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A B S T R A C T

The yield of winter wheat in Shandong Province is of great significance for ensuring regional and national food
security. To reduce the risk of production loss, the WOFOST model was used to simulate the winter wheat growth
to obtain the quantitative and dynamic information. Based on the observational data, a moisture control exper-
iment and the trial and error method, the applicability and drought simulation of the WOFOST model were
evaluated for winter wheat growth. For the simulation of the seedling period, flowering period, and maturity
period of winter wheat in Shandong Province, the R2 were 0.95, 0.69, and 0.68 respectively. The D-index were
0.99, 0.89, and 0.86 respectively. The mean absolute error (mAE) were 1.3, 4.3, and 4.1 respectively. And the
nRMSE were 0.65%, 4.3%, and 3.2%, respectively. For the yield simulation, the R2, D-index, mean relative error
(mRE), and nRMSE were 0.48, 0.82, 10.5% and 12.8%, respectively. For the yield simulation under drought
stress, the R2, D-index, mRE, and nRMSE were 0.77, 0.93, 7.1%, and 7.4%, respectively. An evaluation index
system was built through four different degrees of drought treatment between the jointing period and the
flowering period. With the aggravation of drought, the growth indicators about the total above ground production
(TAGP), maximum leaf area index (MAXLAI), total dry weight of leaves (TWLV), and total dry weight of stems
(TWST) decreasing by 13.6–41.0%, 37.8–56.5%, 19.4–42.1%, and 20.3–51.2%, respectively. The results showed
that this model could adequately simulate the formation process of yield under both normal and drought
conditions.
1. Introduction

Meteorological factors are the most important external conditions
affecting the growth of winter wheat (Wang et al., 2013; Liu et al., 2018).
Climate change is causing extreme climate events to occur more
frequently (IPCC, 2013). And meteorological factors have become the
most important risk factors for winter wheat production, directly
affecting yield formation and the input proportion of agricultural
resource (Lv et al., 2013; Qu et al., 2019; Kothari et al., 2019). Research
has shown that warming between the seedling period and heading period
had a positive effect on the yield of winter wheat in Shandong Province,
.
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while warming between the heading period and grains filling period
mainly had a negative effect (Xiao et al., 2014). And the insufficient
precipitation in the key periods leads to an increase in yield fluctuation
(Sun et al., 2017; Liu et al., 2020). The jointing stage of winter wheat is
an important period for the differentiation of tiller and panicle (Cui et al.,
2019; Zhang et al., 2019). At this period, dry matter accumulation
entered a stage of rapid growth, and any degree of drought would cause
the decrease of dry matter (Yan et al., 2011). And the yield of winter
wheat would decrease significantly under severe drought conditions of
jointing period (Jin et al., 2019). Meanwhile, it's a frequent period of
spring drought in Shandong wheat area as the little precipitation and
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large evaporation. In particular, the occurrence frequency and hazard of
spring drought were gradually strengthened with the aggravation of
climate warming (Yuan et al., 2015).

If the quantitative growth information could be obtained in real-time,
the impacts of changes in meteorological factors could be evaluated on
the growth and development of winter wheat. And the effective coun-
termeasures could be put forward timely. For this purpose, there are two
mainly methods. The one is the observational experiments. Observa-
tional experiments can obtain a large number of important data to test
hypotheses or evaluate causal relationships. However, the experiments
require long-term observation of multiple treatments. Their processes are
time-consuming and energy-consuming. Since this method has certain
difficulty and great limitation in implementation. Another method is the
simulation of crop mechanism models. This method is more quantitative
and efficient. Crop mechanism models can simulate the growth and yield
formation of crops under different climate and weather patterns (Liu
et al., 2006; Osborne et al., 2010; Guo, 2015). And they can greatly
expand the temporal and spatial scale of impact assessment.

