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ABSTRACT

Extreme high temperature (EHT) events are among the most impact-related consequences related to climate change,
especially for China, a nation with a large population that is vulnerable to the climate warming. Based on the latest Coupled
Model Intercomparison Project Phase 6 (CMIP6), this study assesses future EHT changes across China at five specific
global warming thresholds (1.5°C-5°C). The results indicate that global mean temperature will increase by 1.5°C/2°C
before 2030/2050 relative to pre-industrial levels (1861-1900) under three future scenarios (SSP1-2.6, SSP2-4.5, and SSP5-
8.5), and warming will occur faster under SSP5-8.5 compared to SSP1-2.6 and SSP2-4.5. Under SSP5-8.5, global warming
will eventually exceed 5°C by 2100, while under SSP1-2.6, it will stabilize around 2°C after 2050. In China, most of the
areas where warming exceeds global average levels will be located in Tibet and northern China (Northwest China, North
China and Northeast China), covering 50%—70% of the country. Furthermore, about 0.19-0.44 billion people (accounting
for 16%—41% of the national population) will experience warming above the global average. Compared to present-day
(1995-2014), the warmest day (TXx) will increase most notably in northern China, while the number of warm days
(TX90p) and warm spell duration indicator (WSDI) will increase most profoundly in southern China. For example, relative
to the present-day, TXx will increase by 1°C—5°C in northern China, and TX90p (WSDI) will increase by 25-150 (10-80)
days in southern China at 1.5°C-5°C global warming. Compared to 2°C-5°C, limiting global warming to 1.5°C will help
avoid about 36%—-87% of the EHT increases in China.
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Article Highlights:

¢ About 0.19-0.44 billion people in China will experience warming higher than the global level.

¢ TX90p and WSDI will increase most profoundly in southern China, while TXx will increase most notably in northern
China.

¢ Compared to 2°C-5°C, limiting global warming to 1.5°C will help avoid about 36%—87% of the EHT increases in China.

ber 2015, established a goal to limit global warming to
“well below 2.0°C” and to persist with efforts to limit the
warming under 1.5°C above pre-industrial levels
(UNFCCC, 2015). Limiting global warming under 1.5°C is
deemed to be important by many researchers (King et al.,
2017; Nangombe et al., 2018; Zhang et al., 2020a; Zhao et
al., 2020). The World Meteorological Organization (WMO)
stated that 2010-2019 was the hottest decade on record

1. Introduction

The Intergovernmental Panel on Climate Change
(IPCC, 2013) in its 5th Assessment Report reported that
from 1880 to 2010, the global mean temperature (GMT) has
risen about 0.85°C (0.65°C-1.06°C). In order to reduce the
adverse impacts caused by a rapid global warming scenario,
the Conference of the Parties of the United Nations Frame-

work Convention on Climate Change (UNFCCC), in Decem-
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(WMO, 2020). Occurrences of extreme high temperature
(EHT) events, which has enormous socio-economic and
human health impacts, were becoming more frequent, consist-
ent with the observed global warming over the last century
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(Robine et al., 2008; Ding et al., 2010; Seneviratne et al.,
2016; Mora et al., 2017; Zhang et al., 2020b). The heat-
wave in Europe in 2003 established a new record for the hot-
test summer and killed more than 4000 people (Barriopedro
etal., 2011). Long-term EHT events will damage infrastruc-
ture, overwhelm power and water facilities, and have a signi-
ficant socio-economic impact (Wilbanks et al., 2012). In
developing countries, under a scenario of a global temperat-
ure rise of 2°C, the increase in thermal stress will lead to the
loss of productivity for one month per year (Yu et al.,
2019).

