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Abstract Based on our previous work modeling crop
growth (CropSPAC) and water and heat transfer in the soil-
plant-atmosphere continuum (SPAC), the model was
improved by considering the effect of plastic film
mulching applied to field-grown maize in North-west
China. In CropSPAC, a single layer canopy model and a
multi-layer soil model were adopted to simulate the energy
partition between the canopy and water and heat transfer in
the soil, respectively. The maize growth module included
photosynthesis, growth stage calculation, biomass accu-
mulation, and participation. The CropSPAC model
coupled the maize growth module and SPAC water and
heat transfer module through leaf area index (LAI), plant
height and soil moisture condition in the root zone. The
LAI and plant height were calculated from the maize
growth module and used as input for the SPAC water and
heat transfer module, and the SPAC module output for soil
water stress conditions used as an input for maize growth
module. We used rs, the representation of evaporation
resistance, instead of the commonly used evaporation
resistance rs0 to reflect the change of latent heat flux of soil
evaporation under film mulching as well as the induced
change in energy partition. The model was tested in a
maize field at Yingke irrigation area in North-west China.
Results showed reasonable agreement between the simula-
tions and measurements of LAI, above-ground biomass
and soil water content. Compared with the original model,
the modified model was more reliable for maize growth
simulation under film mulching and showed better
accuracy for the LAI (with the coefficient of determination
R2 = 0.92, the root mean square of error RMSE = 1.23, and
the Nush-Suttclife efficiency Ens = 0.87), the above-ground
biomass (with R2 = 0.96, RMSE = 7.17 t$ha–1 and Ens =
0.95) and the soil water content in 0–1 m soil layer (with R2

= 0.78, RMSE = 49.44 mm and Ens = 0.26). Scenarios were
considered to simulate the influence of future climate
change and film mulching on crop growth, soil water and
heat conditions, and crop yield. The simulations indicated
that the change of LAI, leaf biomass and yield are
negatively correlated with temperature change, but the
growing degree-days, evaporation, soil water content and
soil temperature are positively correlated with temperature
change. With an increase in the ratio of film mulching area,
the evaporation will decrease, while the impact of film
mulching on crop transpiration is not significant. In
general, film mulching is effective in saving water,
preserving soil moisture, increasing soil surface tempera-
ture, shortening the potential growth period, and increasing
the potential yield of maize.

Keywords film mulching, growth stage, leaf area index,
maize growth, water and heat transfer

1 Introduction

Philip[1] proposed the concept of the soil-plant-atmosphere
continuum (SPAC), in which the movement of water is a
continuous process. The driving force of water movement
can be described by a unified concept of water potential,
which better solves the problem of coupling between the
changes of underlying surface temperature, humidity and
evapotranspiration (ET). In recent decades, various
modules have been developed in the SPAC, including
the first root water absorption function, which was used to
describe the process of root water uptake[2,3] and the
effective root density and soil solute transport model which
simulated soil and root interaction procedures in a physical
method avoiding empirical descriptions of root water
uptake[4,5]. Many improved models have been developed
on this basis[6–9]. For water transfer in the SPAC, the
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resistance included is the resistance between soil and root,
and the resistance between plant and atmosphere. Thom[10]

advanced the wind speed profile function by field
experiment. Later, Bailey and Davies[11] calculated the
boundary layer resistance of the momentum transmission
and de Vries[12] and Jarvis[13] gave the expression function
of the stomatal resistance.
For the water and heat transfer at the land atmosphere

interface, generally there are three methods including a big
leaf model[14], single layer model[15] and multi-layer
model[16] to simulate the canopy moisture transfer and
energy distribution. Of these, the big leaf model was the
simplest one as it ignored the moisture and temperature
differences between canopy and soil surface. Since it
grouped ET together, it was unable to distinguish the
evaporation and transpiration, and failed to be used for
improving water use efficiency (WUE) in agriculture. The
multi-layer model divided the canopy into several layers,
which depicted in detail the vertical temperature and
humidity differences inside the canopy. However, there
were many parameters required and the calculations were
complicated, which restricted its usage mainly for forests.
Generally, for short and evenly distributed crop canopies, a
single layer model which can differentiate the soil
evaporation and crop transpiration would be more suitable
for the analysis of highly efficient irrigation water use.
A crop model is a computer program designed to

simulate the dynamic processes of crop growth, develop-
ment and yield[17,18]. Many models have been used for the
maize production systems, such as CERES-Maize[19,20],
APSIM-Maize[21], Hybrid-Maize[22], WOFOST[23] and
AquaCrop models[24]. Those crop models were widely
used to simulate crop growth. However, they tend to
simplify the water and heat transfer in the SPAC, which
may cause errors for deficit irrigation or field mulching.
Therefore, in arid and semi-arid areas of North-west China,
the models need to be further tested as plastic film
mulching is widely used in order to save valuable water
resources[25,26].
A new model (CropSPAC) which couples the simulation

of winter wheat growth and water and-heat transfer in the
SPAC was recently proposed[27]. In this model, the SPAC
was divided into three levels, including the soil layer, the
crop canopy and the atmosphere at a certain reference
height. The crop canopy was treated as a single layer, i.e.,
assuming that the air temperature, humidity and leaf
temperature in the crop canopy are homogeneous.
Compared with previous crop models, the CropSPAC
model considers both the crop growth and the water and
heat transfer in the SPAC, especially under deficit
irrigation. Crop growth and soil water transfer interactive
processes in the CropSPAC model, which describes the
change of canopy temperature and humidity, the process of
crop leaf area index (LAI) and height change, soil water
and heat transfer and root growth status.

Based on this CropSPAC model, here we extended its
application to maize and consider the influence of film
mulching on the decrease in soil evaporation and the
induced change of surface energy partitioning. In addition,
the improved model can simulate maize growth, including
the photosynthesis, biomass accumulation, LAI, leaf
temperature, yield and the growth stages of maize. The
improved model was calibrated and validated on a field site
with a maize crop in the middle reaches of the Heihe River
Basin of China, and was applied to investigate the
influence of climate change and local farming management
on crop yield and WUE.

