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Abstract: Suitable planting areas for winter wheat in north China are expected to shift northwardly
due to climate change, however, increasing extreme events and the deficient water supply are
threatening the security of planting systems. Thus, based on predicted climate data for 2021–2050
under the Shared Socioeconomic Pathways (SSP1-2.6, SSP3-7.0, and SSP5-8.5) emission scenarios,
as well as historical data from 1961–1990, we use four critical parameters of percentages of extreme
minimum temperature years (POEMTY), first day of the overwintering period (FD), sowing date (SD),
and precipitation before winter (PBW), in order to determine the planting boundary of winter wheat.
The results show that the frequency of extreme minimum temperature occurrences is expected to
decrease in the North winter wheat area, which will result in a northward movement of the western
part of northern boundary by 73, 94, and 114 km on average, in addition to FD delays ranging from
6.0 to 10.5 days. Moreover, agrometeorological conditions in the Huang-Huai winter wheat area are
expected to exhibit more pronounced changes than the rest of the studied areas, especially near the
southern boundary, which is expected to retreat by approximately 213, 215, and 233 km, northwardly.
The north boundary is expected to move 90–140 km northward. Therefore, the change in southern
and northern boundaries will lead the potential planting areas of the entire North winter wheat area
to increase by 10,700 and 28,000 km2 on average in the SSP3-7.0 and SSP5-8.5 scenarios, respectively,
but to decrease by 38,100 km2 in the SSP1-2.6 scenario; however, the lack of precipitation remains a
limitation for extending planting areas in the future.

Keywords: climate change; agriculture; food security; planting boundary; winter wheat

1. Introduction

Wheat is the third-largest crop in the world, and provides 20% of human dietary protein
and caloric intake globally [1]. Its broad adaptability to climatic conditions and variety
diversity accounts for its unparalleled cultivation range, from 67◦ N in Scandinavia and
Russia, to 45◦ S in Argentina [2]. As stated by the Food and Agriculture Organization of
the United Nations (FAO), the production of wheat has increased from 222 million tons in
1961 to 732 million tons in 2013 [3]. Nonetheless, with the continually increasing global
mean surface temperature since the Industrial Revolution [4], climate change and increasing
extreme climate events disturb the agricultural ecosystem, and result in changes in local
suitable agrometeorological conditions, which affects wheat growth. Thus, climate change is
expected to substantially expand the suitable regions for winter wheat cultivation in North
America northwardly into Canada, and extend the fall-sown spring wheat region northwardly
and eastwardly [5,6]. In northern Europe, suitable areas for winter wheat cultivation have
expanded almost into the Arctic Circle (66.5◦ N) [7]. Crops in southern Europe, such as
maize, sunflower, and soya beans, could also expand further north and occur at higher
altitudes [8,9]. Although warmer temperatures benefit wheat cultivation at high latitudes by
reducing cold-temperature constraints on agricultural development, typical wheat planting
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areas in the tropics will be gradually reduced [10]. Therefore, the negative impacts of climate
change on global wheat production will likely become a critical issue to address in the future.
As predicted by Balkovic et al. [11], global wheat production under current conventional
management methods would decrease under all Representative Concentration Pathways
(RCPs) by 37–52 Mt, and by 54–103 Mt in the 2050s and 2090s, respectively.

China is the largest wheat producer in the world, possessing 11% of the global wheat
cultivation areas and contributing to 17% of global wheat production [12]. Winter wheat
accounts for more than 90% of the total wheat yields in China [13]. The winter wheat
cultivation zone climatic indices in China are based on tolerable low temperatures for winter
wheat growth [14,15], as varying degrees of freeze damage during the overwintering stage
may have different negative impacts on winter survival rate, crop vigor, and therefore final
yields [16,17]. However, temperature change spatial distribution patterns in China exhibit
strong similarities with global changes, with temperature increases occurring throughout
the entire region, albeit more noticeably in the northern region [18]. This northward
expansion over the past few decades has been largely attributed to the longer growing
seasons and decreased temperature-related constraints on crop growth that have resulted
from warmer temperatures. Increasing attention has begun to focus on the changes in
winter wheat cultivation distribution and possible planting boundaries in China, and
substantial progress in the characterization of this phenomenon has been achieved. For
instance, an observed significant relationship is that the sowing date is delayed for 4 days
when the temperature increases by 1 ◦C [19]. The planting boundaries for different winter
wheat varieties in China moved significantly northward in 1981–2010, compared to the
1951–1980 period [20]. Moreover, the overall potential planting areas for winter wheat
increased as well. The strong winterness-variety winter wheat had the largest change in
both the movement of the planting boundary and in planting area increase. Hao et al.
analyzed changes in suitable winter wheat planting boundaries along its production areas
in China under the RCP4.5 scenario, and predicted a northward shift of the northern
winter wheat boundary by 1–2◦ N [21]. Planting area increased 1420 km2 in the year 2019
compared to that in the year 2000, as measured by Landsat image mapping [22].