China is the most populous country and a huge energy
consumer. Against the background of global warming, the
rate of temperature rise across China has been 0.9°C-1.5°C
since 1909, slightly higher than the global average (The
Third National Assessment Report on Climate Change,
2015). Most previous studies are based on CMIP5 simula-
tions and the Community Earth System Model (CESM)
low-warming projections, and they mainly focused on the
EHT changes, specific to the 1.5°C and 2.0°C global warm-
ing scenarios (Sanderson et al., 2017; Lin et al., 2018; Shi et
al., 2018a; Yang et al., 2018; Yu et al., 2018). For example,
Li et al. (2018) and Zhang et al. (2020b) both found that the
annual temperature in China was projected to increase at a
rate that is approximately 10% higher than the global aver-
age level in the 1.5°C and 2.0°C warming scenarios. Accord-
ing to the conclusion from Yu et al. (2018) and Shi et al.
(2018a), EHT events in China will increase significantly at
the 1.5°C and 2.0°C thresholds, especially for the indices
affected by maximum temperature. In addition, some stud-
ies also focused on even more extreme scenarios, such as
3°C, 4°C, and 5°C (Wang et al., 2018; Weber et al., 2018).
Xu et al. (2017) and concluded that the mean surface temper-
ature over Asia would increase about 4.6°C and 6.0°C at
3°C and 4°C global warming, and more substantial warm-
ing would occur in high latitudes than in low latitudes. Over-
all, most studies conclude that China will be warmer than
global averages (Hu et al., 2017; Li et al., 2018; Shi et al.,
2018b). However, due to the earlier modeling framework
not accounting for population changes, previous studies
have rarely considered the number of people in China that
will suffer due to China’s warming exceeding that of the
global average level.

The Coupled Model Intercomparison Project Phase 6
(CMIP6) provides the latest outputs of many climate mod-
els developed by institutions around the world for Scenario
Model Intercomparison Project designed for climate projec-
tion in different emission scenarios. The new phase of the
CMIP is designed to improve climate simulations and
provide for additional modeling groups that are expected to
be more reliable (Eyring et al., 2016). Some researchers
have already examined the newly released simulations
(Chen et al., 2020; Jiang et al., 2020; Yang et al., 2020;
Zhou et al., 2020; Zhu et al., 2020). Zelinka et al. (2020) poin-
ted out that for the implied social scenarios in CMIP6, the
models responded in such a way that suggested higher equilib-
rium climate sensitivity. Chen et al. (2020) have compared
the simulating climate extremes in CMIP6 and CMIP5 mod-
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els, and they found that the models in CMIP6 had finer resolu-
tion that ultimately resulted in improved dynamical pro-
cesses. Zhu et al. (2020) concluded that, compared with
CMIPS, the CMIP6 multi-model ensemble mean not only sim-
ulates the spatial pattern of air temperature well, but out per-
forms the CMIPS5 in modeling China's climate index. Since
the CMIP6 simulations were recently released and designed
to incorporate population changes, they are well-suited to
studying future changes in China's EHT and determining
how many people in China will experience warming above
the global average level.

This study aims to analyze future changes in EHT
based on the recently released CMIP6 outputs, and
addresses following questions at the 1.5°C, 2°C, 3°C, 4°C,
and 5°C global warming scenarios; (1) How many people in
China will experience warming at higher than global aver-
age levels? (2) What is the future trend regarding the fre-
quency of EHT in China? (3) How many impacts might be
avoided by limiting warming under 1.5°C compared to the
higher scenarios?

2. Data

Sixteen climate models of the CMIP6 archives which con-
tain daily surface air temperature (SAT) were used in this
study (Eyring et al., 2016). Their basic information is listed
in Table 1, and further details can be found at https://esgf-
node.llnl.gov/projects/cmip6/. The historical simulations
(1850-2014) and 21st-century projections (2015-2100)
under three future scenarios (SSP1-2.6, SSP2-4.5, and
SSP5-8.5) are used, and only the first member (e.g.,
rlilplfl) is selected for each model. These scenarios are
the combination of Shared Socio-economic Pathways
(SSPs; O’Neill et al., 2017) and forcing levels of the Repres-
entative Concentration Pathways (RCP). The SSP1-2.6,
SSP2-4.5, and SSP5-8.5 approximately follow RCP2.6,
RCP4.5, and RCP8.5 global forcing pathways with SSP1,
SSP2, and SSP5 socio-economic conditions. In this study,
the outputs of each CMIP6 model are bi-linearly interpol-
ated onto the resolution of 1.0° x 1.0° grid. The EHT indicat-
ors were calculated using the original grids of each model
and then bi-linearly interpolated to the 1.0° x 1.0° spatial res-
olution to maintain the internal consistency.

