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ABSTRACT ARTICLE HISTORY
Revealing the future spatial-temporal patterns of heatwave Received 11 December 2018
impacts on crops due to global climate change is of great scien- Accepted 4 November 2019

tific significance for climate change-related agricultural hazards

prevention. However, the prediction of future wheat heatwave ; )

considering the planting distribution, growth period of wheat, as Ehmate change; hgatwave'
X . L R azard assessment; wheat;

well as heatwave frequencies, days, and intensities remain poorly RCP8.5 scenario;

understood. In this paper, using predicted meteorological data of northern China

the Representative Concentration Pathway 8.5 (RCP8.5) scenario

from 2011 to 2099 as well as a set of indicators that include heat-

wave days, frequencies and effective accumulative high tempera-

tures, a comprehensive evaluation was performed to characterize

the spatial-temporal variability of the heatwave hazard impacts

on wheat in northern China under extreme climate scenarios. The

results indicate that heatwaves across the Huang-Huai-Hai Plain,

Xinjiang, western Gansu and the agro-pastoral ecotone are most

frequent in the long-term. Heatwaves show significant increasing

trends with regard to future occurrence frequency, days and

intensities. The heatwave hazard on the Huang-Huai-Hai Plain,

Northeast China, and the agro-pastoral ecotone shows a rapid

growth trend, and there is a clear transition from relatively

low heatwave hazard to a higher hazard. We argue that the

continuous increase in heatwaves may pose a great threat to

wheat production in northern China.

KEYWORDS

1. Introduction

A heatwave refers to a type of climate-related hazard on a short time scale that
imposes significant negative impacts on human health, regional economies and
ecological systems (Karl and Knight 1997; Meehl and Tebaldi 2004; Xu et al. 2009).
Many studies have shown that heatwaves can strongly threaten agricultural
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production by, for example, seriously reducing the yield of wheat, maize and other
crops (Semenov 2008; Chung et al. 2014). Under the background of global warming,
heatwaves are predicted to become more frequent and serious in the future, and
observations indicate that they have already begun this trend (Coumou and
Rahmstorf 2012; IPCC 2014; Dong et al. 2015); moreover, heatwaves are expected to
pose greater threats to global food production. Therefore, it is urgently needed to
assess heatwave hazards on the main food crops at both global and regional scales
from the perspective of adapting to, preventing and managing the heatwave risk
caused by climate changes and guaranteeing food safety.

However, studies of heatwave hazard assessment in the context of crops still
exhibit wide disparities in scientifically evaluating the extent of the hazard and reveal-
ing the spatial-temporal patterns. First, to date, there is no unified and clear global
heatwave standard (Kalkstein et al. 1996; Huynen et al. 2001; Jia and Hu 2017; Wang
and Zeng 2017). Second, different scholars have defined different temperature thresh-
olds for each crop based on its physiological characteristics (Teixeira et al. 2013;
Chung et al. 2014; Meng et al. 2015; Tao et al. 2015; Liu et al., 2016). On this basis,
many studies have evaluated the extent of heatwave hazard impacts on crops. For
example, heatwave days, times, frequency and duration have been used to evaluate
the heatwave hazard impacts on rice (Meng et al. 2015). In addition, different tem-
perature values have been used to reflect different levels of agricultural heatwave haz-
ards (Cai et al. 2011). Bastos et al. (2014), based on two record-breaking heatwave
events, used normalized average temperature anomalies during the heatwave years to
reflect the heatwave characteristics. Similarly, Chung et al. (2014) calculated devia-
tions in the maximum temperatures between heatwave years relative to normal years
to reflect heatwave the characteristics. The above-mentioned approaches are very
common in the meteorological hazard evaluation of crops because they can partially
reveal the threat of heatwaves on crops. However, we argue that these existing indica-
tors are inadequate for describing the hazard mechanism and characteristics of the
heatwave hazard-inducing factors in the context of crops. For example, the effective
accumulative high temperature can reflect not only the heat duration but also the
intensity of a high-temperature hazard (Xiong et al. 2016). Moreover, many studies
have shown that the effective cumulative temperature does reflect the negative impact
of heatwaves on wheat production to some extent (Lobell et al. 2011; Tao et al. 2015;
Chen et al. 2016). However, to date, few studies have focused on using effective accu-
mulative high temperatures to evaluate the heatwave hazard of wheat at a broad scale.
Though the relationships between crop output, such as rice and maize, and high-
temperature events have been analysed based on their effective cumulative high
temperatures (Butler and Huybers 2013; Xiong et al. 2016). However, the indicator
system and hazard assessment model must be further refined to reveal the spatial-
temporal patterns of the heatwave hazard impacts on crops under future climate
change scenarios.

