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Abstract: Climate change has and will continue to exert significant effects on social economy, natural
environment, and human life. Research on the climatic suitability of crops is critical for mitigating and
adapting to the negative impacts of climate change on crop production. In the study, we developed the
climate suitability model of maize and investigated the climate suitability of summer maize during
the base period (1981–2010) and two future periods of 2031–2060 (2040s) and 2071–2100 (2080s)
in the North China Plain (NCP) based on BCC-CSM2-MR model (BCC) from the Coupled Model
Comparison Program (CMIP6) under two Shared Socioeconomic Pathways (SSP) 245 and SSP585.
The phenological shift of maize under future climate scenarios was simulated by the Agricultural
Production Systems Simulator (APSIM). The results showed that the root mean square errors (RMSE)
between observations and projections for sunshine suitability (SS), temperature suitability (ST),
precipitation suitability (SP), and integrated climate suitability (SZ) during the whole growth period
were 0.069, 0.072, 0.057, and 0.040, respectively. Overall, the BCC projections for climate suitability
were in suitable consistency with the observations in the NCP. During 1981–2010, the SP, ST, and SZ

were high in the north of the NCP and low in the south. The SP, ST, and SZ showed a downward
trend under all the future climate scenarios in most areas of NCP while the SS increased. Therein,
the change range of SP and SS was 0–0.1 under all the future climate scenarios. The ST declined
by 0.1–0.2 in the future except for the decrease of more than 0.3 under the SSP585 scenario in
the 2080s. The decrease in SZ in the 2040s and 2080s under both SSP scenarios varied from 0 to
0.2. Moreover, the optimum area decreases greatly under future scenarios while the suitable area
increases significantly. Adjusting sowing data (SD) would have essential impacts on climate suitability.
To some extent, delaying SD was beneficial to improve the climate suitability of summer maize in
the NCP, especially under the SSP585 scenario in the 2080s. Our findings can not only provide
data support for summer maize production to adapt to climate change but also help to propose
agricultural management measures to cope with future climate change.

Keywords: adaptation; climate change; summer maize; phenology shift; GCM

1. Introduction

Over the past 100 years, global warming has become more and more significant, and it
has become one of the major issues affecting the sustainable development of human soci-
ety [1]. Global warming has exerted a significant impact on the natural environment, social
economy, and human life, among which the impact on agricultural production on which
human survival depends has attracted widespread attention [2–9]. Generally, different
crops have different demands for climate resources, and more or less, climate resources
are not conducive to the normal growth and development of crops [10,11]. The quantity
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variation of key climatic factors (i.e., sunshine hours, temperature, and precipitation) can
be transformed into the climate suitability of crop growth and development based on the
membership function method in fuzzy mathematics [12,13]. Moreover, the crop climate
suitability can play a role in predicting final yield [14,15]. The study of climate suitabil-
ity not only helps to make specific divisions of regions according to climate conditions,
e.g., unsuitable area (unsuitable area for crop growing), less suitable area (less suitable
area for crop growing), suitable area (suitable area for crop growing) and optimum area
(optimum area for crop growing) [16,17], but also can rationally plan the planting areas of
crops [17–20]. Moreover, the climate suitability for different varieties of the crop is different.
By comparing the climate suitability for three varieties of early maturity, medium maturity,
and late maturity of spring soybean in North China, the medium maturity variety was
the most suitable variety for planting [21]. The climate suitability model is a useful tool to
investigate the sensitivity of crops to climatic factors such as temperature, precipitation,
and sunshine, analyze the response mechanism of crops to climate change, and optimize
the selection of crop varieties [22,23].

Climate change exerted an important impact on the crop growth process, and the
study of future climate suitability is crucial for taking effective adaptive measures to cope
with the adverse effects of climate change on crop production. Global climate model
(GCM) is an effective tool to explore the mechanisms of climate change and predict future
climate change, and the simulation results of GCMs can provide important data support
to study the impacts of future climate change on agricultural production at different
scales [24]. The World Climate Research Program (WCRP) initiated a new round of the
International Coupled Model Comparison Program (CMIP6). Since the implementation
of CMIP was more than 20 years, the number of participating models for CMIP6 was the
largest, the scientific experiment design was the most complete, and the largest amount of
model data was provided [25]. Compared with previous climate models such as CMIP5,
the simulations of CMIP6 models for climate systems were closer to the observations
and had less uncertainty, so the simulating ability of climate change has significantly
improved [26,27]. For example, in terms of simulation for extreme climate at global scale,
CMIP6 models had a general improvement in simulating the changing trend of extreme
climate compared to CMIP5 models [28]. In the study, the BCC-CSM2-MR model (BCC)
from CMIP6 was used to explore the crop climate suitability in the future. In contrast with
the previous versions of the BCC model from CMIP5, the physical mechanism of BCC,
such as atmospheric radiation and deep convection process, was improved to make it more
suitable for the simulation of climate distribution [29–31].