2 Model description

2.1 Main modification to the CropSPAC model

The existing CropSPAC model was developed and tested
for winter wheat. Here we focus on maize, another main
cereal, which has different growth period. We used
growing degree-days to describe the biological processes
and considered the quantitative development of thermal
effects, photoperiod effects, genetic effects and their
relationships to physiological development time scale.
However, for cold season crops such as winter wheat, it is
necessary to consider the vernalization and thermal
sensitivity on the development of wheat growth. Therefore,
the module was modified in order to extend the model for
maize growth and this is described in Section 2.2.
The heat exchange between the soil system and the

external environment included solar radiation, reflected
radiation from the ground, sensible heat exchange and
latent heat exchange by water-vapor transfer and other
processes. Mulching has an effect on heat absorption and
heat release by the soil system. The water and heat transfer
in the atmosphere-canopy-mulching-soil in the SPAC
system of the maize crop in the experimental field was as
shown in Fig. 1. Film mulching modified the albedo and
the net radiation received by the canopy. Also, it inhibited
the turbulent diffusion of vapor from soil surface and
greatly increased the evaporation resistance and decreased
the soil evaporation, which further modified the energy
partitioning and the soil water and heat condition in the
soil. Details are given in Section 2.4.

2.2 Description of the maize growth module

2.2.1 Growing degree-days

Heat units, expressed in growing degree-days (GDD,
°C$d–1), are frequently used to describe the timing of
biological processes[28]. The GDD is commonly calculated
by,
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GDD¼
0,                                                            ðTmax < TbÞ
To – Tb, ðTo < TminÞ
ðTmax þ TminÞ=2 – Tb, ðTb£Tmax,Tmin£ToÞ

8><
>:

(1)

where To is the optimum temperature, Tb is the base
temperature, and Tmax and Tmin are daily maximum and
minimum air temperature, respectively.
However, if Tmax and Tmin do not meet the above

conditions, the effect of diurnal temperature difference on
crop development need to be considered. This means we
need to consider the effects of the diurnal temperature
variation on the crop. The following equations[28,29] can be
used,

TfacðiÞ ¼ sinð3:14=12� iÞ=2 (2)

TðiÞ ¼ ðTmax þ TminÞ=2þ TfacðiÞ � ðTmax – TminÞ (3)

TðiÞ ¼
Tb, ðTðiÞ£ Tb, TðiÞ > TmÞ
To, ðTo£TðiÞ£ TmÞ
TðiÞ, ðTb£TðiÞ£ ToÞ

8><
>:

(4)

GDD ¼
X

ðTðiÞ – TbÞ=24 (5)

SUMGDD ¼
X

GDD (6)

where Tfac(i) (i = 1,2,...,24) is the temperature change

factors at each time period, T(i) is its corresponding
temperature, Tm is the highest temperature in the phase of
crop growth and SUMGDD is the sum of GDD at each
stage.

2.2.2 Growth stages of maize

We divided maize growth stages into seven stages
according to their genetic characteristics and environmen-
tal factors. We considered the quantitative development of
thermal effects, photoperiod effects and genetic effects,
and established a unified physiological development time
scale. The stages of maize are as follows[29].
Stage 1 (the stage from sowing to seedling emergence)
The GDD of this stage mainly depends on the thermal

effect of the soil. GDD1 is calculated by the cumulative
growing degree-days, which can be expressed as,

GDD1 ¼ 45þ DTTE� SDEPTH (7)

where DTTE is the cumulative growing degree-days for
emergence at each soil depth required, and SDEPTH is the
sowing depth of maize. In the process of model simulation,
when SUMGDD≥GDD1, it will enter the next growth
stage.
Stage 2 (seedling stage)
This stage is from seedling emergence to the end of the

seedling stage. The GDD is calculated by P1 (Table 1).
Stage 3 (from the end of seedling stage to the beginning

of the elongating stage)
Stage3 is mainly influenced by the length of the day. It is

determined by the total photoperiod induction rate.

RATEIN ¼
1=ðDJTIþ P2� ðDLEN –P20ÞÞ, DLEN > P20

1=DJTI, DLEN£P20

(
(8)

SIND ¼
X

RATEIN (9)

where DLEN is the actual duration of sunshine in hours,
P20 is critical day length of maize, and P2 is the increase in

the number of days required for duration of sunshine
exceeding the critical value for 1 h. DJTI is the minimum
growth days required for this growth stage to be
independent of photoperiod. SIND is the rate of

Fig. 1 Diagram of water and heat transfer in CropSPAC (maize growth) under film mulching
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cumulative photoperiod induction for this stage, when its
value reaches one, this growth stage ends.
Stage 4 (elongating stage)
This stage is from elongating to silking, described as

TLNO ¼ CUMDTT=ðPHINT� 0:5Þ þ 5 (10)

P3 ¼ ððTLNOþ 0:5Þ � PHINTÞ–CUMDTT (11)

where TLNO is the total number of leaves, CUMDTT is
the cumulative growing degree-days of Stages 2 and 3,
PHINT is the leaf interval, and P3 is the GDD of Stage 4.
Stage 5 (tasseling stage)
This stage is from silking stage to the effective grouting

period. The cumulative growing degree-days is calculated
by DSGFT (Table 1).
Stage 6 (grouting stage)
The controlling factor for the effective grouting period is

the temperature, described as

SUMDTT³P5� 0:95 (12)

where SUMDTT is the cumulative photoperiod induction
for this stage. When the above formula is met, this phase
ends. P5 is the GDD of Stage 6.
Stage 7 (maturing stage)
This stage is from the end of the effective grouting stage

to the pre-harvest period.
When the cumulative GDD of Stages 5–7 reaches P5,

the simulation of the whole maize development stage is
complete. Stage 7 is the stage of maturity. Parameters used
in the growth stages of maize are summarized in
Table 1[29].

