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Abstract
Extreme heat events (EHEs) have a significant impact on the social economy and human health. China is a country with a large population
and diverse terrain, and it is necessary to project future extreme heat changes in the sub-regions. This study used a specially designed dataset, the
Community Earth System Model (CESM) simulations, namely CESM low-warming, to investigate the EHEs in China under 1.5 �C and 2.0 �C
global warming. The results indicate that the regional mean warming over China will exceed the global average, about 1.63 �C and 2.24 �C in
1.5 �C and 2.0 �C warmer futures. Compared to the present-day (1976e2005), the frequency and duration of the EHEs in South China are
projected to increase the most among the sub-regions. For example, the frequency of EHEs in South China at 1.5 �C and 2.0 �C warming will
exceed 3 and 3.5 times the present-day level. However, when global warming rises from 1.5 �C to 2.0 �C, the increased impacts relative to the
1.5 �C warming level will be the lowest in South China (less than 40%), and the highest increased impacts are projected to appear in Northeast
China (53%e84%) and Northwest China (53%e107%). The main reason for this situation is that compared with the 1.5 �C scenario, the upper
zonal westerly in northern China weakens and the continental high pressure enhances under the 2.0 �C scenario. Therefore, limiting global
warming at 1.5 �C instead of 2.0 �C is beneficial for eliminating extreme heat events, especially for Northeast China and Northwest China.
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1. Introduction

The Intergovernmental Panel on Climate Change (IPCC,
2013) reported that the global mean temperature (GMT) had
risen about 0.85 �C (0.65e1.06 �C) from 1880 to 2012. Seven
years later in 2020, the World Meteorological Organization
(WMO) declared that global warming had reached 1.1 �C in
2019 and 2010e2019 was the hottest decade on record
(WMO, 2020). Rapid global warming will likely have huge
negative impacts on the social economy and human health
(Robine et al., 2008; Seneviratne et al., 2016; Zhang et al.,
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2020). To reduce these adverse impacts, in December 2015,
the United Nations Framework Convention on Climate
Change (UNFCCC) adopted the Paris Agreement, which
provides a framework for global action to address climate
change. At this meeting, the Paris Agreement set a target to
keep global warming below 2.0 �C and to persist with efforts
to hold the warming under 1.5 �C above preindustrial days
(UNFCCC, 2015). Furthermore, the Special Report on Global
Warming of 1.5 �C released in 2018 also claimed that limiting
global warming to 1.5 �C instead of 2 �C, could “reduce the
number of people both exposed to climate-related risks and
susceptible to poverty by up to several hundred million by
2050” (IPCC, 2018). Consequently, the 1.5 �C and 2 �C issues
have become major research (Schleussner et al., 2016;
Sanderson et al., 2017; Shi et al., 2018; Fu et al., 2018; Hu
et al., 2019).
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The extreme heat events (EHEs) have significantly
increased with global warming over the past decades (Smith
et al., 2013; Yu et al., 2017; Zhang et al., 2020). Long-term
EHEs will destroy infrastructure and overburdened elec-
tricity and water facilities, which will have a major impact on
the social economy (Wilbanks et al., 2012). In developing
countries, when global warming rises by 2 �C, elevated heat
stress will cause work productivity loss by one month per year
(Yu et al., 2019). While most importantly, exposure to extreme
heat increases morbidity and mortality (Robine et al., 2008;
Grumm, 2011; Fischer and Knutti, 2015). The 2003 heatwave
broke the record for the hottest summer in Europe and killed
more than 4000 people (Barriopedro et al., 2011). In 2010,
about 55,000 people in Russia died as a result of the heatwave
(Hoag, 2014).