So far, most previous studies have focused on the northern boundary shifts, rather
than on those occurring in both the southern and northern boundaries in the coming
decades. Moreover, some studies have been limited to the provincial or regional scale,
and thus cannot represent the general impact of climate change on agriculture. Therefore,
this study aimed to assess the impacts of climate change on agrometeorological index
trends associated with wheat safe overwintering in the winter wheat region of China under
different Shared Socioeconomic Pathways of low (SSP1-2.6), medium-high (SSP3-7.0), and
high (SSP5-8.5) emission scenarios, as well as further, in order to explore potential wheat
planting boundaries in the future. Thus, the findings of this study could provide reference
for other agriculture planting regions and scientific data for climate change adaptation and
responses in food security.

2. Materials and Methods
2.1. Study Area

The winter wheat planting region in China is divided into the North winter wheat area
and the South winter wheat area border by the Huaihe River, based on the geographical
environment, natural conditions, climatic factors, farming system, and wheat varieties [14].
In this study, we focus on the North winter wheat area (I), which is located south of the Great
Wall and north of the Huaihe River, and includes the Shandong, Henan, Hebei, Shanxi,
Shaanxi, southeastern Gansu, and the northern parts of Jiangsu and Anhui Provinces
(Figure 1). Crops ripen twice per year, or three times every two years [23,24]. The climatic
conditions are suitable for winter or strong winter varieties of winter wheat growing,
with an annual mean temperature of 9–15 ◦C, extreme minimum temperature of −30.0
to −13.2 ◦C from north to south, and annual active accumulated temperature ranges of
2750−4900 ◦C. Area I can be divided into the Northern winter wheat subregion (Ia) and
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Huang-Huai winter wheat subregion (Ib), according to latitudes, terrains, and climatic
conditions. For subregion Ia, the winter wheat is sown from the end of September to
early-October, and harvested until mid-June to late-June, but for subregion Ib, the sowing
date is the same as for Ia, and the harvest time is advanced to early-June. In addition, since
the possible winter wheat planting boundaries might move northward as a result of climate
warming, we also plot the Spring wheat area (II) in the north of area I in Figure 1.
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Figure 1. Map of North winter wheat area; shaded colors indicate the temperature spatial pattern
(mean value from 1991−2019), using the daily meteorological data set of basic meteorological elements
of China National Surface Weather Station (V3.0).

