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Abstract: Crop production potential is an index used to evaluate crop productivity capacity in
one region. The spatial production potential can help give the maximum value of crop yield and
visually clarify the prospects of agricultural development. The DSSAT (Decision Support System for
Agrotechnology Transfer) model has been used in crop growth analysis, but spatial simulation and
analysis at high resolution have not been widely performed for exact crop planting locations. In this
study, the light-temperature production potential of winter wheat was simulated with the DSSAT
model in the winter wheat planting area, extracted according to Remote Sensing (RS) image data in
the Jing-Jin-Ji (JJ]) region. To obtain the precise study area, a Decision Tree (DT) classification was
used to extract the winter wheat planting area. Geographic Information System (GIS) technology
was used to process spatial data and provide a map of the spatial distribution of the production
potential. The production potential of winter wheat was estimated in batches with the DSSAT model.
The results showed that the light-temperature production potential is between 4238 and 10,774 kg/ha
in JJ]. The production potential in the central part of the planting area is higher than that in the south
and north in JJJ due to the influences of light and temperature. These results can be useful for crop
model simulation users and decision makers in JJJ.

Keywords: production potential; winter wheat; DSSAT; RS

1. Introduction

Crop production potential is the basic and important information in agriculture used to interpret
production trends and evaluate land resource carrying capacity, especially in China, where there is
a contradiction between the population and natural resources [1-4]. In China, winter wheat is one of the
main food crops, and the Jing-Jin-]Ji (JJ]) region is an important region for winter wheat cultivation [5-7].
In recent years, resources and the environment have become seriously affected by human activities,
especially crop land coverage [8,9]. As the statistical data shows, the planting acreage of winter wheat
has presented a decreasing trend in JJJ, declining from 2611 hectares in 2010 to 2454 hectares in 2018.
However, the population has increased from 105 million in 2010 to 113 million in 2018. Obviously,
there exists a contradiction between the population and crop land area. To sustain the lives of more
people and ensure food security, it is necessary to study the production potential of winter wheat to
figure out the maximum yield and help analyze the growth prospects of winter wheat in JJJ, where the
population is large. This will provide references for decision making and give data support in other
related studies.
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Since the 1970s, with the development of computer technology, methods to obtain and estimate
crop growth information based on Remote Sensing (RS), Geographic Information System (GIS), and crop
growth models have become increasingly popular in studies, and are helpful for decision making
in agriculture and policies [10-14]. Crop planting areas can be identified and extracted according
to spectral, temporal, and spatial features reflected in RS images [15-17]. GIS has the function of
geographic data processing and analysis, and has been widely applied to many fields, including
agriculture [18-20]. The crop growth model provides an important means to quantify agricultural
production. It can simulate physiological processes such as crop growth stage, organ formation,
biomass accumulation, matter distribution, yield, and the relationship between physiological processes
and the environment [21-23]. It has been widely used in climate change, precision agriculture, and other
agricultural fields [24-26]. By coupling crop growth models with GIS technology, the spatial simulation
problem can be solved considering the spatial heterogeneity of the soil, weather, and management.
Priya and Shibasaki [27] simulated crop yield in India on a national scale with the EPIC model and
GIS technology. Shi [28] estimated the productivity of winter wheat in Jiangsu Province with the
WheatGrow model and GIS; Kadiyala et al. [29] simulated the spatial distribution of groundnut yields
with the DSSAT model and GIS in the Anantapur district of India; Lv et al. [30] estimated wheat yield
gaps and analyzed the relationships of water use efficiency of wheat using the WheatGrow and DSSAT
model coupled with GIS in China. Although their studies solved the problem of spatial simulation
processing, some of these studies did not obtain high-resolution soil and climate data, and none of
them extracted the exact crop planting area to study the production potential of winter wheat.

In this study, the objective is to estimate the production potential of winter wheat in the planting
area in JJJ at a resolution of 250 m using the DSSAT model and GIS. First, we extracted the winter wheat
planting area by interpreting MODIS (Moderate Resolution Imaging Spectroradiometer) image data to
define the planting region. Second, under high resolution, we estimated the production potential with
the DSSAT model using soil, weather, and management data processed by GIS. Third, we analyzed the
spatial distribution of the production potential of winter wheat in JJJ.