Winter wheat (Triticum aestivum L.) has the largest planting area of
any grain crop in China (Hou et al., 2019). Shandong Province is one of
the most important production areas for winter wheat. The planting area
and total yield of winter wheat in this province account for 17.8% and
19.8% of China's total, respectively (National Bureau of Statistics, 2019).
Its yield is of great significance to guarantee the food security of the re-
gion and even the whole country (Ren et al., 2019). For the growth
monitoring and diagnostic evaluation of winter wheat, crop mechanism
models can provide a dynamic and efficient method.

Among crop models, the WOFOST model is a widely used mechanism
model as its open-source code and relatively simple parameter adjust-
ment (Confalonieri, 2010; Wang et al., 2015; Dong et al., 2019; Ceglar
et al., 2019). It is a dynamic explanatory model developed by Wage-
ningen University in the Netherlands and the World Food Research
Center to simulate crop growth under specific soil and climate conditions
(Van Diepen et al., 1989; De Wit et al., 2019). By using a daily time step,
the model can simulate crop growth dynamically and quantitatively at
the potential level, water limit level, and nutrient limit level, respectively
(Yang et al., 2013). The WOFOST model can be used to describe the
growth and development process of different crops in different regions by
changing the parameters (Xie et al., 2006; Chen et al., 2007; Bregaglio
et al., 2015; Casta~neda-Vera et al., 2015). And it has been applied to
different crops in many regions of China (Ma et al., 2005; Luan et al.,
2014; Sun et al., 2016; Gao et al., 2006). However, there are relatively
few simulation studies on the growth and yield formation of winter
wheat in Shandong province by this model, especially for the validation
of drought stress in the key period. As a result, the growth and yield of
winter wheat cannot be dynamically and quantitatively monitored and
estimated in this province.

Based on this, the present study conducts the verification of the
WOFOST model for winter wheat in Shandong Province by the obser-
vational data, field test results and the trial and error method. And its
applicability for the simulation of drought process is evaluated by the
moisture control test of the key period of winter wheat. This study would
provide a method to objectively evaluate the influence of meteorological
factors fluctuation on winter wheat growth and yield formation. And this
study would provide references for the drought validation, promoted
application of WOFOST model, and drought impact assessment.

2. Materials and methods

2.1. Study area and data type

Shandong province is located between 34� 22.9 ' ~ 38� 24.01 0 N and
114� 47.5 ' ~ 122� 42.3 0 E in the east coast of China (Figure 1). It borders
Hebei, Henan, Anhui and Jiangsu provinces from north to south. Shan-
dong is 721.03 km long from east to west and 437.28 km long from north
to south. The land area of the province is 155,800 square kilometers.
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The model-driven data used in this study include daily weather data
and soil parameter data. The weather data were obtained from automatic
weather stations in Shandong Province, including solar radiation, mini-
mum temperature, maximum temperature, early morning vapor pres-
sure, average wind speed (height: 2 m) and precipitation (Table 1). The
soil parameter data comprised the soil water holding capacity, soil water
conductivity, soil bulk density, field water holding capacity, wilting co-
efficient and saturated soil water content, and were obtained from soil
water observation stations in Shandong Province (Table 1).

The data regarding winter wheat variety, growth period, and yield
structure were obtained from 16 agrometeorological observation stations
in Shandong Province (Table 1)—one each in Laiyang,Wendeng, Fushan,
Laizhou, Jiaozhou, Weifang, Zibo, Taian, Juxian, Linyi, Jining, Heze,
Caoxian, Huimin, Dezhou, and Liaocheng (Figure 1)—between 2010 and
2015. The seedling period of winter wheat is generally in October in
Shandong Province. Its flowering period is generally in late April to early
May. And its maturity period is generally in June. Figure 2 shows the
average temperature and precipitation of the growth period of winter
wheat (from October of last year to June) in each agrometeorological
observation stations. According to the geographical distribution of
agrometeorological observation stations, main varieties of winter wheat
and geographical zoning characteristics of Shandong Province, the
parameter optimization regions were divided into five regions to improve
the simulation accuracy, namely the northwest region, the central region,
the southwest region, the southeast region, and the Jiaodong Peninsula
region (Figure 1).
2.2. Design of moisture control test