2.2. Data

The Shared Socioeconomic Pathways (SSPs) are five distinctly different scenarios
determined by an international team of climate scientists, economists and energy systems
modelers, and adopted by the Sixth Assessment Report of the Intergovernmental Panel
on Climate Change, which describe how global societies, populations, and economies will
change under the context of climate change adaptation and mitigation [25]. The SSPs pro-
vide a framework to describe alternative socioeconomic developments between and within
countries, and represent five scenarios, including sustainable pathway (SSP1), middle path-
way (SSP2), regional rivalry pathway (SSP3), divided pathway (SSP4), and fossil-fueled
development pathway (SSP5). For the analysis of socioeconomic and climate systems, this
study combines SSPs and RCPs to form a set of future global change scenarios determined
by socioeconomics, emissions, climate response, and anthropogenic forcing of climate
systems, which makes future scenarios more reasonable for social development [26]. Three
combined SSP-RCP scenarios are selected in this study for future wheat overwintering
indices in model prediction: (1) a low forcing and sustainability pathway (SSP1-2.6), which
represents the combined scenario of a lower challenge of mitigation with low radiation
forcing which peaks at 2.6 W/m2 by 2100; (2) a new forcing scenario (SSP3-7.0), which rep-
resents a combination of high social vulnerability and relatively high radiative forcing that
stabilizes at 7.0 W/m2 by 2100; and (3) a high forcing scenario (SSP5-8.5), which represents
a highly energy-intensive socioeconomic development pathway whereby radiative forcing
reaches 8.5 W/m2 by 2100.
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Climate scenario data for 2021–2051 and historical data for 1961–1991 were provided
by the Inter-Sectoral Impact Model Intercomparison Project (ISI–MIP; https://data.isimip.
org/search/tree/ISIMIP3b/; accessed on 1 May 2021). The data included five climate
model simulation outputs: GFDL-ESM4 (NOAA-GFDL), UKESM1-0-LL (MOHC), MPI-
ESM1-2-HR (MPI-M), IPSL-CM6A-LR (IPSL), and MRI-ESM2-0 (MRI), which have been
bias-corrected based on the raw data from the five aforementioned Coupled Model In-
tercomparison Project (CMIP6) models. The monthly mean values of the simulated data
were adjusted to match the observed data, in order to preserve the long-term absolute
or relative trends of the simulated data. Afterward, these bias-adjusted data were bi-
linearly interpolated at 0.5◦ × 0.5◦ spatial resolution [27]. In this study, the data used
were daily precipitation, daily mean temperature, and daily minimum temperature. We
used the daily gridded climate data set from 1961 to 1990 as observation data, in or-
der to evaluate the simulation capability of the climate model. The daily gridded cli-
mate data set with spatial resolution of 0.5◦ × 0.5◦ is converted from observation data,
and can be downloaded from the National Meteorological Information Center (http:
//101.200.76.197/data/detail/dataCode/SURF_CLI_CHN_PRE_DAY_GRID_0.5.html; ac-
cessed on 1 January 2021).

The study area includes approximately 1425 grid points. A Taylor diagram is used to
evaluate the simulation capability of extreme minimum temperature (≤−22 ◦C) days
(EMTD), accumulated temperature (AT), and accumulated precipitation (AP) from 1
September to 31 December over the entire study area (Figure 2). The spatial correla-
tion coefficients of EMTD, AT, and AP between the multi-model ensemble (MME) and the
observation data were 0.968, 0.974 and 0.970, respectively, and all coefficients passed the
significance test at the 99% confidence level. The respective ratios of standard deviations
between MME and observation data were 1.070, 1.036 and 1.018, and the normalized root
mean square differences (RMSD) between simulation and observation data for all three cli-
matic indices were less than 0.5. These results indicate that MME can effectively capture the
temperature and precipitation characteristics of the study area. Therefore, we used MME
to analyze the meteorological conditions related to wheat overwintering under different
emissions scenarios relative to 1961–1990.
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2.3. Methodology

In the North winter wheat Area, whether the winter wheat can be grown safely or not
is determined by climate conditions during the winter, and thus, four critical indices with
significant effects on winter wheat safe planting boundaries are used here: (1) the percentage
of extreme minimum temperature years occurrence, (2) the first day of the overwintering
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period, (3) the sowing date, and (4) the precipitation before overwintering. The percentage
of extreme minimum temperature years occurrence determines whether winter wheat
can resist freezing injury in severe winter. The first day of the overwintering period and
sowing date both account for the accumulated temperature of winter wheat prior to the
overwintering stage, as well as its overwintering ability; if the accumulated temperature
between sowing and overwintering is too low or high, weak wheat seedlings may encounter
difficulties in surviving through winter. The precipitation before overwintering influences
the strength of wheat seedlings before entering the overwintering stage. Here, since
the sowing dates are influenced by complex factors such as wheat variety and terrain
(e.g., mountain area microclimates), we obtain the sowing date through the required
accumulative temperature from sowing date to the overwinter period (e.g., 450, 550, 700 ◦C),
which can ensure winter wheat seedling survival during the winter. It is also worth noting
that the accumulated temperature was calculated until December 31st over the south region
of the whole winter wheat area, where no obvious overwintering period is observed. The
calculations of the four indices were performed as follows:

(i) Percentage of extreme minimum temperature (−22 ◦C) years occurring(POEMTY)
in a given period:

POEMTY =
ty

∑
k=1

I{tmink ≤ −22}/ty (1)

where ty is the total years of a study period, tmink is the daily minimum temperature for a
certain year k, and I is a sign function, which is 1 if tmink is lower than or equal to −22 ◦C;
the specified−22 ◦C is the lowest temperature that winter wheat can endure safely through
the winter [28,29].