Wheat is the food crop with the largest planting area and annual yield globally. As
the largest wheat-producing country in the world, China accounts for 17.5% of global
wheat production (USDA 2018). As a country with a large population, China’s wheat
production will directly affect the stability and sustainable social development of
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Figure 1. The study area and its location in China. Source: http://nfgis.nsdi.gov.cn, http://nfgis.nsdi.
gov.cn/nfgis/chinese/c xz.htm.

China. Furthermore, because it is a type of C; crop that prefers relatively cool tem-
peratures (Lobell et al. 2012; Zhang et al. 2015), wheat is more inclined to be threat-
ened by high temperatures compared to maize, rice, and soybean (Teixeira et al.
2013; Deryng et al. 2014), thus resulting in decreases in output and quality (Wheeler
et al. 2000; Rezaei et al. 2015). Although scholars have conducted analyses of the rela-
tionship between heatwaves and wheat output (Nuttall 2012), there is still a lack of
scientific predictions of the heatwave hazard impacts on wheat under future changes
in climate, thus making it difficult to assess the development trends of heatwaves
(Zhao et al. 2013).

Therefore, to better characterize the heatwave hazard impacts on wheat under cli-
mate change, this paper aims to propose an evaluation method that can comprehen-
sively reflect the heatwave hazard impacts on wheat, reveal the spatial-temporal
patterns, and determine the evolution trend of the heatwave hazard impacts on wheat
in northern China under extreme climate scenarios by applying the evaluation
method. In this paper, we adopted the Representative Concentration Pathway 8.5
(RCP8.5) scenario, a climate scenario with very high greenhouse gas emissions, which
represents CO,-caused radiation capture reaching 8.5 W/m? by the end of the twenty
first century (Van Vuuren et al. 2011), as the extreme climate scenario.

2. Data and methods
2.1. Study area

Wheat is planted in most regions of China, and its cultivation areas are centralized in
northern China, the northern region of Northeast China and the north-eastern area
of Southwest China (Zhang et al. 2013). Among them, northern China (which is
located to the north of the Qinling - Huaihe - Qinghai-Tibet Plateau, Figure 1)
accounts for 67.95% of the total national wheat planting area, which has a total out-
put of 72.22% and thus has been the main wheat production area in China. Henan,
Shandong, Hebei, Xinjiang, and Shaanxi account for 57.80% of the total planting area
in northern China, accounting for 61.83% of its total output (NBSC 2017). The high-
temperature threats in China in recent years have been continuously intensifying


http://nfgis.nsdi.gov.cn
http://nfgis.nsdi.gov.cn/nfgis/chinese/c xz.htm
http://nfgis.nsdi.gov.cn/nfgis/chinese/c xz.htm

GEOMATICS, NATURAL HAZARDS AND RISK 2349

Table 1. The studied phase of the wheat heatwave hazard in each wheat-planting region in
northern China.

Heading date Maturation date Length of growth
Wheat-planting region (day of year) (day of year) period (days)
Huang-Huai winter wheat region 109 156 48
Qinghai-Tibet spring and winter 152 258 107
wheat region
North winter wheat region 124 171 48
Northwest spring wheat region 171 217 47
South Xinjiang winter wheat region 121 171 51
North spring wheat region 171 222 52
North Xinjiang spring wheat region 171 217 47
Northeast spring wheat region 171 213 43

(You et al. 2017). Because heatwave events typically lead to drought incidents during
wheat growth periods, heatwaves can have significant adverse effects on wheat pro-
duction and induce serious decreases in output in northern China (Lobell et al. 2011;
Teixeira et al. 2013; Chen et al. 2016).

2.2. Data source

In this paper, we applied the projected meteorological data of the selected RCP scen-
ario provided by the Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP),
funded by the German Federal Ministry of Education and Research. The ISI-MIP
provides global daily meteorological data at a spatial resolution of 0.5° x 0.5° from
1971 to 2099 based on five general circulation models (GCMs) (Hempel et al. 2013).
The data from 1971 to 2004 are historical data based on observations, while the data
from 2005 to 2099 are projections under the different RCP scenarios.

To reduce the uncertainty from a single GCM model, we selected one scenario
with very high greenhouse gas emissions (RCP8.5) driven by three GCMs, i.e. the
GFDL-ESM2M, IPSL-CM5A-LR and NorESM1-M models, to simulate the future
heatwave hazard for wheat. These three GCMs are all global models and were devel-
oped by the Geophysical Fluid Dynamics Lab in the USA, the French Pierre Simon
Laplace Institute and the Norwegian Climate Center, respectively (Yin et al. 2015).
The projected meteorological data of these three GCMs have been widely acknowl-
edged by researchers to evaluate the impacts of climate change on agriculture (Miiller
and Robertson 2014; Blanc and Sultan 2015; Blanc 2017), including in China (Yin
et al. 2015; Yang et al. 2018).