2.2.3 Canopy photosynthesis

2.2.3.1 Leaf photosynthesis

In CropSPAC, the daily potential leaf photosynthesis is

calculated with the exponential model described by
Thornley[30], and further modified by Collatz et al.[31],

FG ¼ Pmax � ðε� ILÞ=ðε� IL þ PmaxÞ (13)

Pmax ¼ P0
max � fCO2

� fT (14)

where FG is the photosynthetic rate of leaves in kg$ha–1$h–1

CO2, Pmax is the maximum rate of leaf photosynthesis,
with value 40 kg$ha–1$h–1 CO2, ε is the initial slope of
photosynthetic light response in (kg$ha–1$h–1)/(J$m–2$s–1)
CO2, IL is the photosynthetic active radiation intensity at
depth L of crop canopy in J$m–2$s–1, and P 0

max is the
photosynthetic rate of a single leaf, taking into account
factors of temperature and CO2 concentration, in J$m

–2$s–1.

2.2.3.2 Scaling up from leaf to canopy

The calculation formula of canopy stratification is,

LGUSS½i� ¼ DIS½i� � LAI ði ¼ 1,2,3,4,5Þ (15)

where LGUSS[i] is the canopy depth in Gauss stratified,
LAI is the leaf area index, and DIS[i] is the distance
coefficient of Gauss’s five-point integral method.
Photosynthetically active radiation absorbed by each

layer of canopy IL[i,j] (J$m
–2$s–1) is,

IL½i,j� ¼ ð1 – �½j�Þ � PARCAN� κ � e – κ�LGUSS½i� (16)

Photosynthesis rate at each layer of the canopy FG[i,j]
(kg$ha–1$h–1 CO2) is,

FG½i,j� ¼ PLMX� ½1 – eð–ε�IL½i,j�=PLMX� (17)

Instantaneous photosynthetic rate of canopy FG[j]
(kg$ha–1$h–1 CO2) is,

FG½j� ¼
X5
i¼1

FG½i,j� �WT½i�
 !

� LAI (18)

Table 1 Parameters used in the maize growth stages

Parameter Description Value range Value Unit

Tb Base temperature of maize growth – 8 °C

To Optimum temperature of maize growth – 34 °C

Tm Maximum temperature of maize growth – 44 °C

GDD Growing degree-days – 6 °C$d–1$cm–1

P1 GDD of Stage 2 5–450 352 °C$d–1

P20 Critical day length of maize – 12.5 h

P2 Days with increased hours of sunshine 0–2 0.796 d$h–1

DJTI GDD of Stage 3 – 4 d

PHINT Leaf interval – 75 °C$d–1

DSGFT GDD of Stage 5 – 170 °C$d–1

P5 GDD of Stage 6 580–999 600 °C$d–1

α The ratio of film mulching area 0–1 0.7 –
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The daily canopy photosynthesis amount DTGA
(kg$ha–1$h–1 CO2),

DTGA ¼
X3
j¼1

FG½j� �WT½j�
 !

� DL (19)

Equations (18)–(22) are applied to calculate canopy
photosynthesis by Gauss integration.

Ac ¼ DTGA�minðfW ,fN Þ (20)

where the value Ac is the actual daily total assimilation, fW
is the water influence factor, and fN is the nitrogen
influence factor.
The temperature response function is expressed as,

fT ¼ 1 – TC � ðTday – ToÞ2 (21)

where Tc is a parameter on temperature, Tday is the daily
average temperature, and To is the optimal temperature
(°C) for photosynthesis.
CO2 concentration response function is expressed as,

fCO2
¼ 1þ βlnðCx=C0Þ (22)

where fCO2
is the effect factor of ambient CO2 concentra-

tion on photosynthetic rate, Cx is the CO2 concentration,
ppm, C0 is the reference CO2 concentration (usually
380 ppm), and β is the empirical coefficient.
The water content response function is expressed as,

fw ¼ Tai
Tpi

� ��

(23)

where Tai is the actual transpiration for day i, Tpi is the
potential transpiration for day i, and σ is the water deficit
sensitivity parameter.
The N response function is expressed as,

fN ¼ Nc –Nmin

Nopt –Nmin
(24)

where Nc is the leaf N concentration, Nopt is the leaf N
concentration at which the effect on photosynthesis is
unity, and Nmin is the leaf N concentration at which the
photosynthesis ceases. The response function to phos-
phorus has the same equation but with the parameters for P
and leaf P concentration.

2.2.3.3 Crop respiration

Crop respiration is divided into two parts, i.e., growth
respiration and maintenance respiration[32]. Maintenance
respiration is estimated with Q10 (temperature coefficient)
expression,

RM ¼ RmðToÞ � Ac � Q
ðTmean – TdayÞ=10
10 (25)

where RM is the maintenance respiration, Rm (To) is the

coefficient of sustained respiration at To, Q10 is the
temperature coefficient, and To is the optimal temperature
(°C) for respiration.
Crop growth respiration is estimated with the equation

proposed by Iersel and Seymour[33],

RG ¼ Rg � ðFDGA–RMÞ (26)

where RG is growth respiration, and Rg is the growth
respiration coefficient.

2.2.3.4 Dry biomass accumulation

CropSPAC model of canopy net assimilation rate is
calculated as,

PND ¼ Ac –RM –RG (27)

Daily dry biomass of maize is calculated as,

TDRW ¼ � � 0:95� PND=ð1 – 0:05Þ (28)

� ¼ ðCH2OÞ
ðCO2Þ

¼ 30

44
¼ 0:682 (29)

Wday,t ¼ Wday,t – 1 þ TDRW (30)

where TDRW is the dry biomass of maize, � is the
conversion coefficients between CO2 and organic com-
pounds, and Wday is the accumulation of dry matter.