(ii) First day of the overwintering period (FD): defined as the first day at which the
daily mean temperature (i.e., based on a 5-day moving average) was below 0 ◦C [30].

(iii) Sowing date (SD): the date when the cumulative temperature reaches the required
accumulated temperature before winter (Ta), calculating back from the FD. Ta (i.e., 450,
550, 700 ◦C) is positive accumulated temperature calculation for daily average temperature
greater than 0 before overwintering, according to the method described by Cui et al. [31].

(iv) Precipitation before overwintering (PBW): total precipitation from the SD to
the FD.

For each grid, the FD and SD are determined with an 80% guarantee rate (i.e., an
agricultural climate criterion), and the PBW was calculated via the mean value over the
referenced period and forecasting period.

3. Results
3.1. Percentage of Extreme Minimum Temperature (−22 ◦C) Years Occurrence

The lowest critical temperature for winter wheat cultivation in the regions near the
north boundary (along the Great Wall) was demonstrated to be −22 ◦C [29]. Therefore,
POEMTY is among the most important indices to reflect climatic conditions during the
winter wheat overwintering period, which directly impacts seedling survival rate. Figure 3
illustrates the spatial distribution of POEMTY for 1961–1990 and 2021–2050 under SSP1-2.6,
SSP3-7.0, and SSP5-8.5 scenarios. The POEMTYs are mainly concentrated in 0–20% and
80–100% intervals, and the 0% areas are marked with white lattices in Figure 3, where no
lower than−22 ◦C extreme minimum temperatures occurred. However, values of POEMTY
above 50% have cold injury risk for agriculture, and farmers would no longer choose these
areas to plant winter wheat. Therefore, colored areas with above 50% of POEMTY were
defined as high-risk region for winter wheat growing, and low-risk (0 < POEMTY ≤ 20%)
and medium-risk regions (20% < POEMTY ≤ 50%) were also defined, as shown in Figure 3.
In particular, the medium-risk region was considered as the potential extended winter
wheat area along the northern boundary.
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period, (b) SSP1-2.6, (c) SSP3-7.0, and (d) SSP5-8.5 scenarios. White lattices indicate that no extreme
minimum temperature ≤−22 ◦C occurred. The black solid and dotted lines represent the northern
border of winter wheat cultivation in the 1961–1990 and 2021–2050 periods, respectively.

During the historical period 1961–1990 (Figure 3a), the POEMTY in the North winter
wheat area (I) was below 20%, which meets the 80% assurance rate of guaranteed minimum
temperature. In fact, the potential winter wheat planting area northern boundary was
further north than the current boundary in the eastern and western portions of area I. At
the end of the 20th century, the experiments of winter wheat northward migration were
successfully carried out in Liaoning Province and Inner Mongolia [32].

For 2021−2050, the potential safe overwintering areas for winter wheat are projected
to expand under the SSP1-2.6, SSP3-7.0, and SSP5-8.5 scenarios compared to the 1961−1990
period (Figure 3b–d), and the high-risk area will move northward as a result of intended
climate warming. Under the SSP1-2.6 scenario, the safe overwintering areas for winter
wheat will increase by 11.8% relative to 1961–1990. The risk-free area will increase by
24.7%, and the wheat in 94.5% of the current area I will no longer experience extremely
low temperatures. The northern boundary of the potential planting area in northeastern
China (i.e., the eastern region) will extend to the western part of Jilin Province, and the
boundary in central Inner Mongolia (i.e., the western region) will move slightly north as
well. The western part of the northern boundary could move northwardly on average by
approximately 73 km, and the northernmost tip of the eastern region could move 111 km
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northward. Under the SSP3-7.0 scenario, the low-risk area will increase by 14.7%, and the
potential northern planting boundary will move northwardly by approximately 94 km on
average in the western region, and by 152 km in the northernmost tip of the eastern region.
Moreover, 99.0% of the current area I will no longer experience extreme low temperatures,
and the risk-free area will increase by 32.5%. Under the SSP5-8.5 scenario, the area for safe
wheat overwintering will have an increase of 16.6%, the risk-free area will increase by 34.8%,
and the northern boundaries in the western and eastern regions will both substantially
move to the north (i.e., 114 and 158 km, respectively).