China is a huge energy consumer and the most populous
country in the world and its surface air temperature (SAT) has
increased by 0.9e1.5 �C since 1909, which is higher than the
global average (CTNARCC, 2015). Due to an aging popula-
tion, high density and high mobility, and weak infrastructure
for disaster prevention and mitigation, China is vulnerable to
extreme climate events (Ding et al., 2010; Qin, 2015). Since
this century, China has experienced several EHEs. In the
summer of 2013, East China experienced the hottest August,
and Shanghai broke the high-temperature record, which
caused dozens of deaths (Sun, 2014). Ye et al. (2014) showed
that EHEs in China have generally increased significantly, and
the areas affected by severe events had expanded significantly
since the 1990s. Due to the EHEs, the labor force during the
summer's peak period could be reduced by more than 60% in
China (Wang and Zhang, 2019). Thus, to formulate policies
and adapt to climate change, it is necessary to quantify the
potential impact of 1.5 �C and 2 �C warming on China.

Previous studies have extracted the output simulations
from the Coupled Model Intercomparison Program Phase 5
(CMIP5) and selected the periods when global warming
reached 1.5 �C and 2 �C under the specific Representative
Concentration Pathway scenarios (Wang et al., 2017; Xu
et al., 2017). For instance, the future changes in surface
temperature in many areas in China will exceed the 1.5 �C
and 2.0 �C thresholds earlier than the global warming (Chen
et al., 2013; Fu et al., 2018; Shi et al., 2018). Huang et al.
(2017) investigated the impacts of 1.5 �C and 2 �C warm-
ing on global drylands by using CMIP5 results and pointed
out that the rising rate of surface temperature increases with
the decrease in vegetation coverage. However, there are some
drawbacks in using CMIP5 model outputs (James et al.,
2017; Lin et al., 2018). In the CMIP5 simulation, global
warming will only briefly reach 1.5 �C and 2 �C, and then
continue to rise, which cause the impacts between the short-
term and stable warming periods quite different, especially
for regional investigations (James et al., 2017). The National
Center for Atmospheric Research (NCAR) has released a set
of climate simulations focused on the 1.5 �C and 2.0 �C is-
sues, named Community Earth System Model (CESM) low-
warming, which is based on a fully coupled model with
equilibrium climates in 1.5 �C and 2.0 �C world. Unlike the
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warming periods derived from CMIP5 were increasing, the
CESM low-warming simulations were designed particularly
for 1.5 �C and 2.0 �C issues, which contain a 30-year period
(2071e2100) that the global warming stabled at the specific
thresholds. Based on the CESM low-warming datasets, some
researchers have provided the future projections in EHEs
over China (Li et al., 2018; Yang et al., 2018; Lin et al., 2018;
Chen and Sun, 2019), and they found that the increased
temperature in 1.5 �C and 2.0 �C periods over China were
projected to be about 10% higher than the global average, and
the EHEs would increase significantly with stronger impacts
under 2.0 �C warming. However, a major problem is that they
mostly consider China as a whole region and rarely discuss
the projections in sub-regions in China. Since ecological
environments and economies in different regions could
respond differently to global warming, it is necessary to
investigate the future changes in EHEs over sub-regions in
China.

This study mainly focuses on the regional future pro-
jections in the EHEs in China under 1.5 �C and 2.0 �C global
warming and tends to address the following questions: 1) How
will the EHEs change in different sub-regions in China? 2)
Comparing 2.0 �C with 1.5 �C warming scenario, in which
sub-region the EHEs will increase the most and how will the
associated key atmospheric circulations change?

2. Data and methods
2.1. Observed data
China's daily observed SAT data (CN05, Wu and Gao,
2013) from 1961 to 2014, with 0.5� horizontal resolution, is
used to correct the bias of simulated EHEs (Xu et al., 2009).
2.2. Model data
The NCAR CESM large-ensemble (CESM-LE) simulations
are used to represent the historical data in 1850e2005 (Kay
et al., 2015). All the simulations are conducted using the
Community Atmosphere Model version 5 in CESM 1
(CESM1-CAM5) (Hurrell et al., 2013). The CESM1-CAM5
consists of coupled land, atmosphere, sea ice, and ocean
component models (Lawrence et al., 2012; Moore et al., 2013;
Kay et al., 2015). CESM-LE simulations include forty-two
ensemble members, one of which is from 1850 to 2005, and
the other 41 members are from 1920 to 2005. Details on
CESM-LE can be found in Kay et al. (2015).