The data of the drought simulation were from a moisture control
experiment performed between October 2018 and June 2019 at the
Taian Agrometeorological Experimental Station in Shandong Province
(35.97� N, 117.26� E). The annual highest, lowest, and average tem-
perature of the experimental station are 33.9, 6.4, and 15.1 �C, respec-
tively. And the annual sunshine hours are 2200 h. The tested winter
wheat variety was Jimai 22. It's the main cultivar in the northern winter
wheat area. The test was carried out with a movable canopy for moisture
control. The area of each test plot was 4 m� 4 m. Anti-seepage treatment
was adopted at the bottom and periphery of the plots to ensure that each
test plot was not affected by others. The soil of the test plots was sandy
loam. Nitrogen, phosphorus, and potash fertilizers were applied before
sowing. Phosphorus and potash fertilizer were used as base fertilizer,
while nitrogen fertilizer was divided into base fertilizer and jointing
fertilizer to ensure the supply of soil nutrients. The row spacing of winter
wheat was 25 cm and the planting density was 2.5 � 106 basic seedlings
per hm2.

Four drought levels were designed in the test plots, and the winter
wheat in the field with normal irrigation management level was taken
as contrast (CK). A single-factor random block group design was
adopted with three repetitions. Proper irrigation and moisture control
were carried out 10 days before the jointing period of winter wheat. The
relative soil humidity (the ratio of soil moisture content to field water
holding capacity) in the test plots was controlled at about 60%. In the
jointing period of winter wheat (02 April), each treatment was replen-
ished with water at different amounts. The amount of water replenished
was set according to the average annual precipitation (30.00 mm) and
irrigation amount (45.00 mm) in April in Shandong Province (Table 2).
In treatments T1, T2, T3, and T4, the amount of water reduction was
20%, 50%, 75%, and 100%, respectively. The layout of test plots was
shown in Figure 3. The plots were rehydrated to the same degree as CK
when the winter wheat entered the flowering period (26 April). The
observed indexes were the soil moisture content (obtained via the
drying and weighing method) and yield structure (spikelet number,
infertile spikelet number, spike grain number, and thousand kernel
weight).



Figure 1. The study area, the 16 agrometeorological observation stations distribution and five parameter optimization regions.
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2.3. Sensitive parameters of WOFOST model

The WOFOST model has a large number of parameters. To improve
the working efficiency, it is necessary to carry out a sensitivity analysis of
the model parameters (Wu et al., 2009; Gilardelli et al., 2018; Xing et al.,
2020). Using an extended Fourier amplitude sensitivity testing (EFAST)
(Jiang et al., 2011; Xing et al., 2017; He et al., 2016), the sensitivity
parameters of the WOFOST model have been clarified, including seven
parameters that are sensitive to the physical growth of crops (Table 3), 11
parameters that are sensitive to the potential yield (Table 4), and four
Table 1. The data type.

Data name Data content Spatia

Weather data Solar radiation (W⋅m�2) 122 o

Minimum temperature (�C)

Maximum temperature (�C)

Early morning vapor pressure (hPa)

Average wind speed (height: 2 m) (m⋅s�1)

Precipitation (mm)

Soil parameter data Soil water holding capacity (%) 231 o

Soil water conductivity (mm⋅s�1)

Soil bulk density (g⋅cm�3)

Field water holding capacity (%)

Wilting coefficient (%)

Saturated soil water content (%)

Agrometeorological observation data Variety 16 ob

Growth period

Yield structure
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parameters that are sensitive to the water limit yield (Table 5) (Huang
et al., 2017; He et al., 2016).