Maize is an important food and feed crop in the world and has a considerable impact
on agricultural economy [32]. In China, maize is one of three major food crops while
it ranks first among miscellaneous grain crops, widely distributed in Northeast, North,
Northwest, and Southwest China [33]. The North China Plain (NCP) is an important grain
production base in China, with maize production accounting for more than 30% of the
country’s total output [34]. Over the past few decades, climate change has had a significant
impact on maize production in the NCP [35]. From 1980 to 2009, the contribution of climate
change to maize yield reduction in the NCP was 15–30%, among which the contribution
from the reduction in solar radiation was 12–24%, and that from temperature increment
was 3–9% [36]. Therefore, It is of great significance to study the climate suitability of
maize in the NCP and evaluate the impact of climate resources on agricultural production.
The evaluation of agricultural climate suitability is beneficial to cope with the impact of
climate change on maize production, rationally use agricultural climate resources, improve
the agricultural management level and ensure agricultural production safety [14]. Tang and
Liu [15] analyzed the spatial-temporal characteristics of maize climate suitability during the
current period and future period in the NCP based on 30 CMIP5 GCMs. However, the phe-
nology shift of maize in the above study was obtained by calculating the active accumulated
temperature, with a lack of mechanism. During the historical period, the observed records
of maize phenology at the agro-meteorological stations should be used for developing
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the climate suitability model. In addition, the crop model can be used to simulate crop
growth under various environmental conditions and agricultural management measures.
Therefore, this study took advantage of the crop model to simulate the future phenology of
maize. The Agricultural Production Systems Simulator (APSIM) was selected to simulate
the phenological shift of maize under future climate scenarios.

In the study, we mainly investigated the climate suitability of maize in the NCP under
future climate scenarios on the basis of daily climate data of BCC from CMIP6 and future
phenology conditions simulated by the APSIM model. The objectives of the study were
(1) to develop the climate suitability model of maize based on the regional climatic condi-
tions and fuzzy mathematics; (2) to analyze the spatial and temporal change characteristics
of climate suitability for maize in the NCP under future scenarios; and (3) to evaluate the
effect of adjusting sowing date on maize climate suitability.

2. Materials and Methods
2.1. Study Area

The NCP (113.7–122.7◦ E, 32.9–40.5◦ N) is delimitated in the east by the sea, the west
by Taihang Mountains, the south by the main stream of the Huaihe River, the north by the
Yan Mountains, accounting for approximately 1.4 × 105 km2 of arable land (Figure 1) [37].
The region has a warm temperate monsoon climate with plenty of light and heat re-
sources [37]. The mean annual temperature across the study area ranged from 9.6 to 16.0 ◦C
in nearly fifty years [38]. The annual precipitation is not evenly distributed, with over 70%
of precipitation appearing in July through September. The main soil type in the NCP is the
loam of Aeolian origin, a soil type deposited by rivers over geological periods. The NCP
is an important grain production region in China, where the main cropping system is the
double-cropping systems of winter wheat-summer maize [36]. Summer maize is usually
planted in middle June and harvested in September [39].

Figure 1. The spatial distribution of 52 meteorological stations in the North China Plain.

2.2. Climate Data

The historical records about daily climate data, including mean temperature (Tmean),
maximum temperature (Tmax), minimum temperature (Tmin), precipitation (Prec), and sun-
shine hours (Sh) during 1981 to 2010 for 52 meteorological stations across the NCP, were
obtained from China’s Meteorological Administration (CMA).
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Future climate scenario data were obtained from GCMs, which is provided by the
World Climate Research Program (WCRP) of Coupled Model Inter-comparison Project
phase 6 (CMIP6, https://esgf-node.llnl.gov/search/cmip6/ (accessed on 20 February 2020)).
CMIP6 integrated climate change information from the CMIP5 simulations of the represen-
tative concentration pathway (RCP) and future societal development pathways (SSPs) [40].
The SSPs describe alternative evolutions of future society under climate change and/or
climate policy. SSPs 1 and 5 envision relatively optimistic trends for human development,
with substantial investments in education and health, rapid economic growth, and well-
functioning institutions [40]. However, SSP5 assumes an energy-intensive, fossil-based
economy, while SSP1 assumes an increasing shift toward sustainable practices. Further de-
tails of the SSPs can be found in O’Neill et al. [40]. In our study, we focused on fossil-fueled
development trends (i.e., SSP5) and the highest forcing pathway (i.e., RCP8.5, the radiative
forcing of 8.5 W m−2 by 2100), defined by SSP5-85 (SSP585). Additionally, the combination
of medium social vulnerability and medium radiative forcing, defined by SSP2-45 (SSP245),
was also used for comparison. SSP245 is the updated RCP4.5 scenario, and the radiative
forcing will stabilize at 4.5 W/m2 in 2100. A GCM named BCC-CSM2-MR (BCC) under
SSP245 and SSP585 with a time span of 2031–2060 (2040s) and 2071–2100 (2080s) developed
by Beijing Climate Center, China, was selected. In the study, the 2040s under SSP245, 2080s
under SSP245, 2040s under SSP585, and 2080s under SSP585 were defined as S1, S2, S3,
and S4, respectively.