Another important datum is the phenological period of wheat in northern China.
The mean value of the same reproductive period over multiple years is adopted to
reflect the common dates of the local growth period of wheat. Based on the physio-
logical characteristics of wheat in the high-temperature-sensitive period and with ref-
erence to the existing research results (Zhao 2010a, 2010b), the studied phase of the
heatwave hazard is determined as the reproduction and growth phases, that is, the
heading period to the mature period. Accordingly, based on this criterion combined
with the growth period of each wheat-growing region in northern China (Yue et al.
2015), the studied phase of the wheat heatwave hazard was determined (Table 1).
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Table 2. Heatwave hazard indicators.

Heatwave hazard

indicators Abbreviation Unit Definition
Heatwave frequency HF Times Frequency of heatwave
Heatwave days HD D Accumulated days of daily maximum

temperature reaching or exceeding
the high-temperature threshold for
3 consecutive days or more

Heatwave intensity HI °C Accumulation of the maximum temperature
exceeding the high-temperature
threshold during heatwave events

2.3. Method of evaluating the heatwave hazard impacts on wheat

Generally, the higher the intensity of the meteorological hazard-inducing factor is
and the greater the duration and occurrence frequency are, the higher the hazard
degree will be. We argue that the composite indicators (relative to the individual indi-
cator) reflecting the high-temperature intensity and duration can better indicate the
danger of heatwaves (Shimono 2011).

Therefore, the cumulative temperature of wheat in the growth period with all heat-
wave events exceeding a temperature threshold is adopted in this paper; that is, the
effective cumulative temperature is used as a composite intensity indicator to evaluate
the heatwave threat imposed on wheat. Specifically, the effective cumulative tempera-
ture refers to the sensitive period when wheat is likely to be impacted by high tem-
peratures, that is, the heading period to the mature period, as well as the cumulative
temperature when the maximum temperature of the current day exceeds the tempera-
ture threshold for wheat damage (Teixeira et al. 2013; Yang et al. 2013). Then, the
frequency, days, and the cumulative temperature are selected to represent the indica-
tors and evaluate the heatwave hazard impacts on wheat (Table 2).

Based on the concept described above and the heat-sensitive period of wheat
(Table 1), the daily maximum temperature from the GFDL-ESM2M, IPSL-CM5A-LR,
and NorESM1-M models under the RCP8.5 scenario from 2011 to 2099 are used to
analyse the heatwave hazard impacts on wheat for each 0.5°x0.5° grid. In the present
study, the above-mentioned meteorological data are overlaid with known wheat plant-
ing data (Yue et al. 2015). By removing the area without wheat planting, our results
can better reveal the temporal and spatial patterns of heatwave hazards in northern
China’s wheat-planting areas. This process is described below.

2.3.1. Detection of heatwave impacts on wheat

A temperature threshold for heatwave impacts on wheat, i.e. 30 °C (Deng et al. 2009;
Chen et al. 2016), is adopted in the present study. A high-temperature day is
recorded when the maximum temperature of the current day reaches or exceeds
30°C, and if this lasts for 3 days or more, it is recorded as a heatwave event. The spe-
cific method is as follows: take one day as the step length to determine whether the
conditions of a high-temperature day are satisfied beginning with the first day of
temperature data. If satisfied, the current day is be recorded as a high-temperature
day; otherwise, it is recorded as 0. After this process is finished, continuous high-
temperature events that are less than 3 days are recorded as 0, whereas the remaining
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events are denoted as heatwave events. The cumulative number of heatwave events is
recorded as the frequency of heatwave events. Using the above method, the heatwave
event impacts on wheat in northern China for each grid from 2011 to 2099 under the
RCP8.5 scenario and their frequency (n) are acquired.

2.3.2. Calculation of the heatwave days impact on wheat
The heatwave days (HD) refer to the accumulation of total high-temperature days of
heatwave events in each grid. The calculation formula is as follows:

HD = Z D;
i=1

where n refers to the frequency of heatwaves, and Di refers to the days corresponding
to the ith heatwave event.