2. Materials and Methods

2.1. Study Area

The JJ] region is located in the eastern part of China, between 36°05” and 42°40’N and 113°27’ and
119°50’E (Figure 1). It includes Beijing, Tianjin, and Hebei Province. It has a temperate humid semi-arid
continental monsoon climate. The annual precipitation is approximately 540 mm and is mainly
concentrated in June to September, when the maximum daily precipitation can reach 360 mm. There are
paddy fields and dry land in JJJ (Figure 1). The main crops are cereals, beans, tubers, and cotton.
The cereals include wheat, maize, and rice. The planting area of winter wheat is approximately
24,220 km?, accounting for 11.2% of the total area of the JJJ region.
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Figure 1. Study area and the crop land distribution.

2.2. Data Collection and Pre-Processing

2.2.1. MODIS Data

MODIS data were selected to extract the area of winter wheat over a large area scope, considering
the cost, processing, and resolution of remote sensing data [31]. Every 8-day time series of MOD09Q1
data products with 250 m spatial resolution spanning from the 313rd day of 2016 to the 305th of 2017
were downloaded from NASA (http://modis.gsfc.nasa.gov). Data were obtained from four MODIS
tiles (h26v04, h26v05, h27v04, and h27v05) covering the JJ] region. The four tiles of the MOD09Q1 data
products were mosaicked, resampled, and re-projected to the Albers Equal Area (AEA) projection [32].

To define the study area, the data of national boundaries and prefecture-level city boundaries
were collected from the Key Laboratory for Resource Use and Environmental Remediation, Institute
of Geographic Sciences and National Resources Research, Chinese Academy of Sciences. Field sites
were sampled to help interpret the features of winter wheat in images and verify the location accuracy
of the winter wheat. In this study, 215 winter wheat field sites, 28 building field sites, and 19 forest
field sites were sampled with field surveys. The field sites were distributed in Baoding, Shijiazhuang,
and Xingtai, all of which are the main planting area of winter wheat in JJJ. Among these field sampling
sites, 20 winter wheat field sites, 10 building field sites, and 5 forest field sites were used as reference
points. On the basis of heterogeneity of the three types of ground reference points, the classification
can be done. The remaining 195 winter wheat field sampling sites were used for accuracy verification.

2.2.2. Weather Data

The daily weather data from 2014 to 2018 were obtained from 157 weather stations covering the
JJJ region. These were downloaded from the China Meteorological Administration (http://data.cma.cn).
The daily weather data included maximum temperature (Tmax, °C), minimum temperature (Tmin, °C),
precipitation (Pre, mm), and hours of sunshine. Solar radiation was calculated from the hours of
sunshine according to the Angstrom—Prescott equation [33]. Due to the spatial simulation, the daily
weather data were interpolated with the ANUSPLIN 4.3 software [34]. And these weather data
were resampled to 250 m resolution and calculated to an average value from 5 years with ArcGIS
10.1 software.
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2.2.3. Soil Data

The soil data were downloaded from the GSDE (Global Soil Data Set for Earth System Modeling)
database with eight layers to a depth of 2.296 m, provided by the Scientific Data Center of Cold and
Dry Areas. These data are developed from the soil database of the HWSD (Harmonized World Soil
Database), and provide information on gridded soil textural parameters, including the depth of layers,
organic carbon, pH, total N, nutrients, soil particle size, and most other information required in the
DSSAT model. In addition, soil albedo and drainage were estimated by 1:1,000,000 soil type from the
China Soil Database (http://vdb3.soil.csdb.cn/). The soil data were processed to 250 m resolution with
ArcGIS 10.1 software.

2.2.4. Experimental and Crop Management Data

The experimental data in field and crop management data were required in DSSAT crop model.
Among these data, the experimental data were used to modify the cultivar coefficients in DSSAT for the
purpose of parameter localization and calibration. The crop management data were the crop growth
data, which the DSSAT model needed to simulate the crop growth process.