The statistically downscaled method developed by Liu and Zuo [41] was used to
generate daily climate data at each station from the monthly data of the BCC-CSM2-MR
model (BCC). This method was mainly divided into two steps: spatial downscaling and
temporal downscaling. The spatial downscaling was to transform monthly GCMs on the
grid scale into monthly stations data using the inverse distance-weighted interpolation
(IDW). The formula is as follows:

Si =
4

∑
k=1

 1
dm

i,k

(
4

∑
j=1

1
dm

i,j

)−1

Pk

 (1)

where Si is the downscaled site-specific GCMs projection at site i, Pk is the GCMs projec-
tion at cell k, di,k (di,j) is the distance between site i and the center of cell k (j), m is the
control parameter.

In the spatial downscaling process, the qq-mapping bias correction method was
applied to correct the bias of the spatial downscaling data to match with the observations.
The bias-corrected spatial downscaling data were calculated by

x f
k = yo

i +
yo

i+1 − yo
i

xh
i+1 − xh

i

(
xr

k − xh
i

)
, xh

i ≤ xr
k ≤ xh

i+1 (2)

where x f
k is the bias-corrected spatial downscaling data, k = 1, 2, . . . , n, yo

i is the monthly
observed data in the baseline period, xh

i is the GCMs monthly data in the baseline period,
xr

k is the future GCMs projected data before bias correction.
Then the spatial downscaling monthly climate data for each station was transformed

to daily climate data using a modified stochastic weather generator (WGEN) [42].

2.3. Phenology Data and Future Phenology Simulation

The observed data of maize phenology, including sowing data (SD), flowering data
(FD), and maturity data (MD) for 49 agro-meteorological stations across the NCP during
1981–2010, were obtained from China’s Meteorological Administration (CMA). To investi-
gate the climate suitability of maize at different growth periods, the whole growth period
(WGP) was divided into two periods: vegetative growth period from SD to FD (VGP) and
reproductive growth period from FD to MD (RGP). The phenology data of the adjacent
agro-meteorological stations were used to calculate climate suitability for the three meteo-

https://esgf-node.llnl.gov/search/cmip6/
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rological stations without phenology data. With future climate change, the phenology of
maize across the NCP will also change. In order to more accurately calculate the climate
suitability under future climate scenarios, the APSIM, which is a comprehensive model
developed to simulate biophysical processes in agricultural systems [43,44], was selected to
simulate the maize phenology under future climate scenarios. Generally, the APSIM model
can provide an acceptable prediction of crop productivity under the combined influences
of climate change, soil condition, and management measures and was widely used in
agricultural research [36,45–48]. The APSIM model had been calibrated and validated
based on observed phenological data for the selected stations in the previous study [49].
In addition, SD adjustments were considered in the validated APSIM model to simulate
the maize phenology shift under future climate scenarios. A total of 5 sowing dates were
set up, including observed SD during the historical period (S_Base), observed SD advanced
by 30 days (S_A30) and 15 days (S_A15), and observed SD delayed by 15 days (S_D15) and
30 days (S_D30). The results can be used to evaluate the impacts of adjusting SD on the
phenology and climate suitability of maize.

2.4. Climate Suitability Model

To characterize the climatic adaptability of maize to key climatic factors (i.e., sunshine
hours, temperature, and precipitation) and integrated climatic conditions in the NCP,
the climate suitability model was built with reference to related studies [12,50–52].

2.4.1. Sunshine Suitability (SS) Model

The sunshine hours had a great influence on the growth and development of crops.
The SS of maize was calculated as follows [23,52,53]:

SS =

{
e−[(Si−S0)/r]2 Si < S0

1 Si ≥ S0
(3)

where S0 is the daily sunshine hours when the percentage of daily sunshine hours reaches
70%; Si is daily sunshine hours (h); r is a constant that can be determined according to
the climatic conditions across the NCP and relevant studies [52,54]. The values for r at
different growth periods are shown in Table 1. SS at the VGP, RGP, and WGP are referred
to as SS_VGP, SS_RGP, and SS_WGP, respectively.

Table 1. Values of related parameters for calculating the suitability of sunshine, temperature,
and precipitation in vegetative growth period (VGP) and reproductive growth period (RGP) of
summer maize.