2.3.3. Calculation of the intensity of heatwave event impacts on wheat

The principle of calculating the intensity of the heatwave hazard impacts on wheat
involves first calculating the intensity (I), which represents the daily maximum tem-
perature exceeding the temperature threshold (30°C) of each high-temperature day
within heatwave events and for each grid; then, we sum over all I. The details of this
calculation are as follows:

HI:ZZ:I

[ — 0 Tyax<Th
B Tmax_Th Tmax > Th

where d;, and d,, represent the heading period and mature period of wheat, respect-
ively, and Tyax represents the daily maximum temperature; I represents the daily
temperature (°C) exceeding the temperature threshold during heatwave events; and
T}, represents the high-temperature threshold.

2.3.4. Analysis of the heatwave hazard impacts on wheat

The above three indicators are classified into five levels, namely, the heatwave fre-
quency (HF) is classified as extremely low, low, medium, high or extremely high; the
heatwave days (HD) are classified as extremely few, few, medium, many or extremely
many; and the heatwave intensity (HI) is classified as extremely low, low, medium,
strong or extremely strong. Within these levels, the discontinuity points of frequency
are 1, 2, 3 and 4 times; those of days are 10d, 20d, 30d and 40d; and those of inten-
sity are 40 °C, 80°C, 120°C, and 160 °C, respectively. Then, based on the annual val-
ues from 2011 to 2099 as well as the annual average values in the near-term
(2011-2040), medium-term (2041-2070) and long-term (2071-2099) periods, the spa-
tial-temporal evolution trends of the heatwave hazard impacts on wheat in northern
China are revealed.
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3. Results and analysis

3.1. Spatial distribution of heatwave hazard impacts on wheat in
northern China

3.1.1. Heatwave frequency

The HF impacts on wheat generally show similar spatial distribution patterns in the
near-, medium- and long-term periods (Figure 2(a-c)). Overall, the HF is highest on
the Huang-Huai-Hai Plain, the agro-pastoral ecotone, and Xinjiang; other regions
also exhibit relatively low HF. However, over time, the high-frequency areas increase,
mainly in Northeast China, the agro-pastoral ecotone and the Huang-Huai-Hai Plain,
while the areas with low and extremely low HF decrease significantly (Figure 2(a-c),
Figure 1 in Appendix).

In the near-term period, regions with extremely low HF (0 times <HF < 1 time)
and low HF (1 time < HF < 2 times) account for the highest proportion, 38% and
35% of the wheat-planting areas in northern China, respectively (Figure 2 in
Appendix). Among them, the former is mainly distributed in Qinghai, Gansu,
Ningxia, Shandong, and Northeast China, and the latter is mainly centralized in
Henan, Shandong, Shanxi, Shaanxi, and Inner Mongolia. The areas with very high
HF are only distributed in Gansu Province (Figure 2(a), Figure 1 in Appendix).

In the medium-term period, regions with medium HF (2 times <HF < 3 times)
and those with low HF account for the highest proportion, 41% and 21% of the
wheat-planting areas in northern China, respectively (Figure 2 in Appendix). The
areas with medium HF increase significantly by 20% compared with the near-term
period and are mainly distributed over the Huang-Huai-Hai Plain, Northeast
China, Shaanxi, Shanxi, and Ningxia. Meanwhile, the areas with extremely low HF
decrease significantly by 20%, mainly in Ningxia, Shanxi, Shaanxi and Northeast
China (Figure 2(b), Figure 1 in Appendix).

In the long-term period, areas with high HF (3 times <HF < 4 times) comprise
53% of the wheat-planting areas in northern China (Figure 2 in Appendix). The areas
with high HF increase significantly by 33% in the long-term period compared with
the medium-term and are mainly distributed in Shanxi, Shaanxi, Northeast China,
and over the Huang-Huai-Hai Plain. This result means that more than half of the
entire study area will experience high-frequency heatwave hazards in the future
(Figure 2(c), Figure 1 in Appendix).

Based on the above results, we can conclude that HF in most parts of northern
China exhibit an increasing trend. The areas with low and extremely low HF are
reduced by 25% and 31%, respectively, while the area with high HF is increased by
47%. The heatwave hazard across the Huang-Huai-Hai Plain and Xinjiang is always
the highest, and the hazard in northeast China and the agro-pastoral ecotone also
show a fast growth rate.

3.1.2. Heatwave days

The impact of HD on wheat generally shows similar spatial distribution patterns in
the near-, medium- and long-term periods (Figure 3(a-c)). Overall, it is highest in
Xinjiang, Inner Mongolia, and Gansu, while the coastal areas of Northeast China as
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Figure 2. Spatial Distribution of the HF in northern China (a. 2011-2040; b. 2041-2070;
¢. 2071-2099).