The NCAR CESM low-warming projections are used to
analyze changes in 1.5 �C and 2.0 �C warmer futures. The
Minimal Complexity Earth Simulator model (MiCES, 2016) is
used to simulate the pathways of greenhouse gas to obtain a
period of stable 1.5 �C and 2 �C above the preindustrial level
(1850e1919). From 2006 to 2100, the emission pathways
derived from MiCES are used in the 11 members of the future
projections. All the forcings, such as ozone and aerosol
emissions, follow the representative concentration pathway
8.5. The projections show a long period (2071e2100) of the
events in China under stabilized 1.5 �C and 2.0 �C global warming, Advances
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global mean temperature stabilized at 1.5 �C and 2.0 �C above
the preindustrial level. Details of the simulations can be found
in Sanderson et al. (2017).
2.3. Period of preindustrial, present-day, 1.5 �C, and 2 �C
The years 1976e2005 represent present-day, and the pre-
industrial period is 1850e1919. The years 2071e2100 are
referred to as the stable period for 1.5 �C and 2.0 �C global
warming (Sanderson et al., 2017).
2.4. Extreme heat indices
Six extreme heat indices (Meehl and Tebaldi, 2004; Smith
et al., 2013; Li et al., 2018) of 1976e2100 simulations are
calculated (Table 1).
2.5. Bias-correction
The method described in Jung (2005) is adopted to correct
bias in EHEs indices relative to CN05 data.

RBC¼RModel �DR ð1Þ

DR¼R0
Model �R0

Obs ð2Þ
Here, RModel and RBC are the projected and bias-corrected

daily SAT, respectively; R0
Obs and R0

Model represent the
average value of observed and projected data in 1976e2005,
respectively; and DR represents the biases.
2.6. Probability ratio
The following formula is used to calculate the probability
ratios (PR) (Yu et al., 2017; Li et al., 2018) of EHEs in
different regions:

PR¼P1=P0 ð3Þ
Here, P0 is the probability for the present-day

(1976e2005), and P1 is the probability for the future days
(2071e2100).
Table 1

Definitions of extreme heat indices.

Acronym Indicator Definition

TXx Warmest day Maximum Tmax in

TNx Warmest night Maximum Tmin in

TX90p Warm days Annual number of

TN90p Warm nights Annual number of

WSDI Warm spell duration indicator Annual number of d

90% percentile of t

HW Heatwave A heatwave is defin

1) at least three con

level in summer (Ju

95% percentile of t

the period exceeds

Note: Tmax (Tmin) means daily maximum (minimum) SAT.
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2.7. Increased impacts
The increased impacts (IC ) of EHEs caused by an addi-
tional 0.5 �C warming is investigated by using the following:

IC¼½ðC2:0�C1:5Þ=C1:5� � 100% ð4Þ
where C2.0 and C1.5 represent the changes in 2.0 �C and 1.5 �C
warming, respectively, relative to the present-day level.
2.8. Sub-regions
Owing to the diverse terrains of China, studying climate
change extremes in the country is complicated. As in previous
studies (Hu et al., 2019; Zhang et al., 2020; Zhao et al., 2020),
we divide China into seven areas, Northwest China, Northeast
China, Tibet, Southwest China, North China, Yangtze River
Valley, and South China (Fig. 1). The extreme heat indices in
each sub-region are calculated based on the model simulation
data after bias-correction. Grids beyond the land of China are
not considered.