The population datasets under three SSPs (SSP1, SSP2,
and SSP5), named Global One-Eighth Degree Population
Base Year and Projection Grids Based on the SSPs (V1.01),
were used in this study (Jones and O’Neill, 2016, 2020).
They can be considered as a sustainable development scen-
ario, a business-as-usual scenario, and a fossil-fueled develop-
ment scenario. The model uses global total population data
at 10-year intervals from 2010 to 2100, with a horizontal res-
olution of 0.125° x 0.125°. The datasets were developed by
the Center for International Earth Science Information Net-
work (CIESIN), Columbia University, and were obtained
from the NASA Socio-economic Data and Applications Cen-
ter (SEDAC). Spatially explicit population projections of
the SSP project are up-scaled to a 1.0° x 1.0° spatial resolu-
tion to match the resolution of the climate model.
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Table 1. Basic information (name and group) and atmospheric resolution (latitude x longitude) of sixteen CMIP6 global climate
models.
No Model name Group Resolution (lat x lon)
1 ACCESS-CM2 CSIRO/Australia 1.25°%x1.875°
2 ACCESS-ESM1-5 CSIRO/Australia 1.25°x1.875°
3 AWI-CM-1-1-MR AWI/Germany 0.94°x0.94°
4 CanESM5 CCCma/Canada 2.8°%2.8°
5 CESM NCAR/USA 0.94°x1.25°
6 CESM-WACCM NCAR/USA 0.94°x1.25°
7 CNRM-CM6-1 CNRM-CERFACS/France 1.4° x1.4°
8 CNRM-ESM2-1 CNRM-CERFACS/France 1.4°x1.4°
9 EC-Earth3 EC-Earth-Consortium/Europe 0.7°%0.7°
10 EC-Earth3-Veg EC-Earth-Consortium/Europe 0.7°x0.7°
11 HadGEM3-GC31-LL MOHC/UK 1.25°x1.875°
12 IPSL-CM6A-LR IPSL/France 1.26°%x2.5°
13 KACE-1-0-G NIMS-KMA/South Korea 1.25°x1.875°
14 MRI-ESM2-0 MRI/Japan 1.125°%x1.125°
15 NESM3 NUIST/China 1.875°%1.875°
16 UKESM1-0-LL MOHC/UK 1.25°%1.875°
3. Methods example, the threshold for January 1st should exceed 90th per-
centile of the days on the same date during the present-day
3.1. Periods of preindustrial, present-day, and specific period. Therefore, TX90p is defined as the number of days

warming thresholds

The period spanning 1995-2014 in the historical simula-
tion represents the present-day, which is the same as the defin-
ition in Jiang et al. (2020). Consistent with previous research-
ers that used CMIPS, the pre-industrial period is defined to
be 1861-1900 (Xu et al., 2017; Fu et al., 2018). The spe-
cific global warming periods in this study (i.e., 1.5°C, 2°C,
3°C, 4°C, and 5°C) use the pre-industrial level as a baseline
for comparison. For each climate model, we calculated the
20-year moving average of the GMT anomaly (by subtract-
ing it from the average of the pre-industrial period) and then
found the particular year in this time series that reached a spe-
cific warming threshold, which is then defined as the final
year. We designate the final year as the temporal mid-point
and take 10 years forward and nine years backward in order
to establish the specific 20-year warming period. Consist-
ent with previous studies (Collins et al., 2013; Zhou et al.,
2018; Jiang et al., 2020), the changes in this study are
deemed to be robust if at least 2/3 of total models agree on
the sign of change.