2354 Q. JIANG ET AL.

I5%E 90°E 105°E 120°E 135°E
50°N a
Unit: days
Hl 0<HD<10
W 10<HD <20 .
20 <HD <30 H
0 30<HD <40 y
Il HD > 40
300
40°N
Xinjiang
30°N
75°E 90°E 105°E 120°E 135°E
50°N b
Unit: days
Il 0<HD<10
I 10<HD <20
20<HD <30
30<HD =40
I HD > 40
300 600 km
40°N
Xinjiang
30°N
75°E 90°E 105°E 120°E 135°E
50°N C
Unit: days
Bl 0<HD<10
I 10<HD <20
20<HD <30
O~ [ 30 <HD <40
P e R W HD > 40
300
40°N
3 F%‘I
g
Tibet
30°N

Figure 3. Spatial distribution of HD in northern China (a. 2011-2040; b. 2041-2070; c. 2071-2099).
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well as Shandong Province exhibit relatively lower hazard levels. However, over time,
the areas with HD at medium levels increase significantly, primarily across the
Huang-Huai-Hai Plain and Northeast China (Figure 3(a-c), Figure 3 in Appendix).
In contrast, the areas with extremely few HD (0 d <HD < 10 d) decrease signifi-
cantly on the whole (Figure 3(a-c), Figure 3 in Appendix).

In the near-term period, areas with extremely few HD account for the highest pro-
portion, comprising 70% of the wheat-planting areas in northern China (Figure 4 in
Appendix). However, the areas with high and very high HD represent less than 1% of
the wheat-planting areas in northern China and are only distributed in Xinjiang and
Gansu (Figure 3(a), Figure 3 in Appendix).

In the medium-term period, areas with few HD (10 d <HD < 20 d) increase by
22%, accounting for 46% of the wheat-planting areas in northern China (Figure 4 in
Appendix); these areas are concentrated over the Huang-Huai-Hai Plain and
Northeast China. In contrast, areas with extremely few HD decrease by 34% and are
mainly distributed in Shanxi, Inner Mongolia, Northeast China and the Huang-Huai-
Hai Plain (Figure 3(b), Figure 3 in Appendix).

In the long-term period, areas with medium HD (20 d <HD < 30 d) and those
with many HD (30 d <HD < 40 d) increase by 32% and 10%, respectively, account-
ing for 45% and 13% of the wheat-planting areas in northern China, respectively
(Figure 4 in Appendix). In contrast, areas with extremely low HD are located in
Northeast China, Shanxi, Shaanxi, Ningxia, and Gansu and decrease by approximately
20%. They also represent areas with obvious increases in hazards during the same
period (Figure 3(b), Figure 3 in Appendix).

The above results indicate that most of the wheat-planting regions in northern
China show a trend of increasing HD. The area with extremely few HD is reduced by
54%, while the area with medium HD is increased by 40%. Wheat heatwave hazard
in Xinjiang and Gansu is always the highest, although the hazard in Northeast China,
the Huang-Huai-Hai Plain, and Inner Mongolia show a rapid growth rate.

3.1.3. Heatwaves intensity

The impact of the HI on wheat generally shows similar spatial distribution patterns
in the near-, medium- and long-term periods (Figure 4(a—c)). Overall, the HI is high-
est across the Huang-Huai-Hai Plain, the agro-pastoral ecotone, north of Gansu and
Xinjiang. The coastal area of Northeast China as well as the coastal area of Shandong
exhibit relatively lower intensities. Furthermore, over time, the areas of strong and
extremely strong HI increase sharply in the near-term period, and they are mainly
centralized in Hebei, Henan, Beijing, Tianjin, Inner Mongolia, Gansu, and Xinjiang.
At the same time, the areas with extremely low HI decrease significantly (Figure
4(a-c), Figure 5 in Appendix).

In the near-term period, regions with extremely low HI (0°C<HI < 40°C)
account for the highest proportion, comprising 75% of the wheat-planting areas in
northern China (Figure 6 in Appendix). While the area with medium HI only
accounts for 4% and is mainly concentrated in Hebei, Inner Mongolia, and
Xinjiang. In this period, Xinjiang and Gansu are the only two regions that experi-
ence an extremely strong heatwave hazard (Figure 4(a), Figure 5 in Appendix).