3.2. First Day of the Overwintering Period

During the 1961–1990 reference period (Figure 4a), the FD varied from mid-November
to late December in most of the North winter wheat area (I), while moving from north to
south along the latitudinal gradient. In the Spring wheat area (II), the FD occurred in early
November in the southern part of northeastern China and western Inner Mongolia, and
in October in the northern and western parts of northeastern China. However, most of
the northern parts of area II were unsuitable for winter wheat, given the low-temperature
limitations mentioned in Section 3.1. The FD was from early November to early December
in the northern winter wheat subregion (Ia), and concentrated in mid-to-late December
in the Huang-Huai winter wheat subregion (Ib). However, some areas along the Huaihe
River in the southernmost part of subregion (Ib) did not exhibit noticeable overwintering
periods, since they are in the temperate-subtropical transition region, which is represented
with dark grey dots in Figure 4a.
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For the period of 2021–2050, the FD exhibited a relatively consistent spatial distribution
under the three SSP-RCP scenarios, albeit with delays towards late November and later
(Figure 4b–d). Taking the SSP1-2.6 scenario as an example, the winter wheat in area
II will enter the overwintering period as early as early October, and the boundaries of
the overwintering periods will move northwardly. Moreover, the largest changes will
occur between late October to mid-November in northeastern China, and from early- to
mid-November in western Inner Mongolia. In subregion Ia, the FD will range from mid-
November to late December from north to south, respectively. Specifically, it is mainly from
mid-November to early December in the western high elevations, and from mid-November
to late December in the east. Winter wheat will begin to enter the overwintering period
in early to mid-December in the western regions, and in late-December to later in most
of the eastern plains. There will be no obvious overwintering periods in the south part
of subregion Ib, and the areas without obvious overwintering periods will increase and
account for approximately 36.7%, 37.0%, and 39.7% in subregion Ib under the SSP1-2.6,
SSP3-7.0, and SSP5-8.5 scenarios, respectively, and will be mainly distributed in some of the
southern provinces, such as Shandong, Henan, Jiangsu, and Anhui, which will cause the
southern boundaries of area I to move approximately 213, 215, and 233 km to the north (i.e.,
as determined by the SSP1-2.6, SSP3-7.0, and SSP5-8.5 scenarios, respectively). Compared
with the reference period, the FD is delayed by 6.0, 6.6, and 7.1 days in area II; by 8.9, 7.7,
and 10.4 days in subregion Ia; and by 10.5, 9.0, and 10.3 days in subregion Ib under the
SSP1-2.6, SSP3-7.0, and SSP5-8.5 scenarios, respectively. Importantly, the MME projects
higher temperatures for more than half of the days from overwintering periods in 63.0%
of the grids over area I under the SSP1-2.6 scenario compared to the SSP3-7.0 scenario.
Therefore, the changing trends of some overwintering meteorological indices in this region
are larger under the SSP1-2.6 scenario, such as the area without obvious overwintering
periods and the FD delays.

3.3. Sowing Date

The accumulated temperature (AT) before entering the overwintering period is im-
portant factor affecting the ability of winter wheat to resist freezing conditions, and the
SD in this study was calculated when the pre-winter positive accumulated temperature
reached a certain value. According to previous studies [21], the AT for viable seedlings
was approximately 570–720 ◦C, and the lower limit for safe overwintering of wheat was
approximately 420 ◦C. However, wheat seedlings tended to grow excessively before winter
if the AT was excessive, which also led to poor cold resistance ability. In this study, values
of 450, 550, and 700 ◦C were used as references to analyze SD changes in the North winter
wheat area (I).