In this research, the relevant accumulated temperature parameters
were calculated based on the observed values from each observation
station from 2010 to 2015. The dry matter distribution coefficients of
stems, leaves, and organs, as well as other sensitive parameters, were
measured by the test or calibrated using the trial and error method. For
the validation of the growth period, the model was driven by the actual
sowing period, and the starting dates of the subsequent growth period
were simulated, including the seedling period, flowering period, and
l resolution Temporal resolution Data Sources

bservation stations 2010–2015 Automatic weather stations

bservation stations 2010–2015 Soil water observation stations

servation stations 2010–2015 Agrometeorological observation stations



Figure 2. The average temperature and precipitation of the growing period of winter wheat (from October of last year to June) in 16 agrometeorological obser-
vation stations.

Table 2. The irrigation amounts of the moisture control treatments used in the
field experiment.

Treatment From jointing period to flowering period (from 02 Apr to 26
Apr)

T1 T2 T3 T4

Irrigation amount (mm) 60.00 37.50 18.75 0
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maturity period. Considering agricultural meteorological conditions
comprehensively, 2012 is a normal year. So 2012 was used as the pa-
rameters adjustment year, and 2010, 2011, 2013, 2014 and 2015 were
used as validation years.

2.4. Indexes of parameter optimization

The coefficient of determination (R2), Willmott consistency index (D-
index), relative error (RE), normalized root-mean-square error (nRMSE),
and absolute error (AE) were selected as the evaluation indexes for the
model parameter optimization. R2 reflects the consistency between the
simulated value and the observed value. The value closer to 1 mean that
Figure 3. The layout p
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the consistency and simulation effect of the model is better. The calcu-
lation formulae of the other indexes are as formula (1) to (4):

(1) D-index

D¼ 1�
P ðSIMi � OBSiÞ2P ðjSIMi �mOBSj þ jOBSi �mOBSjÞ2 (1)

where D, SIM, OBS, mOBS, and i represent the D-index, the model-
simulated value, the observed value, the average value of the observed
value, and the sample sequence, respectively. The same applies for Eqs.
(2), (3), and (4) below. The value ranges from 0–1. And the larger value
mean that the higher consistency.

(2) RE

RE¼ SIMi � OBSi
OBSi

* 100% (2)

where RE represents relative error. If the value of RE is less than 15%, the
simulation result is acceptable. The smaller value mean that the better
simulation result. And the same applies for Eqs. (3) and (4) below.

(3) nRMSE
hoto of test plots.



Table 3. The parameters of crop physiological growth.

Parameters Biological significances Minimum value Maximum value

TSUMEM Thermal time from sowing to emergence (�C⋅d) 0 170

TSUM1 Thermal time from emergence to anthesis (�C⋅d) 150 1800

TUSM2 Thermal time from anthesis to maturity (�C⋅d) 400 1550

TBASEM Lower threshold temperature for emergence (�C) -10 8

DLO Optimum day length (hr) 6 18

DLC Critical day length (hr) 6 18

TEFFMX Maximum effective temperature for emergence (�C) 18 32
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Pn
i¼1ðOBSi � SIMiÞ2

.
n

nRMSE¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffir
Pn

i¼1OBSi
�
n

� 100% (3)

where nRMSE and n represent the normalized root-mean-square error
and the sample size respectively. If the value is less than 30%, the
simulation result is acceptable.

(4) AE

AE¼ SIMi � OBSi (4)

where AE represents absolute error. If the value about the growth period
is less than 5 days, the simulation result is acceptable.
2.5. Assessment index of drought impact by WOFOST model

Completed the optimization of parameters, the reduction ranges (RR)
of simulation results of WOFOST model are used to assess the impacts of
drought. Its formula is shown as follows:

RR¼ SIMd � SIMp

SIMp
* 100% (5)

where RR, SIMd and SIMp represent the reduction ranges, the model-
simulated value under drought treatments and potential growth condi-
tions, respectively.