3.2. Extreme high temperature indices

This study used three EHT indices, warmest day (TXXx),
warm days (TX90p), and warm spell duration indicator
(WSDI) to analyze the impacts of global warming on EHT
in China. Their definitions are shown in Table 2 (Meehl and
Tebaldi, 2004; Smith et al., 2013). The present-day period
(1995-2014) is referred to as the baseline. The EHT indices
are calculated based on all days of the present-day period
and the future period (2015-2100). The calculations of
TX90p and WSDI use the 90th percentile of the baseline max-
imum temperature as their threshold. These respective val-
ues are then tallied individually for each calendar day. For

with the daily maximum SAT higher than the threshold, and
WSDI is defined as the number of occurrences with at least
six consecutive days that had a maximum SAT higher than
the threshold (Table 2). Furthermore, we calculated the
indices separately for each model and averaged them to dis-
play as the multi-model ensemble mean (MME).

3.3. Response to global warming

To investigate the response of EHT to global warming,
the projections of EHT indices and GMT are averaged over
10-year periods to eliminate interannual variability (Collins
et al., 2013; Jiang et al., 2020). From 2016 to 2100, a five-
year moving average is calculated to obtain a running-mean
time series of sixteen values (i.e., the averages of
2016-2025, 2021-2030, and up to 2091-2100). The linear
regression between these running-mean EHT indices and
GMT is then computed, and the resulting regression coeffi-
cient is referred to as the response rate of EHT to global
warming, which is recognized as the long-term forced sig-
nal. It is used to figure out the amount by which EHT
indices will change in response to a global mean temperat-
ure rise of 1°C.

3.4. Avoided Impacts

The avoided impacts (Al) of EHT caused by additional
warming were studied by using formula 1 (Li et al., 2018).
_Cy=Cy5s
==

Al x100.

(M

Here Al represents avoided impacts, C, and C, 5 repres-
ent the changes in EHT indices at the x°C (x can be 2, 3, 4
and 5) and 1.5°C global warming relative to the present-day
level. The Al is used to infer the degree of impact that can
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Table 2. Definitions of extreme high temperature indices.
Acronym Indicator Definitions Units
TXx Warmest day Maximum Tmax in a year °C
TX90p Warm days Days when Tmax >90th percentile of all days in the present-day d
WSDI Warm spell duration indicator At least 6 consecutive days’ Tmax higher than 90% days of present-day d

*Where Tmax means daily maximum SAT.

be avoided by maintaining global warming at 1.5°C, as
opposed to other higher warming thresholds (2°C, 3°C, 4°C
and 5°C).

In addition, we also calculated the avoided impacts of
population-weighted changes (Alpop), by applying formula 2.

CP,-CPy5s
— X

Alpop = CP

100. 2)

Here, CP, and CP; 5 represent the changes in the popula-
tion-weighted EHT indices at the x°C (x can be 2, 3, 4 and
5) and 1.5°C scenarios compared with the present-day level.
For example, CP; 5 is the result of EHT indices multiplied
by the population at 1.5°C global warming minus the EHT
indices multiplied by the population at the present-day
level. The calculations above are performed at each specific
grid point..

4. Results

4.1. Future changes in surface air temperature

As shown in Figures 1 and 2a, the results of CMIP6 indic-
ate that global warming following the high-emission path-
way (e.g., SSP5-8.5) will increase more dramatically than

that following the low-emission pathway (e.g. SSP1-2.6),
which is consistent with the previous conclusions derived
from CMIPS5. For example, the specific warming threshold
under SSP5-8.5 will be reached sooner compared to the
threshold times indicated for the SSP1-2.6 and SSP2-4.5 scen-
arios (Fig. 1). The multi-model ensemble mean (MME) res-
ults show that the annual GMT anomalies relative to pre-
industrial levels under SSP5-8.5 will exceed 5°C before
2100, while under SSP1-2.6 and SSP2-4.5 it will only reach
2°C and 3°C. Although there are some differences between
the time sensitivity of each model, it can be concluded that
global warming will reach 1.5°C (2°C) before 2030 (2050)
under the aforementioned three future scenarios. As dis-
played in Fig. 2a, after 2050, global warming under the
SSP1-2.6 scenario projects the warming to become stable,
while it will continue to increase under SSP2-4.5 and SSP5-
8.5. Under SSP2-4.5, global warming will reach 3°C at
about 2070. Under SSP5-8.5, global warming will reach
3°C, 4°C, and 5°C before 2060, 2080, and 2100, respect-
ively.