3. Results
3.1. Evaluation of simulation results
The Taylor diagram (Taylor, 2001) is applied to evaluate the
model performance against the results from the CN05 dataset.
As shown in Fig. 2, the intensity indices (TXx and TNx) have a
good performance in bias-corrected results, compared with the
original simulation. Their standardized deviations and spatial
correlations are close to 1. Furthermore, the climatological
spatial distributions of bias-corrected results for TXx/TNx are
also much more similar to the observations than the original
simulations (Fig. A1). For example (Fig. A1), the original
simulated TXx/TNx in eastern China and Tibet are lower than
the observed, while the bias-corrected results are close to the
observed. In some previous studies (Cannon et al., 2015; Ma
et al., 2017; Li et al., 2018), the bias-correction method was
found to have little effect on percentile-based indices, such as
HW and WSDI. In our results (Fig. 2), the performances of the
Unit

a year �C
a year �C
days in which Tmax exceeds 90% of the present-day level d

days in which Tmin exceeds 90% of the present-day level d

ays with at least six consecutive days in which Tmax exceeds

he present-day level

d

ed as a period in a year that satisfies all the following criteria:

secutive days with the Tmax exceeds 95% of the present-day

neeAugust); 2) the average Tmax of the entire period exceeds

he present-day level in summer; 3) Tmax for each day during

80% percentile of the present-day level in summer

d
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Fig. 1. Map showing the seven geographical divisions of China.
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percentile-based indices (HWand WSDI) are not bad, although
they are notmuch improved after bias-correction. Therefore, the
bias-correction method can improve the performance of the
EHE indices selected in this study.
3.2. Projected surface air temperature changes
Compared with the preindustrial level, the annual mean
SATs over China under 1.5 �C and 2.0 �C warming are sta-
bilized at about 1.63 �C and 2.24 �C from 2071 to 2100,
respectively (Fig. 3a); these temperatures are approximately
10% higher than the global average (1.5 �C and 2.0 �C). The
regional changes in mean SAT (Fig. 3b) show that the in-
creases in most sub-regions will exceed the global average
(except South China and Yangtze River Valley), and the
maximum (minimum) value is projected to locate in Northeast
China (South China), about 2.02 �C/2.74 �C (1.12 �C/1.50 �C)
under 1.5 �C/2.0 �C warming. Fig. 3b also indicates that high-
Fig. 2. The performances of (a) original simulated and (b) bias-corrected extreme he

Community Earth System Model (CESM large-ensemble) for TXx, TNx, HW, and
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latitude and high-altitude areas of China, such as North China,
Northeast China, Northwest China, and Tibet, project larger
magnitudes of increase than other regions, which also supports
the conclusion of Shi et al. (2018).

Fig. 4 shows the spatial patterns and regional average
changes in the mean, maximum, and minimum SAT in the
future. Relative to the present-day level, it is apparent that the
maximum SAT is projected to rise more than the mean and
minimum SAT. For example, under 2.0 �C warming, the
maximum SAT (Fig. 4e) in most areas will increase at least
2.0 �C, while for the increases in mean and minimum SAT
(Fig. 4b and h), only parts of western China will exceed
2.0 �C. In each sub-region (Fig. 4j and k), except Northwest
China, the regional average increased amplitude in the
maximum SAT is projected to be higher than the mean and
minimum SAT. Comparing 2.0 �C warming with 1.5 �C
warming, the over-0.5 �C warming pattern in maximum SAT
(Fig. 4f) projects to locate in most areas of China, also larger
than the results of the mean and minimum SAT (Fig. 4c and i).
Thus, from present-day to 1.5 �C/2.0 �C global warming
period, the maximum SAT will have more contribution to the
warming than the mean and minimum SAT, which also means
more high-temperature events will occur in the future.

Based on the percentile thresholds determined by the
present-day (1976e2005) level, the regional mean probability
ratios for the responses of daily maximum SAT to 1.5 �C and
2.0 �C global warming is given in Fig. 5. As displayed in
Fig. 5, the extreme high-temperature probability ratio in-
creases more than the moderately high-temperature probabil-
ity ratio, and the values under 2.0 �C warming are higher than
those under 1.5 �C warming. For China under 1.5 �C and
2.0 �C warming (Fig. 5a), the daily maximum SAT that higher
than 95% of the present-day period is projected to be 3.6 and
4.4 times the present-day level, respectively. Among the seven
at events (EHEs) indices from the National Center for Atmospheric Research's
WSDI as compared with CN05 data of 1976e2005.

