observed increases during early growth stages, but the simu-
lated increase was greater than observed during the middle and later
periods (Fig. 8). The 3-yr average simulated increases were 2.7, 2.5, 2.3,
2.2and 2.0 °C at the 15, 30, 50, 70, and 100 cm soil depths, respectively,
with a mean value was 2.3 °C over the entire 100-cm profile. The 3-yr
average observed soil temperature increases were 2.1, 1.7, 1.2, 1.0
and 1.0 °C at 15, 30, 50, 70, and 100 cm, respectively, with a mean
value was 1.4 °C for the soil profile. The decreased effectiveness in
warming of the observed temperatures at depth may be due to the edge
effects of the plot. The revised RZ-SHAW model, therefore, was able to
capture the warming effect of the TPM treatment particularly at the
surface but did overestimate the warming effect by a mean value of
0.9 °C. Greater simulated soil temperature differences between the
treatments than observed during the later period is probably due to
overestimating G under plastic mulch conditions.

4.4. Simulated effects of plastic mulch on evapotranspiration

Plastic mulch affects the actual evaporation (AE) by reducing po-
tential evaporation (PE). Because the plastic mulch provides a physical
barrier to water vapor transfer (Eqn.[23]), simulated daily PE with the
TPM treatment was lower than for CK during the entire growing period
in all three years (Fig. 9a). Simulated PE differences between CK and
TPM occurred in the early growth stages due to the greater canopy
coverage in the later growth stages, resulting in less radiation pene-
trating the maize canopy to the soil surface for evaporating soil water.
Cumulative PE for TPM over the three years was 158,111, and 128 mm,
which was 44%, 56%, and 47% lower than CK (284, 254 and 241 mm).
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Fig. 11. Simulated hourly (a) soil net radiation (soil_Ry), (b) soil net shortwave radiation (soil R), and (c) soil net longwave radiation (soil_R;) for CK vs. TPM

treatments during the 2015 maize growing season at Yangling, China.

Soil water storage was insufficient to meet PE demand, leading to
lower AE than PE for both CK and TPM treatments (Fig. 9a). Simulated
AE of TPM was lower than CK for most of the growing season during all
three years, however, AE of TPM was higher than that of CK when the
surface soil moisture content of CK was lower than that of TPM.
Although there was a high PE capacity with CK during these times, there
was not enough water for evaporation. Cumulative AE for TPM was 86,
66, and 61 mm, which decreased by 28%, 42%, and 31%, respectively,
compared with CK (120, 113 and 88 mm) during the three growing
seasons (2014-2016). Gong et al. (2017) also concluded that plastic
mulch reduced total growing season evaporation compared with no
mulched treatment. Differences in the effect of plastic mulching on AE
over the three years indicate that the plastic mulch’s effects on evapo-
ration vary with soil moisture conditions (affected by rainfall, irrigation,
etc.) and climatic conditions (interannual, regional differences).

There was little difference between potential transpiration (PT) and
actual transpiration (AT) for both treatments (Fig. 9b), indicating that
soil moisture was not a limiting factor for transpiration. The average
daily AT values for TPM were 91%, 94%, and 94% of PT for TPM for
2014, 2015, and 2016, respectively. The corresponding average daily AT
values for CK were 91%, 92%, and 94% of PT for CK. PT for TPM was
nearly identical to that for CK in 2014, and higher than CK in 2015 and
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2016. The PT difference between the two mulch treatments was related
to measured differences in LAIL, with greater LAI in the TPM treatment
resulting in greater PT in 2015 and 2016. Cumulative PT of TPM was
153, 279, and 232 mm, which was 1%, 35%, and 9% greater than
simulated PT of CK (152, 206 and 212 mm) for 2014, 2015, and 2016,
respectively. Similarly, cumulative AT of TPM was 139, 261, and
219 mm, which was 1%, 37%, and 10% greater than CK (138, 190 and
199 mm) in 2014, 2015, and 2016, respectively.

Cumulative AET with TPM was 225, 327, and 280 mm, which was
13% less, 8% greater, and 2% less than the cumulative AET with CK
(258, 303 and 287 mm) for 2014, 2015, and 2016, respectively (Fig. 9c).
Gong et al. (2017) and Fan et al. (2017) reported that plastic mulch
decreased AET due to the shortened growth period, while Wu et al.
(2017) reported that plastic mulch increased AET due to better soil
water conditions and improved maize growth. Their results indicated
that the higher AET values for TPM compared to CK were reasonable.

Many production systems in China use plastic mulch to reduce
evaporation, and it has been proven to be effective (Gong et al., 2017;
Zhang et al., 2018b). Simulations with the RZ-SHAW model can better
reflect the decrease in soil evaporation that occurs with the use of plastic
mulch. Both the simulated evaporation rate and the seasonal evapora-
tion total were seen to be lower with the plastic mulch treatment than



X. Chu et al.

CK

Agricultural Water Management 269 (2022) 107666

— TPM

(e)

200 - (Y (h)
"“E 100 -
g

O 0- .