Parameters VGP RGP

r 5.01 5.19
T1 20 10
T0 25 22
T2 35 32
Kc 0.7 0.9

2.4.2. Temperature Suitability (ST) Model

ST is related to three base point temperatures at different growth periods of crops.
Three basis point temperatures include the optimal temperature, lower limit tempera-
ture, and upper limit temperature of the crop life process. Under the optimal tempera-
ture, crops grow quickly and well, while crops cease to grow and develop above upper
limit temperature or below lower limit temperature [23]. The ST of maize was calculated
as follows [23,52,53]:

ST =

[
(Ti − T1)(T2 − Ti)

B
]

[
(T0 − T1)(T2 − T0)

B
] (4)
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Among
{

B =
(T2 − T0)

(T0 − T1)

}
where Ti is daily mean temperature (◦C); T0 is the optimal temperature (◦C) at differ-
ent growth periods; T1 and T2 is the lower limit temperature (◦C) and the upper limit
temperature (◦C) during various growth periods. The specific values of T0, T1, and T2
refer to the climatic conditions across the NCP and relevant studies [50,52,55] and are
shown in Table 1. The ST during the VGP, RGP and WGP were defined by ST_VGP, ST_RGP,
and ST_WGP, respectively.

2.4.3. Precipitation Suitability (SP) Model

It is very important for crop growth if precipitation can match the physiological water
requirement of crops. SP was defined as the ratio of precipitation to physiological water
requirement when precipitation is less or greater than physiological water requirement
during the crop growth period. The SP of maize is calculated as follows [51]:

SP =

{
R/ R0 Ri < R0
R0/ R Ri ≥ R0

(5)

where R is precipitation (mm); R0 is the physiological water requirement of crops, which
can be calculated as follows:

R0 = Kc·ET0 (6)

where Kc is the crop coefficient and ET0 is the reference crop evapotranspiration (mm).
The Kc values of maize during various growth stages were determined according to relevant
studies [56,57] and listed in Table 1. The ET0 values of maize are calculated based on the
Penman–Monteith formula [57].

ET0 =
0.408∆(Rn − G) + γ 900

T+273 U2(es − ea)

∆ + γ(1 + 0.34U2)
(7)

where ∆ is the slope on the saturation vapor pressure temperature curve (kPa ◦C−1); T is
the daily mean temperature (◦C); Rn represents net radiation (MJ·m−2·d−1); G is the soil
heat flux (MJ m−2 d−1); γ is the hygrometer constant (kPa ◦C−1); U2 is the wind speed
2 m above the ground (m s−1); es and ea are respectively the saturated vapor pressure and
the actual vapor pressure (kPa) at temperature T. The SP at the VGP, RGP and WGP were
defined by SP_VGP, SP_RGP, and SP_WGP, respectively.

2.4.4. Crop Climate Suitability during Different Crop Growth Stages

The sunshine and temperature suitability during different growth stages are calculated
by the arithmetical average method according to the following formula:

Sc =
1
m

m

∑
i

Sci (8)

where Sc represents SS (ST) at different growth stages of maize; I is the corresponding day
sequence at each growth stage; Sci is the SS (ST) suitability of i day; m is the total number
of days at the corresponding growth stage.

2.4.5. Integrated Climate Suitability (SZ) Model

Crop growth and development are jointly affected by sunshine, temperature, and pre-
cipitation together. SS, ST, and SP can only reflect the influence of a single climatic factor
on crop growth. Therefore, SZ is developed to make a comprehensive reflection of the
impact of sunshine, temperature, and precipitation on maize growth and development.
The formula is as follows:

SZ = aSS + bST + cSR (9)
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Based on related studies and characteristics of crop growth and development in the
NCP [50,52,58], the coefficients a, b, and c are taken as values 0.20, 0.32, and 0.48, respectively
in this study. The SZ during the VGP, RGP, and WGP were defined by SZ_VGP, SZ_RGP,
and SZ_WGP, respectively.

2.5. Spatial Interpolation

In the study, the inverse distance weighting (IDW) in ArcGIS 10.3 was used to map
the spatial distribution characteristics and to analyze spatial variation trends of SS, ST, SP,
and SZ during the 2040s and 2080s compared with the baseline period (1981–2010) in the NCP.

3. Results
3.1. Comparison between Observations and Simulations for Climate Suitability during 1981–2010

In the study, it can be found from Figure 2 that the Pearson correlation coefficient
(R) calculated between observations and projections for SS, ST, SP, and SZ at different
stages ranged from 0.10 to 0.46. Meantime, the root mean square error (RMSE) calculated
between observations and projections for SS, ST, SP, and SZ at different stages was relatively
small. In detail, the RMSE of SS_WGP, ST_WGP, SP_WGP, and SZ_WGP was 0.069, 0.072, 0.057,
and 0.040, respectively. There was small uncertainty for the BCC projection in the inter-
annual variation during 1981–2010, which can reasonably reproduce the temporal variation
trend of the observed climate suitability. As was shown in Figure 2, the BCC projection
displayed similar trends of observations for climate suitability. These results showed that
the BCC projections for climate suitability were in suitable consistency with the observations
and suitable for the assessment and prediction of climate suitability in the NCP.