2356 Q. JIANG ET AL.

75°E 90°E 105°E 120°E 135°E
50°N
a Unit: °C
I 0<HI<40
I 40 <HI<80
el 80 <HI<120
i = 0 [0 120 < HI £ 160
] I HI > 160
0 300 600 km
40°N -
e
gt A Xinjiang
.
Qinghal”
Tibet
30°N
75°E 90°E 105°E 120°E 135°E
50°N b
Unit: °C
I 0<HI<40
I 40 <HI<80
80 <HI <120 F]
[ 120 <HI < 160 5
I HI > 160
300
40°N
Qinghai‘.
30°N
75°E 90°E 105°E 120°E 135°E
50°N
C Unit: °C
B 0<HI<40
[ 40 <HI <80
80 < HI <120
[ 120 <HI < 160
I HI> 160
300
40°N
30°N

Figure 4. Spatial distribution of HI in northern China (a. 2011-2040; b. 2041-2070; c. 2071-2099).
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Figure 5. Temporal variations in heatwave impacts on wheat in northern China.

In the medium-term period, areas with low HI (40°C <HI < 80°C) and those
with medium HI (80°C < HI < 120°C) increase by 24% and 12%, respectively, com-
prising 34% and 16% of the wheat-planting areas in northern China, respectively.
Within this period, the regions with extremely low HI across the Huang-Huai-Hai
Plain, Shanxi, Northeast China and Inner Mongolia are transformed into areas with
low HI; whereas the remaining areas with low HI are transformed into areas
with medium HI. The regions with low and medium HI are transformed into areas
with strong HI in some regions of Hebei and Inner Mongolia, resulting in the area
with strong HI increasing from 1% to 4% (Figure 4(b), Figure 5 in Appendix).

In the long-term period, areas with strong HI (HI > 120°C) or more increase by
27%, accounting for 34% of the wheat-planting areas in northern China. Among
them, regions with extremely strong HI increase substantially and are mainly central-
ized across the Huang-Huai-Hai Plain, Inner Mongolia, Ningxia, and Xinjiang.
Moreover, the regions with very low HI in Northeast China, Shandong, Gansu,
Ningxia, Shaanxi, and Shanxi decrease significantly by 24% in this period, and these
regions also exhibit marked increases heatwave hazards during the period (Figure
4(c), Figure 5 in Appendix).

The above results indicate that HI in most regions of northern China show an
increasing trend. The results show that the area with extremely low HI is reduced by
56%, while the area with strong and extremely strong HI is increased by 32%. The
wheat heatwave hazards of northern Gansu and Xinjiang are always the highest, while
the hazard across Northeast China, the Huang-Huai-Hai plain and the agro-pastoral
ecotone increase rapidly in the future.

3.2. Evolution trends of heatwave hazard impacts on wheat in northern China

Significant increasing trends with fluctuations in the HF (Figure 5(a)), HD (Figure
5(b)) and HI (Figure 5(c)) and their impacts on wheat are observed in northern
China over time due to climate change from 2011 to 2099. Similarly, in terms of pro-
vincial administrative units, the HF (Figure 6), HD (Figure 7) and HI (Figure 8) all
show significant interannually increasing trends. However, the spatial pattern and
development trend in the HF, HD, and HI also have regional differences. In terms of
the annual HF (Figure 6), Inner Mongolia, Beijing, and Tianjin always have higher
HF than the average level in northern China, while Shanxi, Shaanxi, Hebei, and
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Figure 6. Provincial temporal variation in HF in northern China.

Henan exhibit a more rapid increase in the rate than the other provinces. From the
perspective of the interannual HD (Figure 7), Inner Mongolia, Liaoning, Jilin,
Heilongjiang, and Xinjiang exhibit faster rate increases, while the HD in Tianjin and
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Figure 7. Provincial temporal variation in HD in northern China.

Xinjiang are always higher than the average level of northern China. As seen
from the interannual HI (Figure 8), Xinjiang always maintains higher HI, and the
increasing rates of Tianjin and Inner Mongolia are much faster than those of
other provinces.
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Figure 8. Provincial temporal variation in Hl in northern China.

The above results indicate that the heatwave hazard impacts on wheat in northern
China in the future show the following remarkable characteristics. Regarding the spa-
tial distribution of heatwave hazards, Xinjiang always exhibits the highest danger
level, in addition to the Huang-Huai-Hai Plain. Because the Huang-Huai-Hai Plain
and Xinjiang rank 1 and 2 in terms of wheat production areas in China, the preven-
tion of such a natural hazard plays a key role in future wheat production security
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under a warming climate. In terms of the future trends, areas only slightly affected by
heatwaves will decrease; on the contrary, the extent of seriously affected regions will
increase. Among them, the former mainly occur in Shanxi, Shaanxi, Ningxia,
Northeast China, and Inner Mongolia, while the latter mainly occur across the
Huang-Huai-Hai Plain, Northeast China, Inner Mongolia, and Xinjiang.
Interannually, Northeast China, Inner Mongolia, and the Huang-Huai-Hai Plain are
the regions with rapid increases in heatwave hazards. Moreover, the extent of the
heatwave hazard impacts on wheat in Northeast China and Shandong increases in
inland areas faster than in coastal regions. We therefore argue that much attention
should be paid to the heatwave hazard impacts on wheat across the Huang-Huai-Hai
Plain and Xinjiang as well as where heatwaves are predicted to rapidly increase in
extent in the future, e.g. Northeast China.