Field experimental data from 2014 and 2015 were collected from the Tongzhou district of Beijing.
The winter wheat cultivar ZhongMai 175 was planted in this field. The growth period of this cultivar is
175 to 251 days. This cultivar can generally be planted in the Beijing, Tianjin, central Hebei, and Shanxi
regions under moderate fertility. The dry matter accumulation data and leaf area index (LAI) data
at the emergence stage, overwintering stage, green returned stage, erecting stage, jointing stage,
heading stage, anthesis stage, and mature stage were obtained through investigation, measurements,
and a household survey (Table 1). In addition, the yield of winter wheat from 2014 to 2016 were
provided by the annual statistical data of Tongzhou (Table 2). Field management information about
planting, irrigation, fertilizers, tillage, and pest control were collected on the basis of farmer and expert
experience (Table 3).

Table 1. Information on winter wheat phenology during 2014-2015.

Growth State Emergence  Overwintering  Green Returned Erecting Jointing Heading Anthesis = Mature

Stage Stage Stage Stage Stage Stage Stage Stage
Date 10.5 11.30 3.11 4.10 4.23 5.13 5.17 6.20
Dry matter
accumulation - 0.5 0.3 04 0.7 - 2 2.8
(g/per plant)
LAI - 3.3 - 2.6 42 - 4.6 -
Table 2. Yield of winter wheat (2014-2016).
Year 2014 2015 2016
Yield (kg/ha) 5613 5826 5814
Table 3. Experimental management data.
Management Information Date Operations
. Sow in row, 16 cm (row space), 4 cm (seeding depth),
Planting 2014.9.28 250 kg/hm? (population)
Chemical applications 2015.3.12 Herbicide and pesticide
2014.9.29 Border irrigation, 70 mm
Irricati 2014.11.9 Border irrigation, 75 mm
rrigation s
2015.4.10 Border irrigation, 80 mm
2015.5.10 Border irrigation, 80 mm

2014.9.27 Base fertilizer: urea 220 kg/hmz, diammonium
Fertilizers o phosphate 300 kg/hm?, potassium nitrate 220 kg/hm?
2015.4.18 Additional fertilizer, urea 200 kg/hm2



http://vdb3.soil.csdb.cn/

Remote Sens. 2020, 12, 2857 50f 15

2.3. Production Potential Definition

Crop production potential is defined as the productivity of a cultivar when the nutrient supply
is sufficient, pests and weeds are fully controlled, and tillage technology and the management level
are in the best state [35]. It is an important reference index for the scientific study of regional crop
production capacity and population carrying capacity [36]. Crop production potential is specifically
divided into photosynthetic production potential, light-temperature production potential, and climate
production potential [37]. The light-temperature production potential is the maximum yield achieved
under the condition of optimal management, and it is obtained only with the light and temperature
injected. The general formula for the calculation of the light-temperature production potential is as
follows [38,39]:

Y(Q) =) KE-Qi M
Y(QT) = Y KE-Qi-f(T) @)
As for winter wheat, f(T) is as follows:
_ T2
1) = explal 1) | ©
[ -2, T>T,
- { ~1,T<Tp @)

where Y(Q) is the photosynthetic production potential (unit: kg/ha), K is the conversion coefficient,
E is the efficiency of solar energy utilization (unit: %), Qi is the effective radiation at a certain time
per unit area (unit: J/em?), Y(Q, T) is the light-temperature production potential (unit: kg/ha), f(T) is
the correction coefficient of temperature, « is the parameter, T is the actual temperature, and T is the
optimum temperature.

2.4. Crop Simulation with DSSAT Model and GIS

The DSSAT model can match the biological requirements of crops to the physical characteristics
of the land so that crop growth information specified by the user can be obtained [21]. It integrates the
environmental and field management data to simulate crop growth processes with a set of validated
crop models and helps policy makers and farmers make decisions.