Many previous studies have pointed out that at 1.5°C
and 2°C global warming, China’s temperature rise (relative
to pre-industrial levels) will exceed the global average level.
The CMIP6 results also show that not only at 1.5°C and
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Fig. 1. The timing of reaching the specific warming threshold under SSP1-2.6
(green), SSP2-4.5 (blue) and SSP5-8.5 (red). The MME indicates the multi-

model ensemble mean results.
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Fig. 2. (a) Annual global mean surface air temperature (SAT) anomalies relative to pre-industrial levels (1861-1900) from
1850 to 2100. The black line is from 1850 to 2014 (the historical period), and the green, blue and red lines are from 2015 to
2100 (future period) under SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively. Shading indicates the uncertainties of the multi-
model ensemble. (b) China’s regional mean SAT changes relative to the pre-industrial level at 1.5°C-5°C global warming.
Green, blue and red bars represent results of SSP1-2.6, SSP2-4.5, and SSP5-8.5. The perpendicular black lines at the top of
the bars represent the variation between the 10th and 90th percentiles of the multi-model ensemble.

2°C, but also at the 3°C, 4°C, and 5°C global warming scen-
arios, the increases in China’s regional mean SAT will be
higher than the global average (Fig. 2b). Under the 1.5°C
and 2°C scenarios, the annual SAT over China is projected
to increase by 1.55°C and 2.12°C, under the SSP1-2.6, by
1.59°C and 2.18°C under the SSP2-4.5, and by 1.60°C and
2.20°C under SSP5-8.5. Intuitively, the temperature
increases are projected to be greatest under SSP5-8.5 and
least pronounced under SSP1-2.6. Furthermore, when the
warming threshold increases, the average SAT in China will
increase more than the global average level. For example,
the SSP5-8.5 scenario, which suggests when global warm-
ing reaches 3°C, the average increase of regional SAT in
China is approximately 3.40°C, which is about 13% higher
than the global level, while the increase at 2°C global warm-
ing (2.20°C) is about 10% higher than the global level.

The spatial patterns of changing SAT relative to the
pre-industrial level, displayed in Fig. 3, are used to display
which regions will experience warming above the global aver-
age. In order to reduce the complicated description, we
named the areas that will experience warming above the
global average level as overheating areas. For example, at
1.5°C global warming, the areas where the increases in SAT
exceed 1.5°C are the overheating regions. As shown in Fig. 3,
the overheating areas at 1.5°C-5°C are mostly located in
Tibet and northern China (i.e., Northwest China, North
China and Northeast China). This is similar to the conclu-
sions drawn by previous studies that northern China and
Tibet will experience more warming in the future (Zhang et
al., 2020b). Analogous results, under different emission scen-
arios, found that the high-emission scenario (SSP5-8.5) will
have more overheating area. Under SSP1-2.6/SSP2-4.5/
SSP5-8.5 (Fig. 4a), about 56%/57%/58% and 60%/61%/
64% areas of China will experience warming above the
global level at 1.5°C and 2°C global warming. At 3°C
global warming, the land fraction of overheating areas in
China will be 52% under SSP2-4.5, while the value under
SSP5-8.5 will reach 69%. Meanwhile, when global warm-