events in China under stabilized 1.5 �C and 2.0 �C global warming, Advances



Fig. 3. (a) The annual mean SAT anomalies from 1920 to 2100 in China compared with the preindustrial (1850e1919) levels, and (b) regional mean changes in

SAT under 1.5 �C and 2.0 �C warming (2071e2100) relative to the preindustrial period (The perpendicular black lines at the top of bars represent the variation

between the minimum and maximum. CN, NE, NC, YRV, SC, SW, NW, and TB denote China, Northeast China, North China, Yangtze River Valley, South China,

Southwest China, Northwest China, and Tibet, respectively).
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sub-regions, the increases in probability ratios in South China,
Southwest China, and Tibet are higher than in other sub-
regions. The daily maximum SAT that higher than 95% of
the present-day period in South China, Southwest China, and
Tibet will exceed 5 and 6 times the present-day level at 1.5 �C
and 2.0 �C warming.
3.3. Changes in extreme heat events
As shown in Fig. 6 and Fig. 7, the changes in the intensity
(TXx and TNx) and frequency (TX90p and TN90) of EHEs
relative to the present-day period indicate that the index
calculated by the maximum SAT (TXx and TSX90p) will
increase larger than the one calculated by the minimum SAT
(TNx and TN90p). For example (Fig. 6 and Fig. A2), the TXx
under 1.5 �C (2.0 �C) warming is projected to increase
0.7e1.7 �C (1.4e2.6 �C) relative to the present-day level,
while the increase in TNx will be slightly lower, which is
0.7e1.4 �C (1.4e2.1 �C). Similarly, the increases in TN90p
will be about 20% (relative to the present-day level) less than
the increase in TX90p (Fig. 7 and Fig. A3).

Among the sub-regions, the changing magnitudes of the fre-
quency and duration (HW and WSDI) show more significant
regional differences than the results of intensity. Under 1.5 �C and
2.0 �C global warming, the TX90p (TN90p) across China will
increase by 50%e230% (30%e230%) and 80%e270% (70%e
250%). The regional mean changes (Fig. 7) and spatial results
(Fig. A3) both indicate that the increased amplitudes of the high-
temperature frequency in South China, Southwest China, and
Tibet will exceed 100% and 150% of present-day level under
1.5 �Cand2.0 �Cwarming, higher than those in other sub-regions.
Especially in South China (Fig. A3), the high-temperature fre-
quency in 1.5 �Cand 2.0 �Cwarmer future are projected to exceed
3 and 3.5 times the present-day level. For the duration extreme
indices (Fig. 8), theHW(WSDI) under 1.5 �Cand2.0 �Cwarming
across China are projected to increase 200%e700% (125%e
600%) and 360%e900% (300%e700%) of the present-day level.
The increases in HW (WSDI) for South China will also be the
highest in 1.5 �C and 2.0 �C warmer futures, about 600%e700%
Please cite this article as: ZHANG, G.-W., et al., Regional changes in extreme heat
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(500%e600%) and 700%e900% (600%e700%) of the present-
day level. The spatial results (Fig. A4) also show that the EHE
duration days in almost the entire region of South China will in-
crease by 40 and 60 in 1.5 �C and 2.0 �C scenarios.

When compared the 2.0 �C scenario with the 1.5 �C sce-
nario, the increases in South China will not be the most. A
further 0.5 �C warming from 1.5 �C to 2.0 �C will cause in-
creases of 0.3e1.0 �C in TXx and 0.3e0.9 �C in TNx across
China (Fig. 6c and f), and with the lowest growth rate in South
China, about 0.3e0.6 �C. For the frequency (Fig. 7c and f) and
duration (Fig. 8c and f) over seven sub-regions, the differences
between 2.0 �C scenario and 1.5 �C scenario are projected to
be about 12%e66% and 80%e330%, while the results for
South China will be less than 50% and 150%.