In this study, the regional simulation was realized with the DSSAT crop model coupled with GIS
technology. Meanwhile, RS was also required to define the boundary of the winter wheat planting
region. To obtain the exact and high-spatial-resolution potential yield in JJJ, the process was divided
into two parts, and the technical process is shown in Figure 2. First, the MODIS image data were
interpreted to obtain the exact planting area at high resolution with Decision Tree (DT) classification.
Second, we calibrated the DSSAT model with the experimental and management data in a single land
unit, and then performed a spatial simulation in the DSSAT model with spatial input data processed
by GIS.



Remote Sens. 2020, 12, 2857 6 of 15

|' _______________ il I' _______________ A
s, . e

| [72] : | }Mam menu of DSSAT) 9: :
[ MODIS Boundary 2 I S |
| A 1 ;!
| Pre-processing mask '(E; | | Land unit module g‘ |
| Y Y é : | & :
I ’ 5 ; | c

| ‘ Time series curve of NDVI | & | I Primary Modules |
| : | ‘ Weather ‘ Management ‘ :
I S8-G filter smoothing I | I
: | | ‘ il Soil-Plant- |

- | 5C i
| ’ NDVI data reconstruction : | Atmosphere ]
: | : ‘ Ceres-Wheat ‘ |
| Decision Tree | | —i |
\ 4
Validation . Planting area of Estimation on land | Validation,
winter wheat unit of winter wheat | Calibration
e i L et | e e b AL e e e e B e e LS e 1
T : ; Spatigl simulation with DSSAT and GIS
and use/cover
change data ﬂ A4

Soil profile data [~ Geospatial dataset
Daily weather data \ |

|

|

[ Field experiment data

Non-geospatial dataset Cultivar data

! Management data

|

|

|

Figure 2. Technical flowchart.

2.4.1. Extraction of Winter Wheat Planting Area Based on RS

To obtain the exact planting area in J]JJ, it is necessary to extract the exact spatial distribution
and latitude and longitude of the planting area. Based on RS technology, the winter wheat planting
areas can be estimated more conveniently. The collected pre-processing MOD09Q1 data were used to
calculate the NDVI (Normalized Difference Vegetation Index), which was used to identify the regional-
or global-scale vegetation coverage [32,40,41]. To express the characteristics of ground features on
NDVI curves, the Savitzky—Golay filter was chosen to smooth the original NDVI time series curves
to better reflect the trends of the three types of NDVI time series curves of ground features [42,43].
A DT method for crop classification in RS monitoring was applied to extract the winter wheat planting
area according to the NDVI differences of three ground features [44]. Besides, to recognize the feature
of winter wheat on the MODIS images, some of the field sampling points were analyzed: 20, 5,
and 10 sampling points for winter wheat, forest, and buildings, respectively.

2.4.2. Model Calibration and Validation

In DSSAT model, a variety of parameters pertaining to cultivars and genotypes are defined to
control and simulate the growth of crops. Therefore, the variety of parameters in the model should be
calibrated to confirm that the simulation values are consistent with the measured values.

The collected data of dry matter accumulation data and LAI data of winter wheat in 2014
(Tables 1 and 2) were used to estimate genotype-specific coefficients using the Trial-and-Error by GLUE
(Generalized Likelihood Uncertainty Estimation) program in DSSAT model. In this study, a kind
of genotype of winter wheat (in WHCER047.CUL and WHCER047.ECO) was selected for cultivar
calibration, and then the GLUE tool was used to estimate the cultivar parameters with 10,000 runs.
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The yields of winter wheat in 2015 and 2016 and the growth dates were used to validate the DSSAT
crop model. The nRMSE (Normalized Root Mean Square of Error, a model evaluation statistic) was
used to assess the fitness of the validated cultivars [26,45,46]. The equation for the nRMSE is as follows:

n . N2
nRMSE = Z (5i-Mi)” x 1_20 ()
i=1 " M

where Si is the simulated value, Mi is the measured value, M is the mean of the measured value, and 7 is
the number of values. Generally, we consider nRMSE < 15%, 15% < nRMSE < 30%, and nRMSE > 30%
as good, moderate, and poor agreement, respectively.