Figure 2. Observed and simulated maize climate suitability for the vegetative growth period (a,d,g,j),
reproductive growth period (b,e,h,k) and whole growth period (c,f,i,l) during 1981–2010 across the
North China Plain.
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3.2. Temporal Changes of Climate Suitability under the Future Climate Scenarios

The changes of BCC projected SS, ST, SP, and SZ in the 2040s and 2080s under
SSP245 and SSP585 compared to the baseline period of 1981–2010 are shown in Figure 3.

Figure 3. Changes in projected maize climate suitability for the vegetative growth period (a,d,g,j),
reproductive growth period (b,e,h,k) and whole growth period (c,f,i,l) during the 2040s and 2080s
compared to 1981–2010 (S1, S2, S3, and S4 are the SSP245_2040s, SSP245_2080s, SSP585_2040s,
and SSP585_2080s).

The change of BCC projected SP_VGP under both scenarios in the 2040s compared to
the baseline period was small (less than 0.01), while the decrease in BCC projected SP_VGP
in the 2080s was from 0.05 to 0.06 (Figure 3a). SP_RGP in the 2040s and 2080s showed a
uniform downward trend, and the range of decrease was 0.02–0.04 (Figure 3b). On the
whole, the decline of SP_WGP in the future compared to the baseline period was even more
pronounced. The SP_WGP under both scenarios in the 2040s decreased by 0.03–0.04, and the
decline of SP_WGP in the 2080s was up to 0.09–0.11 (Figure 3c).

The increase in BCC projected SS_VGP under both scenarios during the 2040s and 2080s
compared to the baseline period was from 0.06 to 0.09 (Figure 3d). The increase in BCC
projected SS_RGP was relatively small, less than 0.05 (Figure 3e). The overall rise of SS_WGP
for the future periods under SSP245 and SSP585 was 0.04–0.07 (Figure 3f). The change of SS
in the future across the NCP represented a slight increasing trend.

The decrease in ST_VGP, ST_RGP and ST_WGP during the SSP245_2040s, SSP245_2080s
and SSP585_2040s ranged from 0.1 to 0.3, while the decline of ST_VGP, ST_RGP and ST_WGP
in the SSP585_2080s was between 0.3 and 0.5 (Figure 3g–i). The downtrend of the ST during
the 2040s and 2080s across the NCP was significant, especially under SSP585_2080s.

The SZ was affected by sunshine, temperature, and precipitation together. The vari-
ation trend of SZ for the future across the NCP was consistent with the ST, while the
magnitude of decrease for the SZ was smaller than the ST on account of the SS and the
SP. The decline of SZ_VGP, SZ_RGP, and SZ_WGP during the SSP245_2040s, SSP245_2080s,
and SSP585_2040s was less than 0.1, and the SZ_VGP, SZ_RGP, and SZ_WGP in the SSP585_2080s
decreased by 0.1–0.2 (Figure 3j–l).
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3.3. Spatial Distribution of Climate Suitability in the Baseline Period (1981–2010) and Future
Periods (2040s and 2080s)

The spatial distribution of the SS, ST, SP, and SZ during the baseline period (1981–2010)
in the NCP is shown in Figure 4. SP_VGP in the northwest of the NCP was higher than 0.6,
while SP_VGP in the southeast of the NCP was lower than 0.6 (Figure 4a). There were most
areas of the NCP with SP_RGP higher than 0.6 (Figure 4b). The areas with SP_WGP lower
than 0.7 were distributed in the southeast of the NCP, and SP_WGP in the northwest of the
NCP exceeded 0.7 (Figure 4c). The spatial difference of SS across the NCP was relatively
small. The values of SS_VGP, SS_RGP, and SS_WGP during 1981–2010 in most areas of the
NCP ranged from 0.4 to 0.6 (Figure 4d–f). The spatial distribution of ST across the NCP was
low in the south and high in the north. The ranges of ST_VGP, ST_RGP, and ST_WGP in Hebei
and Shandong during 1981–2010 were 0.8–0.9, 0.6–0.7, and 0.7–0.8, respectively, while the
values of ST_VGP, ST_RGP, and ST_WGP in the south of the NCP were less than the values in
the north (Figure 4g–i). There was a spatial characteristic with high in the north and low in
the south for the SZ. SZ_VGP and SZ_WGP in most areas were higher than 0.6, and the values
of SZ_RGP ranged from 0.5 to 0.7 (Figure 4j–l).