3. Results

3.1. Growth periods simulation

On the basis of the results of formula (1), 3 and (4), Figures 4, 5, and 6
show the comparison result for the observed value and simulated value of
Table 4. The parameters of single and comprehensive factors affecting potential yiel

Parameters Biological significances

AMAXTB Maximum leaf CO2 assimilation rate as a function of development
(kg⋅hm�2⋅h�1)

SLATB Specific leaf area as a function of development stage (hm2⋅hm�1)

SPAN Life span of leaves growing at 35 �C (d)

RGRLAI Maximum relative increase in leaf area index (hm2⋅hm�2⋅d�1)

LAIEM Leaf area index at emergence (hm2⋅hm�2)

TDWI Initial total crop dry weight (kg⋅hm�2)

FLTB Fraction of above ground dry matter increase partitioned to leaves
development stage (kg⋅kg�1)

FSTB Fraction of above ground dry matter increase partitioned to stems
development stage (kg⋅kg�1)

FRTB Fraction of total dry matter increase partitioned to roots as a functio
(kg⋅kg�1)

FOTB Fraction of above ground dry matter increase partitioned to storage
development stage (kg⋅kg�1)

TMPFTB Reduction factor of AMAX as function of average temperature (�C)

RDRRTB Relative death rate of roots as a function of development stage (kg
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the seedling period, flowering period, and maturity period of winter
wheat, respectively. For the seedling period, the R2, D-index, mAE, and
nRMSE were 0.95, 0.99, 1.3 and 0.65%, respectively (Figure 4). The
flowering period is the dividing line between the vegetative growth and
reproductive growth. The accurate simulation of the flowering period can
guarantee the accurate simulation of yield formation. For the flowering
period, the R2, D-index, mAE, and nRMSE were 0.69, 0.89, 4.3 and 4.3%,
respectively (Figure 5). For the maturity period, the R2, D-index, mAE,
and nRMSE were 0.68, 0.86, 4.1 and 3.2%, respectively (Figure 6).

Based on the results of formula (3) and (4), Table 6 show the evalu-
ation indexes of the simulated values for each observation station for the
seedling period, flowering period, and maturity period, respectively. For
the seedling period, the R2 of most observation stations ranged from
0.77–0.99. The mAE ranged from 1–2 days. And the nRMSE ranged from
0.20–0.86% (Table 6). For the flowering period, the R2, mAE, and nRMSE
of most observation stations ranged from 0.46–0.91, 3–5 days, and
0.01–5.6%, respectively (Table 6). Furthermore, for the maturity period,
the R2, mAE, and nRMSE of most observation stations ranged from
0.53–0.93, 2–5 days, and 0.88–6.7%, respectively (Table 6).

3.2. Yield simulation

Based on the results of formula (1), 2 and (3), Figure 7 show the
comparison result for the observed value and simulated value of winter
wheat yield in Shandong Province. The R2, D-index, mRE, and nRMSE
were 0.48, 0.82, 10.5% and 12.8%, respectively (Figure 7). On the basis
of the results of formula (1), 2 and (3), Table 7 shows the evaluation
indexes for the simulated annual yield values at each observation station.
For most observation stations, the D-index, RE, and nRMSE ranged from
0.36–0.99, 3.3–18.9%, and 3.9–19.1%, respectively (Table 7).

The applicability of the drought simulation of the model was evalu-
ated by the results of the moisture control test. Based on the results of
formula (1), 2 and (3), Table 8 shows the simulation of winter wheat
d.

Minimum value Maximum value

stage of the crop 1 70

0.0007 0.0042

17 50

0.007 0.5

0.0007 0.3

0.5 300

as a function of 0 1

as a function of 0 1

n of development stage 0 1

organs as a function of 0 1

0 1

⋅kg�1⋅d�1) 0 0.02



Table 5. The parameters of water-limited affecting potential yield.