2.4.3. Spatial Simulation with DSSAT Model and GIS

The DSSAT model is usually applied in a single land unit. When it comes to the regional scope,
it should be extrapolated with GIS technology. In this study, to complete the spatial simulation,
the single land unit experimental file was built with the management data and calibrated cultivars.
Then, ArcGIS 10.1 software was used to process and generate soil and weather raster data, including
clipping, projection, and resampling to 250 m resolution. It should be emphasized that one raster point
data represented a land unit. After processing in ArcGIS, the extracted soil and weather values were
individually written into *.SOL files and *.WTH files by Python. For the FILEX (the experimental file),
the crop growth data were set to be the same at every land unit, but the corresponding soil and weather
data were varied with the different land units. Meanwhile, the water and nutrient stress were removed
in this simulation by turning off the water, nitrogen, phosphorus, and potassium simulations. With all
the input files created, the simulation was run in batch.

3. Results
3.1. Area Validation and Model Validation

3.1.1. Area Validation

After analyzing the NDVI time series curves of three sampling ground features (Figure 3),
the planting area of winter wheat in JJJ was extracted (Figure 4) by DT classification. The remaining
195 field sampling points for winter wheat were used to evaluate the accuracy of planting location,
and the statistical data of planting acreage were used to calculate the accuracy of the extracted winter
wheat planting acreage. The results show that the accuracy in spatial location is 93.33%, with 182 of the
195 points classified correctly (Figure 4). The accuracy in planting acreage is 91.18%, which the extracted
acreage is 2205.88 hectares compared with the 2419.20 hectares in the statistical data. The accuracy in
each city is shown to be reliable in Table 4.

8 177 256
day of year day of year day of year

(@) (b) ()

Figure 3. The Normalized Difference Vegetation Index (NDVI) time series curves of sample points
(a) represents the winter wheat; (b) represents the forest; (c) represents buildings.
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Figure 4. The spatial distribution of the extracted planting location and the field sampling points of
winter wheat in the Jing-Jin-Ji (J]]) region.

Table 4. The accuracy of the extracted area of winter wheat in each city (unit: Hectares).

City Extracted Area Area in Statistical Data Accuracy
Xingtai 346.92 342.87 98.83%
Tianjin 96.01 101.30 94.78%

Cangzhou 361.39 382.32 94.53%
Baoding 364.81 386.16 94.47%
Handan 332.11 375.39 88.47%

Shijiazhuang 276.96 319.17 86.78%
Hengshui 318.87 257.43 80.73%
Beijing 7.69 11.20 68.66%

Tangshan 62.72 107.48 58.36%
Langfang 37.83 66.37 57.00%

Jing-Jin-Ji 2205.88 2419.20 91.18%

Note: Three cities whose acreage was below 5 hectares are not included in the table, they were Zhangjiakou,
Chengde, and Qinhuangdao.

3.1.2. Model Validation

After 10,000 trial-and-error runs, the final genotype parameter results at the experimental site
were estimated, as shown in Table 5. The simulated values are in good agreement, as shown in
Table 6. The error in seeding and harvest date between the simulated and measured values was 1 day.
The simulated flowering date was the same as the measured value. The nRMSE values of winter wheat
yield in 2014, 2015, and 2016 were all less than 15%.

Table 5. Cultivar coefficient localization results of the DSSAT-CERES-Wheat model.

Parameter Definition Value Unit
P1V Days required f.01.r vernalization, optimum 421 Days
vernalizing temperature
P1D Photoperiod response 58.9 %
P5 Grain filling (excluding lag) phase duration 585 °Cd

PHINT Interval l?etween successive leaf 105 °C.d
tip appearances

PAR conversion to dm ratio, before last
25 g/m]
leaf stage

PARU2 PAR conversion to dm ratio, after last leaf 342 g/m]

PARUE
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Table 5. Cont.