2.2.3.5 Biomass partition

Generally, living plants are virtually divided into four
components, i.e., leaf, stem, seed and root. Dead materials
from the living components contribute to the above ground
litter pool and root litter pool. Living leaves absorb
atmospheric CO2 by the photosynthetic process. Carbon
then flows from leaves to stems and roots. Nutrients
absorbed by roots are allocated to living leaves and stems.
During the reproductive phase, C, N and P from leaves and
stems retranslocated to seeds. Here the assimilate distribu-
tion of each component is given by

fiðtÞ ¼
Wiðt þ 1Þ–WiðtÞ

TDRW
(31)

where fiðtÞ is the allocation coefficient of each component,
with i = 1, 2 and 3 representing stem, leaf and grain
respectively, andWiðtÞ is the dry matter of i component on
day t.
The maize distribution coefficient calculation is

expressed as,

DVS ¼

Xn
i¼1

DTTi

TSDTT
(32)
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fds ¼
0:47,

0:372þ 0:56DVS,

1,

DVS < 0:3

0:3£DVS < 0:8

DVS³0:8

8><
>: (33)

where DVS is crop development index after emergence to
maturity, DTTi is the effective accumulated temperature of
i days after emergence, TSDTT is the cumulative effective
temperature required from emergence to silking stage,
CSDTT is the cumulative effective temperature required
from silking stage to maturity period, and fds is the
distribution coefficient of dry matter to the underground
parts of maize.
The distribution coefficient of each component is

described as follows,

f1 ¼

0:7, DVS < 0:8

8

7
DVS –

1

7
, 0:8£DVS < 1

1 –
DVS – 1

1:26 – 1
, 1£DVS < 1:26

0, DVS³1:26

8>>>>>><
>>>>>>:

(34)

f2 ¼
0:3, DVS < 0:8

–
8

7
þ 8

7
DVS,         0:8£DVS < 1

0, DVS³1

8>><
>>: (35)

f3 ¼
0,                      DVS < 1

DVS – 1

1:26 – 1
,         1£DVS < 1:26

1,                     DVS³1:26

8>><
>>: (36)

ΔWiðtÞ ¼ TDRW� fiðtÞ (37)

And each component is expressed as,

Wleaf ,t ¼ Wleaf ,t–1 þ ΔWiðtÞ, i ¼ 1 (38)

Wstem,t ¼ Wstem,t – 1 þ ΔWiðtÞ, i ¼ 2 (39)

Wzl,t ¼ Wzl,t – 1 þ ΔWiðtÞ, i ¼ 3 (40)

whereWleaf is the leaf dry matter accumulation,Wstem is the
stem dry matter accumulation, and Wzl is the grain dry
matter accumulation.

2.2.3.6 Crop biomass yield formation

Crop models are useful tools for estimating crop growth
and yield. For the purpose of yield prediction, predecessors
have constructed the function of yield and its influencing
factors, including constructing the relationship between
dynamics of dry matter accumulation and grain yield (e.g.,

CERES model) and the relationship function between crop
yield and water production response (e.g., AquaCrop) to
simulate yield.
The photosynthetic products of maize are mainly

distributed to root, leaf, stem and seed, and the percentage
of each distributed part depends on the development phase
of maize. Previous studies estimated that the dry matter
accumulation of stem and leaf accounts for about one-third
of the total photosynthetic yield at the early stage of silking
while the other two-thirds came from the accumulation of
dry matter from photosynthesis after silking[34].

YIELD ¼ ðYBS� KBSþ YAS� KASÞ � ð1þ δÞ
(41)

KBS ¼ 1=3� HI� ð1þ αÞ (42)

KAS ¼ 2=3� HI� 1þ 1

α

� �
(43)

α ¼ YAS

YBS
(44)

where YBS is the net dry matter by photosynthetic before
the silking stage, KBS is the transfer rate of dry matter
from stem and leaf to grain before the silking stage, YAS is
the net dry matter by photosynthetic after the silking stage,
KAS is the transfer rate of dry matter accumulation in grain
after the silking stage, δ is the water content of grain, α is
the ratio of dry matter weight by net photosynthesis before
and after silking, and HI is the harvest index.

2.2.3.7 Leaf area index

LAI is was calculated by the allocation coefficient method
as,

ΔLAI ¼ ΔW2

Z
(45)

Z ¼ 19:821þ 0:0786T – 0:00002T2 (46)

LAIi ¼ LAIi – 1ð1 –DRÞ þ ΔLAI (47)

DR ¼ 0:0002e5:5PF (48)

PF ¼ SDD

CSDTT
(49)

where ΔLAI is the variation of LAI, ΔW2 is the
transformation of leaf weight, Z is the density of specific
leaf area, DR is the leaf mortality rate, and SDD is the
cumulative effective temperature required after silking
stage.
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2.2.3.8 Plant height

Plant height was affected by the daily dry biomass
accumulation of maize[35]. Maize height was described
by an empirical formula as,

h ¼ 47:273� lnðWds,tÞ – 260:42 (50)

where h is maize height, and Wds,t is the accumulation of
dry matter on t day.

2.3 Influence of film mulching on the SPAC water and heat
transfer

Although the evaporation rate with film mulching is much
lower than that from bare soils, the evaporation process
from the soil surface is not negligible, especially over the
long-term. Evaporation from bare soil depends on a
combination of micrometeorological factors and soil
properties. Film mulching mainly influences the soil
surface albedo and vapor exchange between the soil
surface and canopy. As a result, both the net radiation and
the energy partitioning in the canopy, e.g., latent heat and
sensible heat and heat flux are modified by the film
mulching[36].
The soil surface evaporation with film mulching, LEs,

decreased dramatically compared with soil evaporation
without mulching LEs0, and is here assumed to be a linear
relationship with the ratio of film mulching area (α).
Therefore, the latent heat of soil evaporation under film
mulching can be calculated based on LEs0, the latent heat
of soil evaporation without film mulching,

LEs ¼ ð1 – αÞLEs0   with   LEs0 ¼
�Cpðe1 – ebÞ
γðrsb þ rs0Þ

(52)

For the convenience of model calculation (and consis-
tency with the formula of the previous model simulation),
the form of LEs was modified as,