Figure 5 illustrates the spatial distribution features of SD during the 1961–1990 histor-
ical period, as well as under the SSP1-2.6, SSP3-7.0, and SSP5-8.5 scenarios in 2021–2050
with AT values of 450, 550, and 700 ◦C, respectively. The SD exhibited a gradually delayed
spatial distribution pattern from south to north, but occurred earlier if the AT increased for
each scenario. In 1961–1990, when the AT was 450 ◦C, the SD began in mid-September and
earlier in the spring wheat area (II), in August in the Greater Khingan Mountains and Lesser
Khingan Mountains, and in mid-September in the southern part of the northeast plain
and western part of Inner Mongolia. The SD was from mid-September to early-October
in the Qinling Mountain area, the western Taihang Mountain, the northern part of the
North China Plain, and the Liaoning area; mid-October in the lower and middle reaches
of the Yellow River; and late October in the southern part of the North China Plain. The
SD spatial distributions for values of 550 and 700 ◦C were similar to those for 450 ◦C;
however, the SD advanced as AT requirements increased, as illustrated in Figure 5(a2,a3).
Additionally, the SDs of different regions changed to varying degrees over the 1961–1990
period, exhibiting average delays of 0.3–0.4 days/decade in area II, 0.8–0.9 days/decade in
the Northern winter wheat subregion (Ia), 0.6–0.8 days/decade in the Huang-Huai winter
wheat subregion (Ib), and 0.7–0.8 days/decade in the entirety of area I.
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For the period of 2021–2050, the SDs exhibited relatively consistent spatial distributions
under the three emissions scenarios for 450, 550, and 700 ◦C, and all showed delayed dates
compared with 1961–1990. For example, when the AT reaches 450 ◦C under the SSP1-2.6
scenario, the SDs are delayed, from mid and late August in the reference period, to late
August and early September in most areas of the Greater Khingan Mountains and the
Lesser Khingan Mountains, and from early-mid September to mid-to-late September in
the northern boundary and its surrounding areas. In subregion Ia, the SDs range from
mid-September and early October, to late September and early October in the western
regions, and concentrate in early and mid-October in the eastern regions. In subregion Ib,
the SDs are delayed from late September and early October, to early and mid-October in
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the areas surrounding Qinling Mountain, and from late October to November in the areas
along the Huaihe River. On average, the SD is delayed by 8.1 days in area II, 7.5 days in
subregion Ia, and 8.7 days in subregion Ib. For the AT of 550 and 700 ◦C, the SD spatial
distributions are shown in Figure 5(b2,b3), with a delay of 7.7–8.8 days and 7.8–8.9 days for
the three sub-districts. The SD would be further delayed under the SSP3-7.0 and SSP5-8.5
scenarios, with an average delay of 7.5 (450 ◦C) to 8.0 (700 ◦C) days for SSP3-7.0, and 8.8
(450 ◦C) to 9.1 (700 ◦C) days for SSP5-8.5 across the entirety of area I. Furthermore, the
SD trends over a given region were similar for different AT requirements under the same
emissions scenario over the predicted 2021–2050 period, and the SD delay rate accelerated
for all conditions compared to 1961—1990. The SDs under SSP1-2.6, SSP3-7.0, and SSP5-8.5
were respectively delayed by 1.3–1.4, 1.6–1.7, and 2.2–2.4 days/decade on average for the
entirety of area I, suggesting that the impact is greater under higher emissions scenarios.

3.4. Precipitation before Winter

The historical spatial distribution features of PBW in 1961–1990, as well as in 2021–2050
under the SSP1-2.6, SSP3-7.0, and SSP5-8.5 radiative forcing scenarios are illustrated, with
AT values of 450, 550, and 700 ◦C (Figure 6). During the 1961–1990 reference period, when
the AT was 450 ◦C, PBW reached more than 60 mm in the northern Greater Khingan
Mountains, the Lesser Khingan Mountains, Qinling Mountain, and Changbai Mountain,
which was followed by 40–60 mm in Taihang Mountain and the Huaihe River area, and
20–40 mm in the Northeast Plain and North China Plain. The PBW in the plateau areas in
the west of Taihang Mountain was generally less than 60 mm, and decreased from east to
west. Moreover, there was an increase in PBW with higher AT, especially at high altitudes.
For example, at 700 ◦C of AT, the PBW was generally above 100 mm in the Greater Khingan
Mountains, Lesser Khingan Mountain, Changbai Mountain, and Qinling Mountain area;
60–80 mm in the Taihang Mountain area; 20–80 mm in the Northeast Plain and Northern
China Plain; and 80–100 mm in the areas along the Huaihe River.