Parameter Definition Value Unit

Kernel number per unit canopy weight

1 .
G at anthesis

28 Kernels/g

I Standard kernel size under 30 Mg

optimum conditions

Standard, non-stressed mature tiller wt

G3 (incl. grain) 12 G

LA1S Area of standard first leaf 3.1 cm?
GN%S Standard grain N 2.85 %o
LAFV Increase iVne g:::gfj:;aﬁ":saeof leaves, 04 fr/leaf
el
SLAS Specific leaf area, standard first leaf 220 cmz/g
LSPHS Final leaf senescence starts 5.0 Growth stage
LSPHE Final leaf senescence ends 6.5 Growth stage

Table 6. Simulation error after calibration in the (Decision Support System for Agrotechnology Transfer)

DSSAT model.
Item Measured Value Simulated Value Error/nRMSE

Seeding date (day) 5 6 1 day

Anthesis date (day) 229 229 0 day

Harvest (day) 263 262 1 day
Yield in 2014 (kg/hm?) 5613 5605.7 13.02%
Yield in 2015 (kg/hm?) 5826 5834.0 13.71%
Yield in 2016 (kg/hm?) 5814 5821.1 12.20%

3.2. Production Potential of Winter Wheat

The results of the spatial distribution and the production potential values are shown in Figure 5
and Table 7. The spatial distribution map (Figure 5) is a raster data. Each pixel records the production
potential value. The map shows an increasing trend from north to south gradually in JJJ, and the
production potential values range from 4238 to 10,774 kg/ha. The production potential is highest in the
south-western area of the winter wheat planting area, and it can reach 10,774 kg/ha. The production
potential is lowest in the north-eastern winter wheat planting area, with a minimum of 4238 kg/ha.

In Xingtai, the production potential of winter wheat ranges from 9064 kg/ha to 10,774 kg/ha,
with the average value of 9848 kg/ha. The production potential in the north is higher than that in
the south. In Shijiazhuang, the production potential of winter wheat ranges from 8302 kg/ha to
10,626 kg/ha, with the mean value of 9672 kg/ha. The production potential values in southeast are
higher than that in northwest. In Hengshui, the production potential of winter wheat is between
8214 kg/ha and 10,328 kg/ha, with the mean value of 9517 kg/ha. The production potential values in
the west are higher than that in the east. In Baoding, the production potential is between 7999 kg/ha
and 10,088 kg/ha, with the average production potential of 9433 kg/ha. However, there is no significant
variation in the spatial distribution. Both north and south regions have high and low production
potential. In Handan, the values range from 8692 kg/ha to 10,354 kg/ha, and the average value is
9408 kg/ha. The production potential values in the north are higher than that in the south. In Beijing,
the production potential ranges from 6506 kg/ha to 9998 kg/ha, and its mean production potential
value is 9390 kg/ha. Because of the smaller planting area, the spatial distribution result is not clear.
In Langfang, the production potential ranges from 8262 kg/ha to 9827 kg/ha, with the mean production
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potential value of 9344 kg/ha, and there are few changes in values, so that spatial variation is not
obvious. In Tianjin, the production potential ranges from 5575 kg/ha to 9998 kg/ha, with the mean
production potential value of 9223 kg/ha. There are relatively high production potential areas in a small
part of the western region. In Cangzhou, the value ranges from 7999 kg/ha to 9937 kg/ha, and the
average value is 9030 kg/ha. In the south and north, the values are higher than those in the middle.
In Tangshan, the highest production potential is 9516 kg/ha. But the lowest production potential is
4238 kg/ha. The average is only 6747 kg/ha. The overall production potential of winter wheat in JJ] is
4238-10,774 kg/ha, and the average value is 7865 kg/ha.