Parameters Biological significances Minimum value Maximum value

CFET Correction factor for evapotranspiration in relation to the reference crop 0.8 1.2

RDMCR Maximum rooting depth of mature crop (cm) 50 400

PERDL Maximum relative death rate of leaves due to water stress (kg⋅kg�1⋅d�1) 0 0.1

DEPNR Crop group number for soil water depletion 1 5
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yield under drought stress. The results show that the model could
adequately simulate the yield reduction trend after drought stress, with
the R2, D-index, mRE, and nRMSE being 0.77, 0.93, 7.1%, and 7.4%,
respectively.

For the simulation of the main growth period and yield formation
under both normal and drought stress condition, the evaluation indexes
were all within the acceptable range. Thus, the applicability evaluation
and drought validation of the WOFOST model were completed for
simulating the growth and yield formation of winter wheat in Shandong
Province.
Figure 4. The comparison result for the observed value and simulated v

Figure 5. The comparison result for the observed value and simulated v
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3.3. Evaluation index system

From this, to build an evaluation index system, the quantitative
evaluation of the total above ground production (TAGP), maximum leaf
area index (MAXLAI), total dry weight of leaves (TWLV), and total dry
weight of stems (TWST) were carried out by the simulated result of the
WOFOST model under different drought levels. Four drought treatments
were set up in the water requirement period of winter wheat (from the
jointing period to the flowering period). The relative soil humidity of
treatment 1 (W1), treatment 2 (W2), treatment 3 (W3), and treatment 4
alue of the seedling period of winter wheat in Shandong Province.

alue of the flowering period of winter wheat in Shandong Province.



Figure 6. The comparison result for the observed value and simulated value of the maturity period of winter wheat in Shandong Province.

Table 6. The simulation results for the seedling period, flowering period, and maturity period of winter wheat at each observation station of Shandong Province.

Station Seedling period Flowering period Maturity period

R2 mAE (day) nRMSE (%) R2 mAE (day) nRMSE (%) R2 mAE (day) nRMSE (%)

Laiyang 0.92 1 0.75 0.73 6 4.1 0.93 6 3.2

Wendeng 0.95 1 0.73 0.63 5 4.4 0.73 6 3.7

Fushan 0.99 2 0.73 0.70 5 5.6 0.87 5 3.3

Laizhou 0.89 1 0.20 0.91 3 2.6 0.81 4 2.3

Jiaozhou 0.95 1 0.64 0.56 5 4.3 0.83 5 2.5

Weifang 0.94 2 0.77 0.76 4 3.6 0.85 3 2.6

Zibo 0.91 1 0.59 0.35 4 1.4 0.21 4 2.8

Taian 0.77 2 0.20 0.69 3 0.01 0.59 3 0.88

Juxian 0.95 1 0.33 0.91 – 13.9 0.71 9 6.7

Linyi 0.86 2 0.86 0.04 4 3.4 0.57 4 2.2

Jining 0.06 3 0.54 0.48 3 2.2 0.78 2 1.7

Heze 0.98 1 0.33 0.46 5 4.2 0.36 4 2.8

Caoxian 0.92 1 0.72 0.66 3 2.9 0.53 3 2.4

Huimin 0.81 1 0.20 0.66 7 4.9 0.67 2 1.8

Dezhou 0.98 1 0.39 0.78 3 2.0 0.88 2 1.7

Liaocheng 0.94 1 0.48 0.76 5 3.6 0.65 4 2.0
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(W4) of the water requirement period were 47–81%, 36–75%, 33–70%,
and 28–66%, respectively (Table 9). The relative soil humidity of other
periods was set to 82% or above.

And then, the RR were used to assess the impacts of drought. On the
basis of the results of formula (5), the results (Table 10) show that TAGP,
MAXLAI, TWLV, and TWST all had a significant decreasing trend with the
aggravation of drought, with their RR being 13.6–41.0%, 37.8–56.5%,
19.4–42.1%, and 20.3–51.2%, respectively. Thus, the WOFOST crop
model could be used to determine the drought degree based on the
relative soil humidity and to determine the reduction of each winter
wheat growth indicator with increasing drought intensity.