4. Discussion

The research results of this paper indicate that the impact of heatwaves on wheat in
northern China will become more frequent and serious as the Earth becomes warmer.
This finding coincides with the trend of more serious heatwaves around the world
(Meehl and Tebaldi 2004; Tebaldi et al. 2006), which has been observed in many
regions over the past several decades (Schar et al. 2004; Peterson et al. 2013; Ye et al.
2013; Oswald 2018). The increase in extreme high-temperature frequencies has been
shown to be one of the driving factors for the massive decline in future crop yields
(Schlenker and Roberts 2009). Based on historical data, it is shown that the threat
posed by high temperatures leads to a decrease in the yield of wheat in northern
China (Tao et al. 2015). Therefore, it can be assumed that China has suffered and
will continue to suffer from the threat of heatwaves with higher frequencies and
intensities. It is necessary to pay more attention to these heatwaves because they can
have direct negative impacts on wheat production or even global food safety
(Ainsworth and Ort 2010; Chung et al. 2014).

For the foreseeable future, heatwaves seem destined to impose a more serious
threat to wheat and may occur in regions with high hazards, e.g. the Huang-Huai-
Hai Plain and Xinjiang. Moreover, Henan, as one of the regions with the highest
heatwave hazard on the Huang-Huai-Hai Plain, has had a growth rate of extreme
weather events twice as large as that observed in other regions since the 1990s (Gao
et al. 2017). The results of this paper demonstrate that Henan will still be one of the
warmest regions and thus most profound heatwave hazard impacts on wheat in the
future due to its rapid growth in heatwaves (Figures 3(c) and 4(c)). Thus, advanced
management technology is urgently needed for the above regions to cope with the
threat posed by heatwaves on wheat (Chen et al. 2018).

However, we find that the heatwave frequency in Xinjiang exhibits almost no growth,
whereas most provinces in northern China show significant interannual growth. We fur-
ther find that the annual frequency of heatwaves in Xinjiang in the near-term period is
much higher than in other provinces at present. Contrary to the heatwave frequency, the
number of heatwave days in Xinjiang shows a significant interannual increasing trend.
According to supplementary information (Figure 7 in Appendix), it can be seen that
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Xinjiang is the only region where the duration of heatwaves is much longer than the
average in northern China and also has a faster growth rate. Therefore, we argue that the
increase in the duration of heatwaves, such as the combination of two or three short
heatwaves into one long-lasting heatwave, hinders the increase in the frequency of heat-
waves in Xinjiang.

In addition, despite the relatively lower heatwave hazard level in Northeast China
at present, the heatwave hazard in this region, especially Heilongjiang and Jilin
Provinces, increases much faster than that of the Huang-Huai-Hai Plain, which exhib-
its a relatively high heatwave hazard level. Similarly, Leng et al. (2015) also found
that the higher the latitude is, the greater the temperature rise in the future in China.
Therefore, we conclude that as heatwaves intensify, Northeast China is very likely to
experience a greater threat in terms of future wheat production compared with the
Huang-Huai-Hai Plain because Northeast China does not have rich experience in
dealing with past heatwaves. In addition to Northeast China, a rapid shift from low
heatwave hazards to high hazard levels in the agro-pastoral ecotone is also observed
(Figure 4). Considering that the agro-pastoral ecotone is very sensitive to both climate
change and human interference (Liu et al. 2009; Shi et al. 2017), global warming may
have a great negative impact on agricultural production in the area. As a result, in
regions that currently have relatively low heatwave hazard levels but exhibit rapidly
increasing rates of occurrence, corresponding adaptive measures should be imple-
mented as early as possible to avoid the adverse effects of heatwaves on wheat pro-
duction (Asseng et al. 2015).