We use the 1.5 �C warming as the reference to calculate the
increased impacts in 2.0 �C warming, and the results are
shown in Fig. 9. Relative to the 1.5 �C warming, the additional
0.5 �C warming will lead to a 35%e84% increase in the in-
tensity of EHEs (TXx and TNx), 16%e66% increase in the
frequency of EHEs (TX90p and TN90p), and 15%e107% in
the duration of EHEs (HW and WSDI) across China. The
lowest increased impacts are projected to locate in South
China (less than 40%), and the largest increased impacts will
occur in Northeast China (53%e84%) and Northwest China
(53%e107%). The increased amplitude of intensity, fre-
quency, and duration of EHEs over Northeast China and
Northwest China under the 2.0 �C warming will be more than
70%, 50%, and 90% of those under 1.5 �C warming, respec-
tively. Therefore, Northeast China and Northwest China are
particularly sensitive to the additional 0.5 �C warming from
1.5 �C to 2.0 �C, and it is worthwhile for them to limit the
global warming under 1.5 �C instead of 2.0 �C.
3.4. Differences of atmospheric circulations at
additional 0.5 �C warming
Previous studies have pointed out that the upper zonal
westerly and continental high pressure were closely related to
changes in vertical movements and clouds; the changes can
events in China under stabilized 1.5 �C and 2.0 �C global warming, Advances



Fig. 4. Mean/maximum/minimum SAT changes (2071e2100) under 1.5 �C warming (a, d, g) and 2.0 �C warming (b, e, h) compared with the present-day

(1976e2005) levels, and (c, f, i) the changes under 2.0 �C warming compared with those under 1.5 �C warming (Dotted areas are statistically significant at

the 0.05 level). Regional mean changes under 1.5 �C warming (j) and 2.0 �C warming (k) compared with the present-day level (The perpendicular black lines at the

top of bars represent the variation between the minimum and maximum. NE, NC, YRV, SC, SW, NW, and TB denote Northeast China, North China, Yangtze River

Valley, South China, Southwest China, Northwest China, and Tibet, respectively).
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affect radiation, precipitation, and other processes, which can
eventually lead to summer high-temperature changes in
northern China (Lu et al., 2001; Sun, 2014; Zhang et al.,
2020). Compared to the 1.5 �C warming, the EHEs in
Northwest China and Northeast China will increase the most
among the sub-regions under 2.0 �C warming. This section
aims to briefly describe the differences in atmospheric circu-
lations in summer that contribute to this situation.

The correlation patterns of the EHEs indices in Northeast
China and Northwest China with the summer zonal wind at
200 hPa (U200) and geopotential height at 500 hPa (Z500)
under the two warming scenarios are similar (Fig. A5 and
Fig. A6). The significant negative correlations are at about
40 �N in the results of U200, which is the location of the upper
Please cite this article as: ZHANG, G.-W., et al., Regional changes in extreme heat
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zonal westerly. Furthermore, the significant positive correla-
tions are located over Northeast China and Northwest China in
the results of Z500, which is the location of the continental
high pressure. Thus, under 1.5 �C and 2.0 �C warming, the
atmospheric circulation systems closely related to EHEs are
still the upper zonal westerly and continental high pressure,
which is consistent with the present-day period. The wind
differences of U200 between the two warming scenarios
(Fig. 10a) indicate the upper zonal westerly is weakened over
Northeast China and Northwest China under 2.0 �C warming.
The weakened summer upper zonal westerly will cause the
temperature in Northwest China and Northeast China to rise
(Lu et al., 2001; Zhang et al., 2020), which can be a reason
that more EHEs under 2.0 �C warming. Furthermore, positive
events in China under stabilized 1.5 �C and 2.0 �C global warming, Advances