114°0'0"E 117°0'0"E 120°0'0"E
i N 3
: =)
=
o
4 g
T 8 2 xRS
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Beijing
] N L
Ty o -
[l A
5| o= 2 Tl
o o 3
Tianjin
/ . h
production potential | .z :
unit: kg/ha g T :
z pw High : 10774 %
=) ! A
= 1 0 50 100 20 a2
=] EJA
% . kv Low : 4238 ‘
cn 114°0'0"E 117°0'0"E Cangzhou
h J E
0 AWy (R ‘ (R .\"—"‘ 22 Rm
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Production potential of winter wheal  (Unit: kgha
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Figure 5. The distribution of the production potential of winter wheat in JJJ.

Table 7. Production potential of winter wheat in each city (unit: kg/ha).

The Range of The Average The Range of The Average
City Production of Production City Production of Production
Potential Potential Potential Potential
Xingtai 9064~10,774 9848 Beijing 6506~9998 9390
Shijiazhuang 8302~10,626 9672 Langfang 8262~9827 9344
Hengshui 8214~10,328 9517 Tianjin 5575~9998 9223
Baoding 7999~10,088 9433 Cangzhou 7999~9937 9030
Handan 8692~10,354 9408 Tangshan 4238~9516 6747
Jing-Jin-Ji 4238~10,774 7865 - - -
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To show the production potential ability at a city level, the number of pixels in different intervals
of production potential in each city was counted (Table 8). The intervals of winter wheat pixels were set
to be <7000 kg/ha, 7000-9000 kg/ha, 9000-10,000 kg/ha, and >10,000 kg/ha. In addition, the percentage
of pixels in each city where production potential values were more than 9000 kg/ha were calculated.
The table shows that the range of winter wheat production potential in JJJ is widely distributed, ranging
from less than 7000 kg/ha to more than 10,000 kg/ha. Most production potential values were above
9000 kg/ha, with a pixel ratio of 93.65%.

Table 8. Statistics of the production potential of winter wheat in each city.

City <7000 7000~9000 9000~10,000 >10,000 Total Percentage (>9000)
Xingtai 0 0 41,747 13,759 55,506 100%
Shijiazhuang 0 151 37,168 6994 44,313 99.66%
Hengshui 0 547 48,531 1940 51,018 98.93%
Baoding 0 1179 57,120 70 58,369 97.98%
Beijing 6 28 1196 0 1230 97.24%
Langfang 0 204 5849 0 6053 96.63%
Tianjin 81 616 14,665 0 15,362 95.46%
Handan 0 3011 49,932 194 53,137 94.33%
Cangzhou 0 9572 48,250 0 57,822 83.45%
Tangshan 6475 533 3028 0 10,036 30.17%
Jing-Jin-Ji 6411 15,841 307,486 22,957 352,846 93.65%

According to Table 8 above, Xingtai has the highest winter wheat production potential, with all
the values being above 9000 kg/ha. Additionally, the percentages in Xingtai, Shijiazhuang, Hengshui,
Baoding, Langfang, Tianjin, and Handan are more than 90%, with percentages of 99.66%, 98.93%,
97.98%, 97.24%, 96.63%, 95.46%, and 94.33%, respectively. There are no production potential values of
>10,000 kg/ha in Beijing, Langfang, or Tianjin. In addition, pixel values under 7000 kg/ha existed in
Beijing and Tianjin, but the proportion is low. The percentage in Cangzhou is 83.45%, which is lower
than that in most cities. The production potential in Tangshan is the lowest, with only 30.17% of the
production potential greater than 9000 kg/ha, and the values of more than half of the pixels are under
7000 kg/ha.

4. Discussion

4.1. The Analysis of Production Potential of Winter Wheat Estimation

The production potential of winter wheat was simulated on a spatial scale using the DSSAT model
and GIS technology. The simulated production potential values were in 4238-10,774 kg/ha, which were
different from the results in other studies conducted in the same region.

Wang Hong et al. [47] showed that the production potential of winter wheat was 13,150 kg/ha
in Hebei during 1998-2007 using the AEZ (Agro-Ecological Zone) model. The production potential
with DSSAT model is lower than that with AEZ model. The reason for the lower level may be that
the DSSAT model, which is a process-based crop growth model, was used. The process-based crop
model took the growth environment data and crop management data into account, which differs from
the empirical formula methods. Generally, the light-temperature production potential values were
calculated in AEZ model step by step according to impact factors of light and temperature. However,
in DSSAT model, not only the light and temperature data were asked input, the soil data were required.
When the soil data were input, the growth environment became a kind of impact factor though the
water, and nutrition was sufficient by removing water, nitrogen, phosphorus, and potassium limitation.