LEs ¼
�Cpðe1 – ebÞ
γðrsb þ rsÞ

(53)

where r is air density, Cp is the specific heat capacity at
constant pressure, γ is the hygrometeric constant, e1 is the
water vapor pressure on the soil surface, and eb is water
vapor pressure of crop canopy.
The soil surface resistance for water vapor transfer is

correlated with the length of the soil diffusion pathway[37],
although film mulching changes the length of this pathway.
It is assumed that the vapor exchange between the soil
surface and mulching is uniform over a relatively short
distance under film mulching.
Therefore, the equivalent soil evaporation resistance

with film mulching rs can be expressed as,

rs ¼
αrsb
1�α

þ rs0
1 – α

(51)

where rsb is the aerodynamic resistance determined by the
wind speed profile (details are shown in CropSPAC
model[27]), and rs0 is the evaporation resistance of soil
surface without film mulching, which is related to soil
water content near the soil surface layer (as described in
CropSPAC model[27]).
In this case, the model with film mulching could be

simulated with the previous model flowchart as shown in
Yang et al.[27], by modification of soil evaporation
resistance in the input data.

2.4 The operation of the improved model

The improved model consists of two main modules, the
first portion involves maize growth modules which
includes photosynthesis, growth stage calculation and
biomass accumulation. The second module is to simulate
soil water and heat transfer and the energy distribution in
the SPAC during crop growth based on the process of soil
water stress.
The model presented here requires input data containing

initial water content and temperature along the soil profile,
daily meteorological data, soil hydraulic properties and
heat transfer parameters, and crop growth information. As
a result, the model output includes LAI, above-ground
biomass, soil water content and soil temperature. The
objective of developing this model was to predict WUE
under the climate change and to provide reasonable
agricultural irrigation management measures.

2.5 Statistics

The performance of the measured and simulated results
using the improved model were compared by evaluating
the coefficient of determination (R2), the root mean square
of error (RMSE) of the linear regressions and Nush-
Suttclife efficiency (Ens) between the measured and the
simulated values of LAI, and above-ground biomass.

R2 ¼

XN
i¼1

（Si – SÞðOi –OÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
i¼1

ðSi – SÞ2
XN
i¼1

ðOi –OÞ2
s
2
66664

3
77775

2

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
i¼1

ðSi –OiÞ2
vuut

Ens ¼ 1 –

PN
i¼1

ðOi – SiÞ2

XN
i¼1

ðOi –OÞ2
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where N is the number of observations, Si is the simulated
value, and Oi is the measured value

3 Study area and model input

The data to test the CropSPAC model were collected from
a field cropped to maize in 2012. The field experiment was
located at 100°30′ E and 38°55′ N in Yingke irrigation
area, which is located in the middle reaches of the Heihe
River Basin of China. The mean annual temperature is
6.5–7°C, and the minimum temperature is – 28°C, the
highest temperature is 33.5°C. The annual precipitation is
about 125 mm with most occurring in summer.
Daily meteorological data were collected by a weather

station at the experimental site, including air temperature,
air humidity, solar radiation, sunshine hours, atmospheric
pressure and wind speed, as well as the precipitation. Soil
water content was measured to a depth of 160 cm using an
oven drying method. Crop canopy characteristics, such as
LAI, biomass on the ground and yield, were also measured
in the field.
The input for the model included daily meteorological

data (i.e., solar radiation, maximum and minimum air
temperature, relative humidity, irrigation and precipita-
tion), the physical soil parameters and crop growth, and the
initial soil water content and temperature profile data. All
these experiments were conducted to simulate crop growth
and soil water and heat transfer under related conditions
(e.g., soil water content, soil temperature, evaporation and
transpiration, LAI, above-ground biomass and yield). Soil
water content and soil temperature data at the beginning of
simulation were given by interpolation of soil temperature
and water content profile data of measured values.

4 Comparisons of simulations with
experimental results

The simulations were compared with the experimental
results both for the soil water/heat dynamics and the crop
growth index and yield.

4.1 Soil water content

Mulching formed an impermeable barrier on the soil
surface, for this reason the vertical transfer of soil water by
evaporation was reduced, the horizontal movement of
water (to the uncovered area) and evaporation (through
holes in the film) were enhanced, the evaporation rate of
soil water was reduced and the total evaporation from the
soil layer was reduced[38]. Given that the distance between
the mulch and the soil surface is relatively short, the
horizontal movement of water was ignored and only
vertical evaporation of water through holes in the film was
considered. The comparison of simulated and measured
soil water storage in soil depth 0–1 m during maize
growing period is shown in Fig. 2. These were in
reasonable agreement, showing a sharp increase of soil
water storage after irrigation/precipitation (i.e., irrigation
on 26 May, 22 June, 21 July and 13 August and
precipitation on 27 June) and a gradual decrease (mainly
caused by ET) over time.
The CropSPAC model can appropriately simulate the

change of soil water content in the 0–1 m soil layer
compared to the measured value, with R2 of 0.78, RMSE of
49.44 mm and Ens of 0.26. However, the simulated soil
water storage seemed to be lower than the measured value
at the mature stage. The most likely reason was that we
proposed an empirical formula for stomatal conductance

Fig. 2 Comparison between simulated and measured soil water storage in 0-1 m soil layer
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during the whole growth period of maize that cannot
simulate the changes in stomatal conductance at the
dufferent growth stages. This may be caused by the
decrement of leaf stomatal conductance in the later growth
stage of crops and the increment of canopy total stomatal
resistance (rc), leading to the decrease in the leaf latent heat
(LEv) and the increase in soil latent heat (LEs). As a result,
in the simulation before jointing stage, the simulated value
of stomatal conductance was higher than the measured
value, whereas the simulated value in the mature stage was
lower. Finally, the simulated value of soil moisture in the
early growth stage was higher than the measured value,
while in the later growth stage the simulated value tended
to be lower.
Under film mulching, the vertical distribution of soil

water content was affected by four factors, namely, rainfall,
crop transpiration, infiltration resistance and evaporation
resistance[39]. Figure 3 shows the comparison of simulated
and measured soil water profile at a random date. As soil
water evaporates and condenses into droplets under the
film and then returns to the soil, the soil surface was
replenished with water, result in the measured water
content higher than the simulated value, which is more
obvious for the end of the elongating stage (15 June).