_] OO L T 1 T 1 T - T T T T T

\> A A A A\ A \d \> \>

o o\ o o o 0 0 o PN o\
Qb\QS\ Q’\\Q‘J\ Q%\QS\ QQ\Q‘)\ \Q\Q‘J\ Qb\Q‘)\ Q’\\Qs\ Q‘E\Q‘)\ QQ\Q‘J\ \Q\QS\
Date (mm/dd/yyyy) Date (mm/dd/yyyy)

Fig. 12. The simulated energy components including net radiation (R,), sensible heat flux (H), latent heat flux (L ET), and soil heat flux (G) for TPM and CK

treatments during the 2015 maize growing season at Yangling, China.

with the non-mulched treatment during the three years (Fig. 9). How-
ever, some studies have shown that plastic mulch can improve LAI and
increase transpiration (Zhang et al., 2018b). Thus, total seasonal ET may
be larger or smaller with plastic mulch compared to that without mulch
depending on the reduction in surface evaporation and the change in the
fraction of total ET that is transpiration. In this study, the simulated
seasonal transpiration with plastic mulch was similar (2014) or larger
(2015 and 2016) than with the CK treatment, which was commensurate
with measured LAI and soil water content conditions in all three years of
the study. Some previous studies have shown that plastic mulch can
reduce total evapotranspiration compared with a non-mulched treat-
ment (Gong et al., 2017; Li et al., 2018; Zhang et al., 2018b). The reasons
for that result were either that plastic mulch can accelerate the growth
process and shorten the growth period, or that evaporation reduction is
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greater than transpiration increase. However, some studies have shown
that evapotranspiration with plastic mulch was greater than with
non-mulched conditions (Chen et al., 2015; Li et al., 2013a). These
different results among previous studies may be caused by local differ-
ences in precipitation timing and amount during the growing season.

4.5. Simulated effects of plastic mulch on surface energy fluxes

Plastic mulch can increase substrate albedo, resulting in less simu-
lated shortwave and longwave radiation being received by the soil
surface under TPM treatment than under CK (Fig. 10c, f), which agrees
with results of Chung and Horton (1987), Li et al. (2016), and Liakatas
et al. (1986). Simulated soil R,, for TPM was about 78% of R,, for CK over
the growing season (Fig. 11a), which is similar to the measured 80% as



X. Chu et al.
700
1 @
6001 y=1.0x-3.51
500 R2=].O
q p<0.01
g
400 A
g
°f| 300 - o
2 200 -
~
100
=== 1:1line
01 regression line
0 100 200 300 400 500 600 70
CK R, (Wm )
500 R4
(c)
yf'l.15x-4.76
o 4007 R7=0.92
g p<0.01
% 300
[—1
m
>
= 200 -
2
= »
100
0

1 T I I
200 300 400 500

CK_LVET (Wm )

1
0 100

Agricultural Water Management 269 (2022) 107666

(b)
y=0.7x-0.55

-100 0

100 200 300 400 500 60
CK H(Wm %)
//
2004 (D R4
y=1.22x+1.3 v
1504 R*=0.93
t‘\lﬁ p<0.01
=
= 100 A
O' 50 H
=
3
O_.
=50
=50 0 50 100 150 200
CK_G(Wm )

Fig. 13. Simulated hourly (a) total net radiation (R,,), (b) total sensible heat flux (H), (c) total latent heat flux (LyET), and (d) total soil heat flux (G) for CK vs. TPM

treatments during the 2015 maize growing season at Yangling, China.

reported by Li et al. (2016) for plastic mulching in a cotton field.
Simulated soil Rg for TPM was about 75% of R; for CK (Fig. 11b), which
is lower than the value of 84% measured by Li et al. (2016). Li et al.
(2016) reported that measured soil Rj under plastic mulch were nearly
the same as CK. In contrast, our simulated values of soil R; for TPM were
about 30% of R) for CK (Fig. 11c), suggesting that the model may have
underestimated the soil R; for TPM. However, since soil R; was small,
this underestimation of soil Rj under plastic mulch should not have a big
impact on soil R;, (Fig. 11a). The difference in soil R, between TPM and
CK treatments decreased as LAI and canopy coverage increased because
more radiation was intercepted by the canopy so differences in substrate
albedo were less influential.