4. Discussion

In this study, the evaluation indexes of the simulation results for each
growth period were in the acceptable range. However, the AE value of
the seedling period was relatively small, while those of the flowering
period and maturity period were relatively large. The reason may be that
this research lacked the simulation of the wintering period and returning
7

green period, and they were not specially defined in the WOFOST model
(Supit et al., 1994). During the wintering period, winter wheat may lose
biomass, which would affect the final yield. To improve the simulation
accuracy for the flowering period, maturity period and yield, it is
necessary to perform simulations for the wintering period and returning
green period in further research.

In Figure 4, we found that one point is far away from the 1:1 line. This
point is the seedling period in Jining in 2010. The actual day of year of
seedling period was 292 in 2010, and the simulated result was 303.
October 2010 in Jining was very special. There was no precipitation for a
whole month. In order to ensure proper sowing time and emergence rate,
the seeds of winter wheat were soaked before sowing. And the irrigation
was increased to ensure adequate soil moisture. With the suitable tem-
perature, the actual emergence time in 2010 is obviously earlier than that
in other years. At the same time, accumulated temperature was mainly
considered in the WOFOST model to drive the beginning of each devel-
opment stage. So there's an outlier like this.

Besides the assessment indexes selected in this study, leaf area index
(LAI) is also one of the important growth and development indicators of



Figure 7. The comparison result for the observed value and simulated value of winter wheat yield in Shandong Province.

Table 7. The simulation results of winter wheat yield at each observation station
of Shandong Province.

Station D RE (%) nRMSE (%)

Laiyang 0.42 9.7 11.2

Wendeng 0.36 11.2 14.7

Fushan 0.17 15.5 16.8

Laizhou 0.80 3.3 3.9

Jiaozhou 0.59 11.0 13.1

Weifang 0.49 4.8 6.2

Zibo 0.19 11.9 15.0

Taian 0.74 11.6 12.9

Juxian 0.49 7.7 9.5

Linyi 0.95 18.9 19.1

Jining 0.74 6.6 8.3

Heze 0.99 10.8 11.9

Caoxian 0.17 16.2 17.4

Huimin 0.77 7.9 9.3

Dezhou 0.39 11.4 14.3

Liaocheng 0.81 12.4 10.8

Table 8. The simulation results of winter wheat yield under drought stress at the
Taian agrometeorological experimental station.

Treatment Observed value (kg⋅hm�2) Simulated value (kg⋅hm�2)

CK 8641.6 8023.0

T1 7242.8 7710.0

T2 6530.8 7062.0

T3 6097.3 6659.0

T4 5786.6 5514.0

R2 0.77

D 0.93

mRE (%) 7.1

nRMSE (%) 7.4

Table 9. The drought treatments of the water requirement period of winter
wheat.

Treatment Relative soil humidity (%)

W1 47–81

W2 36–75

W3 33–70

W4 28–66

Table 10. The reduction of growth indicators of winter wheat under four water
treatment levels through WOFOST model.

Treatment RRTAGP (%) RRMAXLAI (%) RRTWLV (%) RRTWST (%)

W1 -13.6 -37.8 -19.4 -20.3

W2 -23.6 -44.3 -28.5 -33.4

W3 -28.7 -50.2 -33.0 -38.8

W4 -41.0 -56.5 -42.1 -51.2
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crops. And it is a comprehensive indicator of light energy utilization and
canopy structure. However, most agrometeorological observation sta-
tions are lack of LAI observation. So the applicability of WOFOST model
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for LAI simulation needs more field experiments and observation results
to verify.