4.2 Soil temperature

Figure 4 shows the simulated processes of daily averaged
soil temperature at four soil depths during maize growth
(note that there is no measured soil temperature data). The
net radiation at the soil surface (Rs) was mainly absorbed
by the soil and was converted to latent heat (LEs), sensible
heat (Hs) and the downward heat flux (G). After mulching,
the soil latent heat exchange was weakened and trended to
zero and then the soil surface sensible heat flux increased,
and the thermal insulation effect of mulching reduced soil

temperature loss significantly. Secondly, mulching reduced
the exchange of water-vapor transfer between soil surface
and outside, thus the loss caused by latent heat exchange
was reduced. Thirdly, because the film and the condensing
droplet on its surface had a greater weakening effect on the
long-wave radiation exchange, the effective radiation of
the soil was reduced at night, and the temperature decline
smaller than before, which has an effect of heat preserva-
tion.
The soil temperature fluctuated more near the soil

surface than at depth. The range of soil temperature at
10 cm was the largest, ranging from 7.4 to 22.5°C.
Meanwhile, the change at 50, 100 and 150 cm was smaller,
and within 10°C. During the whole period of maize
growth, the daily average ground temperature decreased
with soil depth. This is because the soil surface is
significantly influenced by atmosphere temperature[40–42].
From the end of the elongating stage (15 June) to the grain
filling stage (10 August), the soil temperature fluctuated
less than at the earlier and later stages, and the fluctuations
were greater on the soil surface, and were smaller than
expected at 50 and 100 cm.
Figure 5 shows the temperature profiles over several

typical days. The simulated temperature profiles at 8:00,
16:00 and 24:00 are given. The simulation values below
20 cm are identical at different times. The intraday topsoil
temperature varies greatly, with the surface temperature
rising gradually at 8:00, and dropping at about 16:00,
reaching its lowest value at about 8:00 the next day.

4.3 Evaporation and transpiration

Bare soil evaporation is determined solely by microme-
teorological condition (i.e., solar radiation, air temperature
and humidity and wind speed) when the amount of water
available for evaporation at the soil surface is unlimited[43].

Fig. 3 Comparison between simulated and measured soil water content at 10 June (a), 20 June (b), 24 July (c) and 16 August (d)
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Mulching effectively prevented non-beneficial evaporation
of soil water in the early stage of maize growth and created
favorable conditions for water consumption in the late
growth stage. The significance of water-saving under film
mulching lies in restraining vertical evaporation and
turbulent exchange of soil moisture, causing horizontal
transport of moisture, increasing the resistance of moisture
evaporation and inhibiting non-beneficial evaporation of
soil moisture[44]. Simultaneously, film mulching promotes

the effective circulation of water in the SPAC, increases the
water storage of soil tillage layer and improves crop
absorption of water[45].
The simulated daily evaporation, transpiration and

cumulative ET processes during crop growth period are
shown in Fig. 6. Compared with bare soil evaporation,
mulching can control soil evaporation in a maize crop. The
values of soil evaporation range from 0 to 4.25 mm during
the whole maize growth stage and the range gradually

Fig. 4 Daily averaged soil temperature simulated processes at depths of 10 (a), 50 (b), (c) 100 (c) and 150 cm (d)

Fig. 5 Simulated values of soil temperature profiles at different times (8:00, 16:00, 24:00) on 10 May (a), 22 June (b), 21 July (c) and 1
September (d)
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decreases after the jointing stage. This is mainly caused by
the decrease of net radiation reaching the soil surface along
with the increase of canopy coverage. With the increase of
LAI and root water absorption capacity, crops can make
better use of soil moisture[46]. With the development of
roots deeper in the soil, crops can make full use of soil
moisture in the middle and lower soil layers, resulting in a
significant increase in transpiration loss of the crop in the
field[47].
With the increase of LAI and air temperature, crop

transpiration gradually increased and reached its maximum
value in early August. At the mature stage of maize, the
transpiration of the crop decreased rapidly, which was due
mainly to the decrease of crop LAI and the atmosphere
potential evaporation capacity. There was large fluctuation
caused mainly by the variation of daily weather condition
and daily transpiration. The soil evaporation did not vary
concurrently with the transpiration, although both are
influenced by the variation in daily weather conditions.
This is because soil evaporation was controlled by soil
surface moisture conditions. Therefore, after each irriga-
tion, the wet topsoil will increase soil evaporation to some
extent, and then with decrease of soil surface moisture,
evaporation will gradually decrease. The irrigation/pre-
cipitation had no obvious effect on crop transpiration,
which was mainly influenced by root water uptake, i.e., the
soil water conditions in the root zone.

4.4 Leaf area index

Comparisons between measured and simulated LAI in the
whole growth period are shown in Fig. 7. Both increased in
the early growth stage and then decreased after reaching
the maximum value in early August. In general, the
simulated results agree well with the measured ones with
R2 = 0.92, RMSE = 1.23 and Ens = 0.87. The simulation
results are consistent with the CERES-LA model (RMSE =

0.86) and are better than the CERES-Maize model (RMSE
= 1.25)[48]. The CropSPAC model over-predicted LAI
during the tasseling stage (15 July) and grouting stage (30
July). This may be associated with some unusual
environmental conditions (e.g., extreme weather events
and plant disease) caused the slow leaf development in that
period or it may be caused by the inaccurate measurement
method or spatial heterogeneity of crop sampled for data
collection.