During the period of 2021–2050, the PBWs in most areas of the North winter wheat
area (I) show a decreasing trend relative to the reference period under the SSP1-2.6, SSP3-
7.0, and SSP5-8.5 scenarios. No substantial differences were observed between the spatial
distribution pattern of PBW for different emissions scenarios and AT requirements. When
the AT reached 450 ◦C under the SSP1-2.6 scenario, the regions with more than 60 mm
of PBW almost reached the Greater Khingan Mountains, Lesser Khingan Mountains, and
Changbai Mountain, while the western regions of Inner Mongolia received little precipi-
tation. The western regions of the Northern winter wheat subregion (Ia) exhibited more
precipitation than the eastern regions, with 40–60 mm and less than 40 mm of PBW, re-
spectively. The PBWs in most regions of the Huang-Huai winter wheat subregion (Ib)
only received 20–40 mm, but the area near the Qinling Mountain exceeded 40 mm. On
average, the PBW decreased by 13.8% in the spring wheat area, 13.7% in subregion (Ia),
and 26.7% in subregion (Ib), relative to the reference period. For AT values of 550 and
700 ◦C, the PBW spatial distributions are illustrated in Figure 5(b2,b3), with 13.1–24.8%
and 10.1–22.6% decreases for the three sub-districts, respectively. The PBWs would still
decrease with larger reductions under the SSP5-8.5 scenario than under the SSP1-2.6 and
SSP3-7.0 scenarios, which indicated that the issue of water deficiency during the historical
period was still intractable [33]; development and management of irrigation facilities may
require more attention over this region [34].
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3.5. Planting Boundaries under the Different Scenarios

Based on above analysis from 3.1 to 3.4, the safe planting areas are illustrated in
Figure 7 for each scenario. The western region (west of 115◦ E) of the potential northern
planting boundaries will move northward by approximately 73, 94, and 114 km on average
under the SSP1-2.6, SSP3-7.0, and SSP5-8.5 scenarios, respectively, and the northernmost
tip of the eastern part will respectively move northwardly by 111, 152, and 158 km. Due to
climate change, almost 40% the Huang-Huai winter wheat subregion (i.e., 36.7%, 37.0%, and
39.7% under the three radiative forcing scenarios) will exhibit no obvious overwintering
periods, causing the southern boundaries of the North winter wheat area (I) to retract
approximately 213, 215, and 233 km to the north. This indicates that some provinces in
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southern area I, such as Shandong, Henan, Jiangsu, and Anhui, would become unsuitable
for winter wheat cultivation. However, the potential planting areas of the entirety of area
I will increase by 10.7 and 28.0 thousand km2 on average in the SSP3-7.0 and SSP5-8.5
scenarios, respectively, and decrease 38.1 thousand km2 in the SSP1-2.6 scenario. It is
worth noting that although the radiative forcing of SSP3-7.0 is higher than that of SSP1-2.6,
obvious warming of SSP3-7.0 exists as a regional difference.
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4. Discussion

Winter wheat is generally planted in China as a result of its broad climatic adaptability,
and the distribution of its cultivation zones has become the focus of a growing number
of scientists in the search to maintain high and stable yields. Previous studies mainly
focused on the northward displacement of the northern planting boundary [19,32,35].
However, we predicted that areas without obvious overwintering periods are expected to
increase significantly by reaching the Yellow River within the Huang-Huai winter wheat
subregion. This indicates that most of the Huang-Huai winter wheat subregion will no
longer be suitable for the currently cultivated winter wheat variety in the future. It is
also worth noting that when ‘extreme spring cold spells’ (ESCSs), occur in northern China,
continuous negative temperature anomalies can have a catastrophic impact on wheat yields,
resulting in yield losses of20% or more. Without an overwintering period, winter wheat
will likely grow excessively fast during the winter and subsequently encounter difficulties
in resisting cold injury in the early spring. We assumed that ESCS will occur when the
daily temperature remains at least 3 ◦C lower than the climatological daily mean during
5 consecutive days, and analyzed the probability of ESCS in the area with no obvious
overwintering periods. We found that the probability of ESCS will increase from 12.5% in
the 1961–1990 to 20.5%–25.5% in the forecast period (i.e., 25.5%, 20.5%, and 21.1% under
the three scenarios). Additionally, plant diseases and insect pests may increase as well as
a result of the climate change, which would further reduce winter wheat yields. Climate
change also impacts the winter wheat sowing date. Here, we found that the sowing date
was delayed by 0.7–0.8 days/decade on average for the entire North winter wheat area in
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1961–1990. Similar results were found in some previous studies; for instance, Xiao et al.
observed 1.5 days/decade average delays in the North China Plain during the 1981–2009
period [36]; Liu et al. reported a larger value (3.1 days/decade) for the same period [37].
These large variations in sowing date delays were largely due to differences in study areas
and data sources. Nonetheless, our study determined that sowing dates will be delayed by
1.1–1.3, 1.9–2.0, and 2.2–2.4 days/decade in 2021–2050 under the SSP1-2.6, SSP3-7.0, and
SSP5-8.5 scenarios, respectively, suggesting that the sowing date delay rate will further
increase in the coming three decades.