Figure 4. The spatial distribution of maize climate suitability for the vegetative growth period
(a,d,g,j), reproductive growth period (b,e,h,k) and whole growth period (c,f,i,l) during the baseline
period (1981–2010) in the North China Plain.

The spatial change characteristics of climate suitability in the NCP under the SSP245
scenario during the 2040s and 2080s are shown in Figures S1 and S2. Relative to the baseline
period, SP_VGP increased by 0–0.1 in the central region of the NCP during the 2040s and
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2080s (Figures S1a and S2a). The areas with SP_RGP and SP_WGP decreasing by 0–0.1 were dis-
tributed in most areas of the NCP for two future periods (Figures S1b–c and S2b–c). The SS in-
creased by 0–0.1 at most parts of the NCP except SS_RGP in the 2040s (Figures S1d–f and S2d–f).
In contrast to the SS, the ST mainly presented a spatial characteristic of decline with a magni-
tude over 0.1 across the NCP in the 2040s and 2080s, particularly the decreasing amplitude
of ST_RGP during 2080s exceeding 0.2 (Figures S1g–i and S2g–i). Similar to the ST, there was
a spatial characteristic of decreasing for the SZ in most parts of the NCP. However, the extent
of decline for the SZ was significantly smaller than that of the ST (Figures S1j–l and S2j–l).

The spatial change characteristics of climate suitability in the NCP under the SSP585
scenario in the 2040s and 2080s are presented in Figures 5 and 6. Compared to the baseline
period, the spatial change characteristic of SP under the SSP585 scenario coincided with
that under the SSP245 scenario. In addition, the decline for SP_WGP in the north of the
NCP during the 2080s surpassed 0.1 (Figures 5a–c and 6a–c). The SS increased by 0–0.1 at
most parts of the NCP, while the increase in SS in the south of the NCP exceeded 0.1
(Figures 5d–f and 6d–f). The decreasing trend of ST under the SSP585 scenario was more
significant than that under the SSP245 scenario. The ST decreased by 0.1–0.3 during the
2040s across the NCP (Figure 5g–i). Furthermore, the magnitude of decline was over
0.3 during the 2080s (Figure 6g–i). The change characteristic of SZ under SSP585 in the
2040s was consistent with that of SZ under SSP245 in the 2040s and 2080s, with a decrease
of 0–0.1 (Figure 5j–l). The range of decline for the SZ under SSP585 in the 2080s was up to
0.1–0.2 (Figure 6j–l).

Figure 5. The spatial distribution of the change of maize climate suitability for the vegetative
growth period (a,d,g,j), reproductive growth period (b,e,h,k) and whole growth period (c,f,i,l) under
SSP585 during the 2040s compared to the baseline period (1981–2010) in the North China Plain.
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Figure 6. The spatial distribution of change of maize climate suitability for the vegetative growth
period (a,d,g,j), reproductive growth period (b,e,h,k) and whole growth period (c,f,i,l) under
SSP585 during the 2080s compared to the baseline period (1981–2010) in the North China Plain.

3.4. Regional Division of Climate Suitability for Maize in the Baseline Period (1981–2010) and
Future Periods (2040s and 2080s)

According to the statistical principle and referring to the expression of possibil-
ity in the fourth assessment report of the Intergovernmental Panel on Climate Change
(IPCC), the climate suitability of maize planting area was set as four grades: unsuitable
area (CS < 0.05, unsuitable area for maize growing), less suitable area (0.05 ≤ CS < 0.33,
less suitable area for maize growing), suitable area (0.33 ≤ CS < 0.66, suitable area for maize
growing) and optimum area (CS ≥ 0.66, optimum area for maize growing) [16,17].

The regional division of climate suitability for maize during the baseline period (1981–2010)
in the NCP is shown in Figure 7a. As an important maize production base in China,
the climate in the NCP was generally conducive to the growth of maize. The optimum
area and the suitable area accounted for about 50%, respectively. The optimum area is
distributed in the north of the NCP, and the suitable area is mainly distributed in the
south (Figure 7a). This is similar to the research results of He and Zhou [17]. The regional
division of climate suitability for maize under four future scenarios in the NCP is shown in
Figure 7b–e. With future climate warming, the overall climate suitability in the NCP shows
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a downward trend. The optimum area will decrease greatly under four future scenarios in
the NCP, while the suitable area will increase significantly (Figure 7b–e).

Figure 7. Regional division of climate suitability for maize during the baseline period (1981–2010)
(a) and four future scenarios (b–e) in the NCP.