ing increase to 4°C and 5°C under SSP5-8.5, the land frac-
tion of overheating areas in China will reach nearly 70%.
The population in these overheating areas of China
(Fig. 4b) indicate that there will be more people living in
the overheating regions under SSP1-2.6 and SSP5-8.5 than
under SSP2-4.5. For example, at 1.5°C (2°C) global warm-
ing, the population in the overheating areas under SSP1-2.6
and SSP5-8.5 will be 0.29 (0.40) billion and 0.30 (0.40) bil-
lion, accounting for 21% (30%) and 22% (30%) of China’s
total population, while the number under SSP2-4.5 will be
0.27 (0.31) billion, accounting for 19% (30%) of China’s
total population. The number at 3°C global warming under
SSP2-4.5 will decrease to 0.19 billion (16% of China’s total
population). While under SSP5-8.5, when global warming
rises to 3°C/4°C/5°C, there will be about 0.44/0.41/0.36 bil-
lion people in the overheating areas, accounting for 37%/
41%/34% of China’s total population. Overall, approxim-
ately 0.19 to 0.44 billion people in China will experience
warming that is higher than the global level in the future.

4.2. Future changes in extreme high temperature

In an effort to quantify the response of EHT events to
global warming, we calculated the response rate of the EHT
indices to GMT (Fig. 5). The results indicate that EHT
events in China are expected to continue to increase as
global warming continues. In most parts of China, the
response rates of TXx (Figs. Sa—c), TX90p (Figs. 5d—f),
and WSDI (Figs. 5g—i) to global warming are higher than
0.4°C °C-1, 10 d °C-L, and 5 d °C-l, respectively. The
response rates of TX90p and WSDI demonstrate remark-
able spatial consistency as opposed to the TXx. For TX90p
and WSDI, there will be a significant response in southern
China, with increased rates exceeding 30 d °C-! and 15
d °C-!. This is particularly true in southern Tibet and South
China, TX90p and WSDI will increase by more than 40 and
20 days annually when the GMT goes up by 1°C. The spa-
tial distribution of the TXx shows almost an inverse distribu-
tion, that is, the high response areas are mostly located in
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Fig. 3. Spatial patterns of SAT changes relative to pre-industrial levels. (a), (b) and (c) are for 1.5°C global warming under SSP1-

2.6, SSP2-4.5 and SSP5-8.5, respectively. (d), (e) and (f) are for 2°C global warming under SSP1-2.6, SSP2-4.5, and SSP5-8.5,

respectively. (g) and (h) are for 3°C global warming under SSP2-

4.5 and SSP5-8.5. (i) and (j) are for 4°C and 5°C global warming

under SSP5-8.5. Dotted areas denote where at least 2/3 models agree on the sign of the change.

northern China. For illustration, under SSP5-8.5 (Fig. 5c¢),
the TXx in most parts of northern China will increase by at
least 1.2°C for every 1°C rise in GMT, while the increases
in the south will be lower than this.

We used the present-day period (1995-2014) as the
baseline to discuss future changes in EHT at each specific
global warming scenario (1.5°C-5°C). As shown in Fig. 6,
the spatial distribution of the TXx changes indicates that the
increase in northern China will be greater than in southern
China. For example, under the 1.5°C global warming scen-
ario, the increased TXx in southern China will be less than
1°C, while the increases in some parts of Northeast China

will be higher than 1.5°C (Figs. 6a—c). The increase under
the SSP5-8.5 scenario is slightly higher than those under
SSP1-2.6 and SSP2-4.5. For example, at 3°C global warm-
ing, the areas where increased TXx exceed 3°C are larger
under SSP5-8.5 (Fig. 6g) than those under SSP2-4.5 (Fig.
6h). For the regional mean results of China (Fig. 9a), the
increased TXx at 1.5°C and 2°C global warming is similar
in each scenario, ranging from 0.2°C-2.1°C and
1.1°C-2.9°C respectively. When global warming reaches
3°C, 4°C, and 5°C, China's regional mean TXx will increase
by 2.1°C—4.2°C, 3.6°C-5.4°C, and 4.1°C-6.8°C relative to
present-day levels, respectively (Fig. 9a).
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Interestingly, the spatial distribution of changing of the response rate to global warming, yet they are still
TX90p (Fig. 7) and WSDI (Fig. 8), is similar to the results almost the reverse of TXx. Large areas of increased fre-
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quency for TX90p and WSDI will occur in southern China,
especially in southern Tibet and South China. For example,
when global warming reaches 3°C, the increase in TX90p
(WSDI) in southern China will exceed 75 (40) days per
year, with parts of southern Tibet and southern China exceed-
ing 100 (60) days per year. Furthermore, the increases under
SSP5-8.5 will be higher than those under SSP1-2.6 and
SSP2-4.5. For instance, compared to SSP1-2.6 and SSP2-
4.5, the WSDI will increase by 10 days or more over more
areas than under SSP5-8.5 (Figs. 8a—c). Overall, compared
to the present-day level, China’s TX90p (WSDI) will
increase by 7-45 (3-23) days, 31-64 (15-33) days, 31-64