Wu Dingrong et al. [48] simulated the production potential of winter wheat during 1991-2006 with
WOFOST (World Food Studies) model, and the production potential values were 6160-13,730 kg/ha
in North China. Wang Tao et al. [36] simulated the production potential in JJJ] with WOFOST model,
and the values were 6934-9143 kg/ha. The lowest production potential simulated with DSSAT model
was less than the WOFOST. The highest production potential simulated with DSSAT model was
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between these two studies of WOFOST. The reason for these differences may be the difference of
cultivars. Besides, the soil and weather data recorded in each unit are different because of the
spatial resolution.

4.2. Light and Temperature Effects on Production Potential

In this paper, the light-temperature production potential of winter wheat was calculated. According
to the definition of light-temperature production potential, the light and temperature are influential
factors for production. Therefore, the accumulated maximum temperature (accumulated Tmax),
the accumulated minimum temperature (accumulated Tmin), and the total solar radiation during
the growth period of winter wheat were quantified (Figure 6). As shown in Figure 6, the total solar
radiation in the winter wheat planting area ranges from 3828.60 to 4270.06 MJ/m?, and it decreases
from north to south. The accumulated Tmax in the winter wheat planting area is between 256 and
4713.95 °C, and the accumulated Tmin is —496.38 to 1661.98 °C. The solar radiation in the north is
higher than that in the south, but the accumulated temperature in the north is lower than that in
the south.
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Figure 6. Temperature and total solar radiation distribution during the winter wheat growth period

in JJJ.

The production potential of winter wheat was obtained under the influence of light and temperature.
Taking Xingtai as an example, the production potential is the highest in JJJ in the common influence of
the solar radiation and temperature, although the solar radiation and temperature are not the highest
in the study area. The production potential of winter wheat in the central part of the planting area
is higher than that in the south and north in JJJ (Figure 5). The reason for this phenomenon is that
the temperature plays a more important role than light in yield. Taking Tangshan as an example,
the low production potential of winter wheat may be due to the low temperature, although the solar
radiation is very high. Wang Hong et al. [47] performed a nonlinear fitting analysis of solar radiation
and temperature data corresponding to the production potential of winter wheat in the Huanghuaihai
agricultural area. The results also showed that the fitting degree (R2=0.7298) between temperature and
yield was higher than that for solar radiation. The production potential distribution map in this study
is consistent with the study of Wang Hong.

5. Conclusions

In this paper, the growth process of winter wheat was simulated on a large scale by integrating
the DSSAT crop growth model and GIS technology, and the spatial distribution of production potential
in JJJ] was visualized at high spatial resolution. The DSSAT model makes up for the deficiency of



Remote Sens. 2020, 12, 2857 13 of 15

the traditional mathematical model with its simulation modules. The application of GIS technology
facilitates the data management and data processing. It helps to realize the spatial expansion for the
DSSAT model. Furthermore, the spatial results of winter wheat production potential are more intuitive.

According to the results, the winter wheat production potential in JJJ varies from north to south
due to the heterogeneity in weather and soil across different land units. Although high-yield areas and
low-yield areas exist, the winter wheat production potential in JJ] is at a high level overall. The correct
decision should be made by farmers and decision makers according to the spatial distribution of
production potential.

In this study, only a single cultivar was used in this simulation in JJJ. However, in actual field
planting, different kinds of cultivars are planted in JJJ due to local topographic factors and climatic
conditions. Therefore, different kinds of genotype parameters should be applied in the DSSAT model.
In the next step, more research and field experiments should be carried out to obtain more genotypes
by calibration. In addition, years of meteorological data collection and simulation should be performed
to obtain a more stable result on a temporal scale.
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