3.5. Effects of Sowing Date Adjustment on the Climate Suitability of Maize in the NCP

Adjustment of SD has a significant impact on the phenology of maize, while the FD
and MD of maize changed with the adjustment of SD (Figure S3). Moreover, the climate
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suitability was closely related to the growth periods. So there was a significant difference
for the climate suitability based on various SDs (Figure 8). The SS, ST, SP, and SZ at the VGP
declined with the delay of SD under all future scenarios, while the climate suitability went
up with the advance of SD (Figure 8a,d,g,j). Additionally, the climate suitability for the RGP
increased due to the delay of SD except the SP (Figure 8b,e,h,k). Overall, the delay of SD can
effectively increase the climate suitability at the WGP, especially in the S4 (Figure 8c,f,i,l).
The adjustment of SD led to the change of maize growth period, while there were great
differences in climatic resources at different growth periods of maize. The temporal changes
of main climate factors (precipitation, sunshine duration, mean temperature, maximum
temperature, minimum temperature) from May to October in the baseline period, S1, S2,
S3, and S4, are shown in Figure 9. The climate factors varied greatly from month to month,
which contributed to the change of climate suitability for different SDs.

Figure 8. The climate suitability of maize for the vegetative growth period (a,d,g,j), reproductive
growth period (b,e,h,k) and whole growth period (c,f,i,l) under different sowing dates in the NCP
during the 2040s and 2080s under SSP245 and SSP585 (S1, S2, S3, and S4 are the SSP245_2040s,
SSP245_2080s, SSP585_2040s, and SSP585_2080s).
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Figure 9. The temporal change of precipitation (a), sunshine duration (b), maximum temperature (c),
minimum temperature(d) and, mean temperature (e) from May to October in the North China Plain
during the baseline period, the 2040s and 2080s.
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4. Discussion

Climate change has a significant impact on the growth process and yield formation
of maize in China. In recent decades, climate warming not only brought forward flow-
ering date and maturity date but also shortened RGP and WGP [46,59,60]. With future
climate change, the phenological period of maize in the future will also change further [61].
In order to study the influence of future climate suitability on maize better, the phenology
shift of maize should also be taken into account. The previous study analyzed the spatial-
temporal characteristics of maize climate suitability in the future period across the NCP,
while the phenology of maize under future scenarios was obtained by calculating the active
accumulated temperature [15]. Nevertheless, the process of crop growth is complicated.
There is a deficiency of mechanism to determine crop growth period by calculating effective
accumulated temperature. Consequently, we used the APSIM model to simulate the flow-
ering date and maturity date of maize. The flowering date and maturity date simulated
by the APSIM model under future scenarios in our study present the trend of significant
advance across the NCP (Figure S4).

Overall, the ST across the NCP during the baseline period was higher than 0.5, while
the values of ST_VGP and ST_WGP in the north of NCP exceeded 0.7 (Figure 4g–i). However,
the decrease in ST_VGP, ST_RGP, and ST_WGP in the future was remarkable, especially the
decline of ST_VGP, ST_RGP, and ST_WGP under SSP585_2080s was between 0.3 and 0.5
(Figure 3g–i). This may be largely associated with rising temperature. As shown in
Figure 9c–e, the mean temperature, maximum temperature, and minimum temperature
across the NCP will increase markedly under four future scenarios compared to the baseline
period. The warm temperatures can improve the growth of crops before the threshold is
reached, while yields will abruptly diminish subsequently [62,63]. Furthermore, the sensi-
tivity to extreme temperature changes at different growth stages of crops [64] is particularly
significant during the reproductive growth period [65]. The heat stress during the reproduc-
tive growth period can affect pollination, reduce male fertility and seed quality, ultimately
lead to the loss of kernel weight and yield [65–67]. Our results indicated that ST_RGP was
lower than ST_VGP during 1981–2010 across the NCP (Figure 2g–h), while the decrease in
ST_RGP was significantly higher than ST_VGP under future scenarios (Figure 3g–h). The risk
of high temperature for summer maize during future periods in the NCP will become an
important field of climate change-related research [65].

In order to ensure crop yield, some adaptive agricultural management measures
should be taken to counteract the adverse effects of climate change, including variety reno-
vation, adjustment of sowing date, improvement of fertilization and irrigation conditions,
and so on [68,69]. For example, the renovation of maize varieties delayed the heading date
and maturity date and prolonged the whole growth period at more than 90% of stations
in China, while appropriate late sowing can also prolong the whole growth period [5].
These adaptive agricultural management measures offset the impacts of climate change on
maize to some extent and further ensured maize yield [5]. In this study, we investigated
the climate suitability of maize for different sowing dates in the NCP during the 2040s
and 2080s under SSP245 and SSP585 (Figure 8). Compared to the observed SD during the
historical period, the SS, ST, SP, and SZ for the VGP declined with the delay of SD in the
future, while these for the RGP increased due to the delay of SD except the precipitation
suitability (Figure 8a,b,d,e,g,h,j,k). On the whole, the delay of SD can effectively increase
the climate suitability during the whole growth period of maize (Figure 8c,f,i,l). Due to
the adjustment of SD, the overall growth process of maize will change. The FD and MD
will postpone delaying the SD of maize (Figure S3). The grain filling stage of maize is
sensitive to high temperatures. The delay of SD can postpone the grain filling stage to
a relatively cool period, which can reduce the heat damage stress on maize to a certain
extent [37,70]. Our study indicated the temporal changes of main climate factors from May
to October during the present period, the 2040s and 2080s, in the NCP. In the future period,
the increase in temperature and sunshine hours in September and October will better meet
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the growing demand for sunshine and temperature resources in the late growth period of
maize and avoid the invasion of high temperature.