(30-52) days, 58-105 (30-52) days, 99-146 (48-68) days,
and 121-183 (60-87) days at 1.5°C, 2°C, 3°C, 4°C, and 5°C
global warming, respectively (Figures 9b and c).

4.3. Avoided Impact at 1.5°C global warming

Formula (1) quantifies the impacts avoided at 1.5°C
global warming compared with other higher warming
thresholds (2°C-5°C). As shown in Figures 10a—c, in compar-
ison to 2°C-5°C global warming, the reduced warming in
1.5°C global warming scenario will serve to avoid approxim-
ately 36%—87%,47%—89%, and 46%—86% of the increases
in TXx, TX90p, and WSDI, respectively. The avoided
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Fig. 7. The same as Fig. 6, but for the changes in TX90p (units: d).

impacts for a 2°C warming scenario project a 20% reduc-
tion compared to the results for the 3°C-5°C scenarios, all
of which exceed 65%. For example, when compared to the
3°C scenario, limiting the global warming to under 1.5°C in
SSP2-4.5 will help avoid 68%, 80%, and 76% of the
increases in TXx, TX90p, and WSDI, respectively. For-
mula (2) was used to investigate the population-weighted
avoided impacts. When population changes are considered,
the avoided impacts of TXx will increase significantly,
while the results of TX90p and WSDI will change margin-
ally (Figures 10e—f). For the TXx, the population-weighted
avoided impacts are about 80%—100% for 2°C-5°C, which
is 30%—-40% higher than the results without considering popu-
lation changes. While for the TX90p and WSDI (Figures 10e
and 10f), the results are about 10% lower than the results dis-

played in Figures 10b and 10c. For instance, the population-
weighted avoided impacts of WSDI for 2°C-5°C are
35%—-80%.

Overall, constraining global warming to 1.5°C rather
than 2°C, 3°C, 4°C, and 5°C will help avoid approximately
36%, 73%, 80%, and 87% of the EHT indices increases in
China. When considering the population changes, the popula-
tion-weighted avoided impact will increase to 30%—40% in
the TXXx.

5. Discussions

Our analysis yields some new insights. Given that most
CMIP6 climate models projected that global warming
would reach 1.5°C and 2°C before 2030 and 2050 under
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Fig. 8. The same as Fig 6, but for the changes in WSDI (units: d).

three future scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5).
Under SSP5-8.5, global warming will likely reach 5°C by
2100. In China, the overall temperature increases will be
greater than the global average, which will result in about
0.19 to 0.44 billion people suffering above global levels of
warming. For the changes in the EHT, the TXx will
increase much in northern China, while the TX90p and
WSDI will increase much in southern China.