Fig. 5. Regional mean probability ratios (2071e2100) for the responses of daily maximum SAT to 1.5 �C and 2.0 �C global warming based on the percentile

thresholds determined by the present-day (1976e2005) levels.
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differences of summer Z500 are observed over Northeast
China and Northwest China (Fig. 10b), indicating the conti-
nental high pressure is enhanced under 2.0 �C warming
compared with that under 1.5 �C warming. The summer
geopotential height in the high-latitude regions (e.g. Northeast
China and Northwest China) will increase much higher than
that in the low-latitude regions (e.g., South China). The
enhanced geopotential height indicates more clear sky
weather, which is conducive to temperature rise (Sun, 2014;
Zhang et al., 2020). Thus, more increases in the geopotential
height in the high-latitude areas can also be a reason for the
Fig. 6. Regional mean changes (2071e2100) in TXx/TNx under (a, d) 1.5 �C warmi

warming relative to 1.5 �C (The box whisker plots are the 25th, 33.3th, 50th, 66.7

China, North China, Yangtze River Valley, South China, Southwest China, Northw
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large increases in the EHEs in Northeast China and Northwest
China when the global warming rises from 1.5 �C to 2 �C.

4. Discussion

Some new insights can be drawn from our analysis,
including under 1.5 �C and 2.0 �C warming, the highest in-
creases in frequency and duration of EHEs relative to the
present-day level will locate in South China, while Northeast
China and Northwest China will be more sensitive to the
additional warming of 0.5 �C (from 1.5 �C to 2.0 �C).
ng and (b, e) 2.0 �C warming relative to the present-day levels, and (c, f) 2.0 �C
th, and 75th intervals. NE, NC, YRV, SC, SW, NW, and TB denote Northeast

est China, and Tibet, respectively).

events in China under stabilized 1.5 �C and 2.0 �C global warming, Advances



Fig. 7. Regional mean changes (2071e2100) in TX90p/TN90p under (a, d) 1.5 �C warming and (b, e) 2.0 �C warming relative to the present-day levels, and (c, f)

2.0 �C warming relative to 1.5 �C (The box whisker plots are the 25th, 33.3th, 50th, 66.7th, and 75th intervals. NE, NC, YRV, SC, SW, NW, and TB denote

Northeast China, North China, Yangtze River Valley, South China, Southwest China, Northwest China, and Tibet, respectively).

Fig. 8. Regional mean changes (2071e2100) in HW/WSDI under (a, d) 1.5 �C warming and (b, e) 2.0 �C warming relative to the present-day levels, and (c, f)

2.0 �C warming relative to 1.5 �C (The box whisker plots are the 25th, 33.3th, 50th, 66.7th, and 75th intervals. NE, NC, YRV, SC, SW, NW, and TB denote

Northeast China, North China, Yangtze River Valley, South China, Southwest China, Northwest China, and Tibet, respectively).
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Fig. 9. The increased impacts of EHEs in sub-regions at 2.0 �C compared with those at 1.5 �C warming.
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However, there are still some limitations. For instance, the
bias-correction method used in this study has not improved
much performance on the duration extreme indices (WSDI and
HW), and this is also in line with Li et al. (2018). To obtain
more reliable results in future projection, it is important to
reduce the bias of the model. Thus, various bias-correction
methods (e.g., machine learning; Grover et al., 2019) and
dynamic downscaling method (e.g., CWRF; Liang et al.,
2019) should be used to further study. Additionally, the
warming over China under 1.5 �C and 2.0 �C this scenario in
our study are 1.63 �C and 2.24 �C, relatively lower than those
studies using CMIP5 outputs (1.7e2.0 �C and 2.4e2.7 �C, Fu
et al., 2018). It's probably caused by different model designs.
As concluded in Lin et al. (2018), the CESM low-warming
simulations were more in line with the scenario set by the
Paris Agreement. However, only one fully coupled climate
model (CESM) simulation is not enough. More climate
models are needed to perform stable warming projections, and
the multi-model results will be more convincing. Furthermore,
it is worth studying the impacts of extreme high temperatures
on humans, nature, and social economy (Fischer et al., 2012;
Lee and Min, 2018; He et al., 2017). We have found that South
China would face the frequency of EHEs exceeding 600%/
700% of the present-day level under 1.5 �C/2.0 �C warming.
As a densely populated and economically developed area
(Jiang et al., 2017, 2018; Zhu et al., 2020), it is necessary to
investigate the impacts on the population and the economy
caused by high temperatures in South China. Meanwhile, for
Northeast China and Northwest China, as the largest forestry
area and the arid areas in China (Tao et al., 2013; Huang et al.,
2017), the EHEs under 2.0 �C warming will be hugely
different with those under 1.5 �C warming. Continuous
exposure to high temperatures may increase the frequency and
intensity of forest fires, and the likelihood of tree deaths
caused by droughts and high temperatures worldwide may
increase (Allen et al., 2004). Moreover, warming will also
Please cite this article as: ZHANG, G.-W., et al., Regional changes in extreme heat