4.5 Above-ground biomass and yield

Crop growth and development requires temperature
accumulation which exceeds the basement temperature of
crop growth (Tb) to guide meristem formation and
development[49]. When the meristem is located under-
ground, the rate of maize development is controlled by the
soil temperature till the meristem emerges from the soil
surface at the elongating stage[50]. Mulching increased the
topsoil temperature and water content noticeably, which
accelerated maize development and improved crop
productivity significantly[51]. The simulated and measured
above-ground biomass is shown in Fig. 8. The simulation

Fig. 6 Daily evaporation (E), transpiration (T) and cumulative
evapotranspiration (ET) processes during simulation period for
crop growth

Fig. 7 Comparison between simulated and measured leaf area
index

Fig. 8 Comparison between simulated and measured above-
ground biomass
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results closely matched the measured values (R2 = 0.96,
RMSE = 7.17 t$ha–1 and Ens = 0.95), generally showing a
continuous nonlinear increasing trend during the growing
period. There was a small error between the simulation and
the measurement of biomass in the mature stage, possibly
caused by the measurement error of the yellow leaves
which were not captured in the simulation.
The formation of yield is mainly affected by photo-

synthesis, transpiration and dry matter accumulation. In the
CropSPAC model, the effect of mulching on the yield is
mainly reflected in the effect of mulching on evaporation.
Table 2 shows the comparison of simulated and measured
crop yield. The simulated yield by the crop growth
model is 10.8069 t$ha–1 and the measured of yield is
10.322 t$ha–1, the relative error between the simulated
value and the measured value is 4.70%. Compared with
previous studies this relative error was within a reasonable
range[52,53].

5 Simulation under scenarios of climate
change and different agronomic measures

Over recent decades, climate change has shown signs of
affecting the ecological environment and agricultural
development, thereby threatening global food

security[54–56]. It has been demonstrated that climate
change influences leaf development, canopy production
and plant growth by altering the physiological character-
istics[57,58]. To determine how the climate change,
specifically the temperature variation, will alter the
suitability of crop growth areas, we simulated the
responses of soil water/heat and crop growth to the
changed temperature condition (plus and minus 2°C) using
the modified CropSPAC. Additionally, scenarios were
considered with different ratios of film mulching in order
to determine how this agronomy measure would influence
crop yield.

5.1 Simulation under changed temperature

To reflect climate change, the daily averaged temperature,
daily maximum temperature and daily minimum tempera-
ture were increased and decreased by 2°C, with the other
simulation conditions similar to the experiment of 2012.

5.1.1 Growing degree-days and leaf area index

Although there are sound theoretical reasons which
support the commonly held belief that a larger stimulation
of net CO2 assimilation rates occurs at a higher
temperature, this does not necessarily mean that the
pattern of biomass and yield responses to temperature is
determined by this response[59,60]. Figure 9 shows GDD,
LAI and leaf biomass change under different temperature
simulation conditions, i.e., the original temperature, the

Table 2 Comparison between simulated and measured yield (t$ha–1)

Simulated yield Measured yield Relative error (δ)

10.81 10.32 4.70%

Fig. 9 Simulation of maize developmental stages (a), leaf area index (b), above-ground biomass (c) and leaf biomass (d). T, temperature.
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daily temperature with 2°C increase and with 2°C
decrease. While the GDD was simulated using predicted
weather data for a daily temperature increase of 2°C, the
GDD of maize was shortened by nearly 16 d compared
with the original. With the temperature decrease, the maize
growth was unable to enter the mature period.
The LAI, leaf biomass and crop yields were negatively

correlated with temperature, i.e., LAI, leaf biomass and
crop yields decreased while the temperature increased,
which is consistent with the field studies made by Brown
and Rosenberg[61], who reported that crop yields were
inversely related to temperature and a 3°C rise in mean
annual temperature reduced yield by 2%. Indeed, crop
growth may even be inhibited by temperature, and there
are lots of studies and experiments aimed at understanding
the production gains and losses for particular crops, in
different places and various scenarios of climatic
change[62–68]. Similar conclusions were drawn using
APSIM[69], EPIC[61], and DSSAT models[70]. Table 3
indicates the comparison of temperature change effect on
crop yield. The simulated yield by original weather data
are 10.8069 t$ha–1, while the yield with daily temperature
increase of 2°C is 10.5747 t$ha–1 and the yield with daily
temperature decrease of 2°C is 10.7887 t$ha–1, decreases of
2.15% and 0.17%, respectively.

5.1.2 Evaporation and transpiration

It is generally accepted that rising temperature enhances

evaporation and ET, leading to a decline in soil moisture
content. However, the temperature effect on LAI is more
crucial to evaporation[71]. Stomatal control of the exchange
of carbon and water vapor between vegetation and the
atmosphere is important for global carbon and water
cycles. It is generally believed that leaf transpiration is
positively correlated with the vapor pressure deficit
between leaf stomata and canopy air, but negatively
correlated with canopy boundary layer resistance and
stomatal resistance. An increment in the leaf stomatal
resistance after LAI decline would decrease the total leaf
transpiration and presumably decrease water loss[72,73].
Figure 10 shows the response of daily evaporation and

transpiration to temperature changes during the maize
growth period. It shows similar variation in daily
evaporation under different temperature scenarios. In
July and August, when the LAI reached its maximum
values, leaf transpiration increased significantly. Soil
evaporation was mainly influenced by irrigation/precipita-
tion events. The daily evaporation increased in the scenario
of temperature increase, while the daily transpiration
showed an opposite trend. This is because under
temperature increase, LAI decreased (Fig. 8), which led
to decreased transpiration.
Table 4 presents the variation of ET and WUE which are

limited only by the temperature conditions. The simulation
shows that when maize leaf was exposed to lower
temperature, ET was higher and WUE lower. The daily
ET is 769.8 mm$d–1 during the simulation period. With the

Table 3 Comparison of the effect of temperature change on yield (t$ha–1)

Variable Temperature+ 2°C (Change) Temperature – 2°C (Change) Temperature

Yield 10.57 (2.15%↓) 10.79 (0.17%↓) 10.81

Fig. 10 The simulation of daily evaporation (a) and transpiration (b). T, temperature.