In order to predict the northern winter wheat planting boundary, we mainly focused
on whether winter wheat could safely survive winter conditions, and calculated an index
based on the minimum temperature that could be tolerated by winter wheat. However, this
threshold (−22 ◦C) was established for the winter wheat variety of 1980; current varieties
are known to tolerate lower temperatures. For example, the strong winter wheat varieties
“Dongnong winter wheat No.1,” which was introduced and bred in Heilongjiang Province,
can withstand a minimum temperature range of −30 to −35 ◦C [38]. Considering that the
winter wheat varieties planted in most areas of the North winter wheat area (I) do not have
such strong resistance to freezing temperatures, this study still conservatively assumed a
−22 ◦C minimum temperature in the winter wheat cultivation northern boundary.

Climate change plays an important role in the distribution of suitable winter wheat
cultivation zones in China. This study analyzed the changes of potential winter wheat
planting areas in the North winter wheat area (I) from a strict meteorological perspective.
However, our results do not necessarily imply that winter wheat can be grown in any
area where the meteorological conditions are favorable, as local soil conditions, produc-
tivity levels, and agricultural policies are also critical factors that determine the suitability
of a region for winter wheat cultivation. Additionally, farmers may adjust to the local
conditions by choosing the correct sowing depth, adjusting the sowing date, improving
crop varieties, and expanding irrigation infrastructure, all of which may lead to further
variations in the actual planting boundaries for winter wheat relative to the meteorological
boundaries. Furthermore, farmers will no longer engage in production activities in areas
where winter wheat planting has failed repeatedly. As a result, wheat cultivation in the
northern boundary has changed very little since 2000 to reduce or avoid climate risks.
Nonetheless, the winter wheat meteorological boundary is still an important reference
boundary for the exploration of new winter wheat cultivation areas, as winter wheat would
be difficult to produce profitably beyond these boundaries. Therefore, actual changes in
winter wheat cultivation areas should be considered comprehensively in combination with
regional meteorological conditions and human activities in future studies.

5. Conclusions

This study predicted the potential changes in the northern and southern winter wheat
cultivation boundaries during 2021–2050 under the SSP1-2.6, SSP3-7.0, and SSP5-8.5 ra-
diative forcing scenarios in the North winter wheat area and its Spring wheat area. The
findings of this study indicate that the occurrence of extremely low temperature years
will decline in the North winter wheat area due to climate change, which will result in an
increase in the potential safe overwintering areas for winter wheat cultivation in 2021–2050
by 11.8%, 14.7%, and 16.6% under the SSP1-2.6, SSP3-7.0, and SSP5-8.5 scenarios, respec-
tively, compared to the 1961–1990 reference period. The north boundary will move 0.8–1.3◦

northward on average, and the south boundary will retract 1.9–2.1◦ in latitude.
SD and FD, the two phenological stages before winter, are projected to be delayed in

the forecasted period. Compared with the 1961–1990 reference period, the SD is delayed by
8.2–8.5, 7.5–8.0, and 8.8–9.1 days, and FD is delayed by 9.9, 8.5, and 10.3 days in the entire
North winter wheat area under the SSP1-2.6, SSP3-7.0, and SSP5-8.5 scenarios, respectively.
Moreover, PBW is projected to experience large decreases across the entire region under
the three scenarios, especially in the Huang-Huai winter wheat subregion, with reduction
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rates above 20%. This increases the likelihood that the southern winter wheat cultivation
boundary will recede northwardly.
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