For the canopy-plastic-soil system, plastic mulch reduced simulated
net radiation in the soil layer, but it also absorbed shortwave radiation
(Fig. 10b) and emitted longwave radiation (Fig. 10e). Meanwhile, the
denser maize canopy for TPM compared to CK intercepted more short-
wave radiation (Fig. 10a). Overall, the slightly lower total seasonal Ry
received by TPM (101 W m™2) compared to CK (104 W m~2) agrees
with other previously reported results (Fan et al., 2017; Li et al., 2016).
The slope of the regression between total Ry, in the CK and TPM treat-
ments was 1.0 (Fig. 13a), which compares with a smaller regression
slope (0.9) between R;, in a maize field with and without plastic mulch
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reported by Fan et al. (2017) and Zhang et al. (2018b). We suspect,
therefore, that this means RZ-SHAW may overestimate the total R;
differences between CK and TPM.

Simulated sensible heat (H) for TPM was lower than for CK (Fig. 12b,
f), especially before canopy closure which occurred on 15 August. H
between substrate beneath the plastic and the atmosphere first passes
through the layer of still air beneath the plastic by molecular diffusion
and is then transmitted above the plastic by turbulent transfer processes.
The plastic mulch acts as a barrier to the direct turbulent exchange of the
heated air under the mulch with air above it. The molecular diffusion
coefficient is much smaller than the turbulent diffusion coefficient
during energy transfer, so the sensible heat exchange of the soil under
the plastic mulch is inhibited. RZ-SHAW was able to simulate this barrier
effect, and the slope of the regression between H for CK and TPM was 0.7
(Fig. 13b), indicating that H for TPM was about 70% of CK during the
entire growing season.

L\ET for both CK and TPM treatments showed typical seasonal
variation, increasing from June to August and then decreasing slowly to
harvest (Fig. 12c, g), in response to LAL This result is likely because the
LET for TPM mainly comes from plant transpiration. In the early
growing stages from sowing to mid-July when plant transpiration is low,
the barrier effect of the plastic mulch on evaporation leads to a lower
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LyET under TPM than under CK. When the maize canopy was completely
closed, the contribution of evaporation to LyET was reduced, and the
effect of plastic mulch on L ET was lessened. Therefore, the difference in
L,ET between CK and TPM became less obvious during later growth
stages. The average L ET for TPM during the entire growing season was
74 W m’z, which is higher than for CK (69 W m’z), and Fig. 13c shows
that L ET for TPM was about 115% of L ET for CK in 2015.

Simulated soil heat flux (G) under TPM was higher than under CK
during the growing season, especially in the early part of the growing
season (Fig. 12d, h), which agrees with the results of Fan et al. (2017).
The average G for TPM was 4.0 W m~2 with a standard deviation of
56.3 W m 2, while the average G for CK was 2.2 W m~2 with a standard
deviation of 44.6 W m™2, which means that the plastic mulch increased
soil heat flux into deeper soil layers. The slope of the regression between
G for CK and TPM treatments was 1.22 (Fig. 13d), indicating that G for
TPM was about 122% of G for CK over the entire growing season.
Accumulated G (positive and negative values will offset) for TPM and CK
during the growing season was 12.2 KJ m 2 and 6.7 KJ m™2, respec-
tively. However, accumulated G before 15 August for TPM and CK were
18.0 KJ m~2 and 12.3 KJ m 2 and were — 5.9 MJ m~2 and — 5.7 MJ
m ™2, respectively, after 15 August. These results indicate that the soil
mainly receives heat before canopy closure, and mainly releases heat
after canopy closure. Also, the increased G for TPM compared with CK
was mainly due to the greater amount of heat received during the early
growth stages, as G was not much different between the two treatments
in the later growth stages after canopy closure.

5. Conclusions

The modified RZ-SHAW model produced reasonable simulation
trends for soil water, soil temperature, evapotranspiration, and energy
fluxes for the plastic mulch treatment from 2014-2016. Plastic mulch
increased soil temperature about 1.0-2.1 °C in 0-100 cm, especially in
surface soil layer during early growing season. The model was able to
mimic the increased soil temperatures under the mulch treatment
compared to the non-mulched treatment. Very little difference in water
content was found between the treatments for either the simulated or
measured values. Based on comparisons between simulated and
observed values, the model was able to adequately simulate soil water
content under plastic mulch at different soil depths during the three
years of the study, with a mean Root Mean Square Error (RMSE) value of
0.024 cm® em ™2 in all soil layers. The model did however simulate the
reduced evaporation due to mulch and the consequent transpiration
increase, although measurements are not available to confirm this model
observation. When simulating the use of plastic mulch, the model may
overestimate R, and G and underestimate H and LyET, resulting in an
overestimation of soil temperature.

The current modified RZ-SHAW model can be used as a decision tool
for irrigation water management and automatic irrigation under plastic
mulch, plastic cover ratio adjustment, optimize the parameters of the
mulching film, and even explore the feasibility of maize planting in areas
limited by cold temperatures.
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