Table 4 Comparison of the effect of temperature change on ET (mm$d–1) and WUE (kg$ha–1$mm–1)

Variable Temperature+ 2°C (Change) Temperature – 2°C (Change) Temperature

ET (mm$d–1) 753.32 (2.14%↓) 777.14 (0.95%↑) 769.81

WUE (kg$ha–1$mm–1) 14.04 (0.01%↓) 13.88 (0.11%↓) 14.04
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temperature increase of 2°C, the daily ET is 753.3 mm$d–1,
a decrease of 2.14%. However, with the temperature
decrease of 2°C, the daily ET is 777.14 mm$d–1, an
increase of 0.95%. Additionally, when the temperature
drops, the WUE decreases from 14.04 to 13.88, a decrease
of 0.11%, and the change of temperature increase is not
significant.

5.1.3 Soil water content and soil temperature

Figure 11 presents the soil water balance in the 0-1 m soil
layer and soil surface temperature change under different
temperature conditions. The soil water content is not
sensitive to changes in temperature. The average soil water
contents for the original temperature and temperature
changes (+ 2°C and – 2°C) were 270.3, 273.3 and
268.2 mm, respectively. In the mature maize period, the
difference in soil water content is mainly due to the
increase of temperature and LAI decreased, while soil
water content increased. However, the change in soil water
content with the decrease of temperature showed the
opposite trend. The soil surface temperature is sensitive to
daily average temperature change. Soil temperature
presents a positive correlation with the change of
temperature, i.e., when the temperature rises, the surface
temperature rises, and vice versa.

5.2 Simulation of the different film mulching conditions

In the modified CropSPACmodel, we considered the effect
of film mulching on the latent heat consumption and the
corresponding influence on energy distribution, soil water
and heat transfer and crop water consumption. To quantify
the change of soil water and heat condition under different
film coverage we changed the ratio of film mulching area
(α) to 0, 0.2 and 0.7. Moreover, we compared the
simulation results of the daily evaporation and daily
transpiration, sensible heat exchange between soil and
canopy air and downward heat flux under different
conditions of film coverage.

5.2.1 Evaporation and transpiration

Figure 12 shows the simulation results of daily evapora-
tion and transpiration under different ratios of film
mulching area (α). Film mulching had a great effect on
daily evaporation, especially after irrigation/precipita-
tion. This indicates that film mulching had significantly
reduced non-beneficial water consumption. However,
the effect of film mulching on crop transpiration was
not significant, with a little increase in transpiration
with the higher film mulching ratio. This is mainly
because the film mulching increased the soil moisture

Fig. 11 The simulated and actual soil water content (a) and soil temperature (b). T, temperature.

Fig. 12 Simulation of daily evaporation (a) and daily transpiration (b). α, ratio of film mulching area.
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and reduced the effect of water stress on the root water
uptake.

5.2.2 Soil water content and soil temperature

Figure 13 shows the soil water storage in the 0–1 m soil
layer and soil surface temperature change under different
ratios of film mulching area. The soil water storage in the
0–1 m soil layer did not show distinct differences under
different ratios of film mulching area. This is because the
film mulching both reduced the surface soil water
consumption (by reducing soil evaporation) and increased
the water consumption in the root zone (by increasing the
transpiration). Figure 13(b) shows the daily averaged soil
surface temperature under different ratios of film mulching
area. With the reduction of latent heat consumption on soil
surface, film mulching also improved the surface tempera-
ture of the soil, especially underlying surface with lower
net radiation. The thermal insulation effect is obvious and
can weaken the fluctuation of soil surface temperature and
maintain the soil surface temperature stability.

6 Conclusions

In this study, the existing CropSPAC for winter wheat has
been extended to maize. We simulated the growth of maize
and considered the effect of the field film mulching. The
model was tested in a maize field experiment in the Yingke
irrigation area in North China. Results show good
agreement between the measured and simulated data
about LAI, above-ground biomass and soil water content.
Fitting of predicted and actual results was good and the
dynamics of soil water heat transfer interactions are
reasonably described by the model throughout the whole
crop growth season. We believe that such a simulation tool
may be useful in a general context for input reduction in
agricultural irrigation water management and water
conservation.
Moreover, we also investigated different scenarios for

predicting the response of crop growth and soil water/heat

conditions to climate change and different ratios of film
mulching, namely the daily temperature change ( + 2°C
and – 2°C) and ratios of film mulching area (α) of 0, 0.2
and 0.7, both over the whole crop growth period. The
simulation results indicate that temperature change has a
negative effect on the LAI, leaf biomass and yield by
limiting the rate of photosynthesis. Further, the GDD of
maize was shortened by nearly 16 d under the conditions of
daily temperature increase 2°C, but the growth of maize
was not able to enter the mature period and resulted in
lower production. Furthermore, the simulated results
indicated that the soil evaporation decreased as the ratios
of film mulching area increased, but this had little impact
on leaf transpiration. Soil water storage in the 0–1 m soil
layer did not show distinct differences under different
ratios of film mulching area.
Despite our efforts on model validation, there were some

distinct discrepancies between the model simulation and
measured values for soil water content and yield. Several
items should be improved in the simulation of mulching
condition. For example, in this model, we arbitrarily
assumed the soil evaporation decreased linearly with the
increase in ratios of film mulching area and we did not
consider the heat insulating effect of the still air layer
between the film mulching and the soil surface. Also, when
the film has a higher transmittance to solar thermal
radiation, the effective radiation between the film and the
ground will increase over that of the bare ground. When
there is a condensation layer on the surface of the film, the
capacity of long-wave radiation will be increased and the
effective radiation of the film surface will be less than that
of the bare ground. Therefore, the absorption of long-wave
radiation by the condensation layer on the surface of the
plastic film will have an effect on soil temperature
increment, which will require more data to explain. In
future research, experiments in laboratory or in field should
be designed to test how the distance between plastic film
and soil and the film mulching ration influence heat
conductance and water vapor diffusion. The experimental
results obtained should be embedded into the model to
improve its accuracy.

Fig. 13 The simulation of soil water content (a) and soil temperature (b). α, ratio of film mulching area.
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