Furthermore, our results indicate that enhanced heatwave hazard in inland areas is
more remarkable than in adjacent coastal areas at the same latitude under extreme
climate conditions (Figures 2, 3, and 4). Therefore, we argue that the inland wheat-
planting areas in northern China may be more threatened by heatwave hazards, espe-
cially in Northeast China and Shandong (Figures 2, 3, and 4). This is partly because
significant regional differences exist in extreme temperature changes resulting from
the geographical differences between coastal areas and inland (Li et al. 2015). Studies
of various regions around the world have shown that obvious regional differences
exist in extreme temperatures and their variations (Kysely et al. 2000; Nasrallah et al.
2004; Vincent et al. 2005; Parey et al. 2007; You et al. 2017). Our findings and the
above studies have suggested that countermeasures for mitigating heatwave impacts
on wheat (and other crops) must be developed by comprehensively considering the
planting distribution of wheat, the actual intensity of heatwaves, their development
trends and geographical differences. Such adaptive mitigation measures taken in
response to extreme heat events cannot be ignored in heatwave hazard prevention
(Chen et al. 2016).

There is still room for improvement in the present study. The temperature thresh-
old of 30°C is selected as a heatwave hazard indicator during the wheat reproductive
period, which is consistent with the physiological characteristics of wheat in northern
China. However, no consideration has been given to the comprehensive influence of
other environmental factors or high temperature on wheat, such as wind speed or
atmospheric humidity. In early summer, a dry, hot wind often persists over northern
China and has a strong adverse effect on wheat production. Furthermore, from the
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hazard-affected perspective, not considering the exposure and vulnerability of wheat
subjected to heatwaves is clearly insufficient for correctly depicting the heatwave haz-
ard level. In Australia, Wang et al. (2018) showed that changes in the potential distri-
bution of crops can affect final crop yields. Similarly, has been found that climate
change may lead to a decline in crop cultivation suitability in many regions, which
ultimately leads to a decline in yield (Bunn et al. 2015; Yue et al. 2019). The above
studies show us the importance of calculating the real crop distribution, i.e. the
exposure of crops when we evaluate the possible impacts of climate change on crops.

More and more studies have indicated that extreme high temperatures not only
result in direct negative impacts on crop yield (Welch et al. 2010; Wang et al. 2017)
but also have indirect negative effects. For example, increased water stress at high
temperatures may cause accelerating soil moisture depletion and atmospheric water
demand (Schauberger et al. 2017). Furthermore, Wang et al. (2018) showed that
wheat production is expected to decrease in the future, even after considering the
positive impact from CO, fertilization and adaptation options. In addition, more and
more scholars have conducted comparative studies under multiple RCP scenarios,
showing that climate change has a significant impact on crops under different scen-
arios (Cynthia et al. 2014; Deryng et al. 2014). Therefore, comparisons of different
scenarios will deepen our understanding of the mechanisms regarding how climate
change affects crops (lizumi et al. 2017) and even affect the degree of adaptive meas-
ures taken to address climate change (Martinich and Crimmins 2019). Obviously, it is
necessary to compare more scenarios to seek a better understanding of the impacts of
climate change on crops.

5. Conclusions

Under the background of global warming, quantitatively revealing the evolution
trends and variation characteristics of heatwave hazards has great scientific signifi-
cance for developing countermeasures that are adaptable to address changes in cli-
mate. This paper proposes a method that uses heatwave frequency, heatwave days,
and the cumulative temperature as indicators of the heatwave hazard impacts on
wheat; we also consider the planting distribution and growth period of wheat. With
the support of multiple GCMs, quantitative analysis is conducted on the spatial-
temporal patterns of the heatwave hazard impacts on wheat in northern China under
an extreme climate change scenario, i.e. RCP8.5, from 2011 to 2099. The results are
as follows:

The impacts of heatwaves on wheat show an increasing trend in most wheat-plant-
ing areas in northern China. The heatwaves across the Huang-Huai-Hai Plain,
Xinjiang, western Gansu and the agro-pastoral ecotone are the most profound in the
long-term period. The Huang-Huai-Hai Plain, along with regions where heatwave
hazard levels are relatively low in the near-term period, such as the agro-pastoral eco-
tone, Shanxi, Inner Mongolia, and Northeast China, will have a faster increasing rate
of heatwaves in the long-term period. Our findings suggest that China’s wheat pro-
duction is expected to be affected by more severe heatwaves in the future because the
above areas, especially the Huang-Huai-Hai plain, are the most important wheat
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production areas in China. Therefore, we argue that special attention and correspond-
ing countermeasures should be given to the above areas for mitigating the negative
impacts of heatwaves on wheat by comprehensively considering the planting distribu-
tion of wheat, the intensity of heatwaves and geographical differences.

With increasing heatwaves, the effect of heatwaves on wheat yields requires further
detailed evaluation by comprehensively considering the exposure and vulnerability of
wheat subjected to climate change. Comparing the effects under different climate
scenarios as well as corresponding adaptive countermeasures are critical and signifi-
cant in heatwave hazard prevention.
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