Based on the global climate model (GCM), we can investigate the climate suitability
under future scenarios and further deal with the risks of ecological environment protection
and social development from climate change. Compared with CMIP5, CMIP6 models have
a certain degree of improvement and development in terms of resolution, physical parame-
terization, experimental design, and simulation computing capability. The simulation of
the climate models from CMIP6 was closer to the observed value, while the uncertainty
of simulation was smaller and the accuracy of the simulation was higher [26–28]. Taking
the study of extreme climate indices as an example, the climate models from CMIP6 had
stronger effects on the extreme temperature indices and extreme precipitation indices than
the climate models from CMIP5, which can well reproduce the changing trend of the
extreme climate indices [71,72]. In our study, the BCC-CSM2-MR model from CMIP6 pro-
cessed by the statistically downscaled method developed by Liu and Zuo [41] was used to
estimate the spatio-temporal variation characteristics of future climate suitability under
different climate scenarios. The statistically downscaled method could reproduce the cli-
mate statistics at multiple time scales for historical periods and correct the stationary errors
effectively [44], while the statistically downscaled data using the method has been applied
in previous research [38,73,74].

The study of climate suitability can be used to cope with the impact of climate change
on crop production. We can not only make specific divisions of regions based on the climate
suitability model [17–20] but also optimize the selection of crop variety [21–23]. We set
the regional division of climate suitability for maize in the baseline and future periods
according to the statistical principle and referring to the expression of possibility in the
IPCC4 (Figure 7a). The regional division of climate suitability during 1981–2010 in the
study was close to the results of relevant research [17]. With climate warming, ST and
SZ will decrease significantly under four future scenarios, which causes the change in the
regional division of climate suitability (Figure 7b–e). Under four future scenarios, the most
area of the optimum area in the NCP will change into the suitable area (Figure 7b–e).
In the future, the adoption of specific adaptations or mitigation measures against the risk
of heatwaves needs to be taken seriously [70]. Moreover, there was a certain correlation
between climate suitability and climatic yield [14,15]. The climate suitability combined
with climate information and phenology information can be used as an improved climate
index in the yield prediction model to improve the effect of prediction.

5. Conclusions

The study of crop climate suitability can enhance the ability to cope with the impact
of climate change on crop production. The study developed a climate suitability model
of maize and investigated the climate suitability of maize under the historical period and
two future periods in the NCP based on the BCC-CSM2-MR model from CMIP6. APSIM
model was used to simulate the phenology data of maize under future climate scenarios to
improve accuracy and reliability. The results showed that the BCC projections for climate
suitability were in suitable consistency with the observations. In 1981–2010, the SP, ST,
and SZ were high in the north and low in the south. The SP, ST, and SZ decreased under all
the future climate scenarios in most areas of NCP while the Ss presented an increasing trend.
Therefore, the optimum area decreases greatly under four future scenarios in the NCP
while the suitable area increases significantly. Moreover, the delay of SD can effectively
increase the climate suitability during the whole growth period, especially under the
SSP585 scenario in 2071–2100. Thus the adjustment of SD had essential impacts on the
climate suitability, which was advantageous to adapt to climate change and promoted
agricultural production in the NCP.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agriculture12030348/s1, Figure S1: The spatial distribution of the
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change of maize climate suitability for the vegetative growth pe-riod (a,d,g,j), reproductive growth
period (b,e,h,k) and whole growth period (c,f,i,l) under SSP245 during 2040s compared to the baseline
period (1980–2010) in the NCP, Figure S2: The spatial distribution of the change of maize climate
suitability for the vegetative growth pe-riod (a,d,g,j), reproductive growth period (b,e,h,k) and whole
growth period (c,f,i,l) under SSP245 during 2080s compared to the baseline period (1980–2010) in
the NCP, Figure S3: The simulated flowering date (a) and maturity date (b) of maize for different
sowing dates in the NCP during 2040s and 2080s under SSP245 and SSP585, Figure S4: The simulated
changes of flowering date and maturity date across the North China Plain during 2040s and 2080s
under SSP245 and SSP585 compared to the baseline (1981–2010).
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