Previous studies have shown that, several crop models are insensitive
to extreme climate events (Asseng et al., 1998). And to a certain extent,
they cannot fully reflect the impacts of disaster incidents on agricultural
production. Especially for extreme drought years, the accuracy of model
simulation is significantly reduced. In this study, the WOFOST model has
a simulation module for drought. Moreover, its simulation performance
on drought has been verified in many crops of different regions (Zhang
et al., 2013; Yang et al., 2020; Dong et al., 2020).

From Table 8, we can find that the simulated results of T1, T2 and T3
are higher than the observed results. And the simulated result of T4 and
CK are lower than the observed results. The reason that T1, T2 and T3 are
higher may be the simulated results of winter wheat returned to normal
growth level immediately after relieving drought stress. But for the actual
observed results of winter wheat, it need to gradually return to the
normal growth level. The reason that T4 is lower may be the degree of
drought exceeded the stress threshold in the model algorithm. And it
result in greater damage on winter wheat growth and development. The
reason that CK is lower may lie in the basic parameters. The simulation
results of yield of Taian were compared from 2010 to 2015. And the
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simulated results were smaller than the observed results in four years.
The more accurate reasons need to be explained by more experiments.

Besides the WOFOST model, the APSIM and DSSAT are another crop
mechanism models with wide application range and good simulation
effects. Relevant scholars have completed the applicability evaluation of
these models for winter wheat simulation in Shandong Province (Li et al.,
2012; Xu et al., 2015). Soil is the core of the APSIMmodel. And the target
of this model is to simulate the continuous changes characteristics of soil
caused by weather, crops and management practices (Cao et al., 2011).
The APSIM model could facilitate the comparison between different
modules, which has a good effect on making production decision. The
DSSAT model considers the influence of various factors on growth and
development of crops, including genetic characteristics of crops, man-
agement practices, environment, nitrogen and water stress, pests and
diseases (Jones et al., 2003). And this model is mainly used in yield
forecasting, soil water and fertilizer management and so on. In compar-
ison, the WOFOST model has the higher explanatory and mechanistic.
And its advantages are more obvious in considering the response of crop
growth process to different climatic conditions and different geograph-
ical locations.

Factors such as diseases, insect pests, and extreme climatic events
(e.g., late frost damage, dry hot wind, continuous rain) also have a great
impact on the growth and yield of winter wheat. However, these factors
are not fully considered in the WOFOST model (Hou et al., 2018).
Therefore, the impacts of diseases, insect pests, and extreme climatic
events on the simulation results of the WOFOST model require further
study. Existing studies of relative experimental design and optimization
methods (Donatelli et al., 2017; Jones et al., 2017; Zhang et al., 2006; Li
et al., 2020) would provide appropriate references for this purpose.

5. Conclusion

The study region is divided into five parameters adjustment areas to
obtain the more accurate simulation results. And the problem is solved
about the low spatial simulation accuracy caused by single parameter.
For the simulation of the seedling period, flowering period, and maturity
period of winter wheat in Shandong Province, the R2 were 0.95, 0.69,
and 0.68 respectively. The D-index were 0.99, 0.89, and 0.86 respec-
tively. The mAE were 1.3, 4.3, and 4.1 respectively. And the nRMSE were
0.65%, 4.3%, and 3.2%, respectively. For the yield simulation, the R2, D-
index, mRE, and nRMSE was 0.48, 0.82, 10.5% and 12.8%, respectively.
For the yield simulation under drought stress, the R2, D-index, mRE, and
nRMSE were 0.77, 0.93, 7.1%, and 7.4%, respectively. All indexes were
within the acceptable range, showing that this model could simulate the
formation process of winter wheat yield under both normal and drought
conditions. With the aggravation of drought from the jointing period to
the flowering period, the growth indicators of winter wheat showed a
decreasing trend, with the TAGP, MAXLAI, TWLV, and TWST decreasing
by 13.6–41.0%, 37.8–56.5%, 19.4–42.1%, and 20.3–51.2%, respectively.
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