in Climate Change Research, https://doi.org/10.1016/j.accre.2020.08.003
boost evaporation, which dries out the soil and exacerbates
drought (Chai et al., 2018; Miralles et al., 2018). Increasing
drought will affect agricultural products in Northwest China,
such as wheat and cotton (Wang et al., 2008). Thus, quanti-
fying the future risks caused by high temperatures in Northeast
China and Northwest China, such as forest fires (Li et al.,
2019) and drought (Huang et al., 2017), are also worthwhile.

In summary, this study projected future EHE changes in
China's sub-regions under 1.5 �C and 2.0 �C warming, which
can provide the basis for an in-depth regional study.

5. Conclusions

For climate change adaption and international climate ne-
gotiations, it is essential to understand how the regional
climate responds to the 1.5 �C and 2.0 �C global warming.
Here, we used the CESM low-warming simulations to project
future changes in extreme heat events (EHEs) over China's
sub-regions. The conclusions are summarized as follows:

(1) Under 1.5 �C and 2.0 �C warming scenarios, our results
show that warming over China (1.63 �C and 2.24 �C)
will exceed the global average, especially in Northeast
China (2.02 �C and 2.74 �C). The simulations also
project that the extreme temperature indices calculated
by maximum temperature (e.g. TXx and TX90p) will
increase more than those calculated by minimum tem-
perature (e.g. TNx and TN90p).

(2) Compared to the present-day period (1976e2005), the
EHEs across China will increase about 0.7e1.7 �C
(1.4e2.6 �C) in intensity, 30%e230% (70%e270%) in
frequency, and 125%e700% (360%e900%) in duration
under 1.5 �C (2.0 �C) global warming. Besides, the
increased magnitudes of the frequency and duration in
South China will be the largest. The high-temperature
frequency in South China is projected to exceed 3 and
events in China under stabilized 1.5 �C and 2.0 �C global warming, Advances



Fig. 10. Climatological differences of 200 hPa zonal wind (a) and (b) geopotential height at 500 hPa in summer from 2071 to 2100 between the 2 �C and 1.5 �C
scenarios (Dotted areas are statistically significant at the 0.05 level).
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3.5 times the present-day level at 1.5 �C and 2.0 �C
warmer future, and the duration of EHEs, such as
heatwave, will extend more than 600%e700% and
700%e900% of the present-day level.

(3) Compared 2.0 �C global warming with 1.5 �C global
warming, an additional 0.5 �C warming will lead the
intensity, frequency, and duration of EHEs increase by
35%e84%, 16%e66%, and 15%e107% across China,
respectively. The lowest increased impacts are pro-
jected to occur in South China (less than 40%), and the
highest increased impacts will be in Northeast China
(53%e84%) and Northwest China (53%e107%).
Under 2.0 �C warming, the increases in intensity, fre-
quency, and duration of EHEs over Northeast China
and Northwest China will be 1.5e2 times the 1.5 �C
warming level. The reason for this can be the weak-
ening of the zonal westerly and the enhanced conti-
nental high pressure over northern China in the 2.0 �C
warming, compared to the 1.5 �C warming. Therefore,
it is beneficial for China, especially for Northwest
China and Northeast China, to limit global warming
under 1.5 �C instead of 2.0 �C.
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