However, the merits of this study are not without its limit-
ations. For example, in an attempt to match the same resolu-
tion, both the climate model data and population data were
interpolated. The difference is that the model data was
mostly processed by the bi-linearly downscaled method and
the population data was processed by the bi-linearly
upscaled method. These differential methods may add some

uncertainties, however it is worth noting that dynamic down-
scaling is not only a viable methodology to improve the hori-
zontal resolution of the models (Liang et al., 2019), but this
process has also been shown to improve the model perform-
ance in China in some cases (Liang et al., 2019). Further-
more, there are still some issues worthy of further study.
For instance, the time needed to reach the specific global
warming thresholds (time points) seems slightly earlier than
those concluded by previous studies (Xu et al., 2017; Shi et
al., 2018a). This is likely attributed to the higher average cli-
mate sensitivity in CMIP6, especially regarding the
response to aerosols (Flynn and Mauritsen, 2020; Zelinka et
al., 2020). Limiting global warming to 1.5°C or 2.0°C will
require significant reductions in anthropogenic greenhouse
gas emissions. Consequently, anthropogenic aerosol emis-
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sions are expected to decline as a result of reduced green-
house gas emissions and air quality improvement measures.
Samset et al. (2018) showed that aerosol removal would
cause a global surface warming of 0.5°C-1.1°C and EHT
indices to increase. EHT events in major aerosol emission
regions (mainly China and the U.S.) are more sensitive to aer-
osol emission reductions. Therefore, an in-depth study con-
cerning the impact of aerosol removal on China is neces-
sary. Additionally, our results indicate that the TXx would
increase most notably in northern China while the increases
in TX90p and WSDI would be most pronounced in south-
ern China. Since northern China has both the largest forest
and crop areas in China (Tao and Zhang, 2013; Huang et
al,, 2017) in addition to large expanses of arid areas,
enhanced high temperatures in northern China may increase
the frequency and intensity of forest fires and also lead to
severe droughts (Allen et al., 2004; Chai et al., 2018). Increas-
ing drought will affect agricultural production, such as
wheat and cotton in Northwest China (Wang et al., 2008).

Since southern China is an important industrial region (e.g.
Shanghai, Shenzhen, Hong Kong), high temperatures are
likely to result in the consumption of more energy, there-
fore itis necessary to investigate the impacts of high temperat-
ures on the economy (Jiang et al., 2017; Yu et al., 2019;
Zhu et al., 2020), and to quantify the future heat-related
risks in China, such as energy consumption (Yu et al.,
2019), forest fires (Li et al., 2019), and droughts (Huang et
al., 2017; Su et al., 2018).

In summary, this study projected future EHT changes
in China under five specific warming thresholds (1.5°C-
5°C), which can provide the basis for an in-depth future pro-
jection study.

6. Conclusions

Understanding how climate extremes respond to global
warming is critical for climate change adaptation and interna-
tional climate negotiations. In this study, we use the newly
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released CMIP6 simulations to project the future changes of
extreme high temperature (EHT) in China at 1.5°C, 2°C,
3°C, 4°C, and 5°C global warming. The conclusions are sum-
marized as follows:

(1) CMIP6 simulations project that, under three future
scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5), the global
mean temperature will increase by 1.5°C and 2°C relative to
pre-industrial levels (1861-1900) before 2030 and 2050,
respectively. Furthermore, the timing of the 1.5°C/2°C
global warming threshold under SSP5-8.5 is reached
slightly earlier than that under SSP1-2.6 and SSP2-4.5.
Under SSP 5-8.5, global warming will eventually exceed
5°C by 2100. While under SSP1-2.6, global warming will sta-
bilize at around 2°C after 2050.

(2) Under 1.5°C, 2°C, 3°C, 4°C, and 5°C global warm-
ing, China’s regional mean temperature increase relative to

pre-industrial levels will be higher than the global average.
For example, when global warming reaches 1.5°C and 2°C,
China’s regional mean temperature is projected to increase
by 1.55°C/1.59°C/1.60°C and 2.12°C/2.18°C/2.20°C relat-
ive to the preindustrial level under SSP1-2.6/SSP2-
4.5/SSP5-8.5, respectively. In China, most of the areas
where warming exceeds global average levels will occur in
Tibet and northern China (Northwest China, North China
and Northeast China), more than half the whole country. Espe-
cially under SSP5-8.5, this land fraction will reach nearly
70% of China. Furthermore, an estimated 0.19 to 0.44 bil-
lion people, accounting for 16% to 41% of the national popu-
lation, will experience warming that is higher than the
global average.

(3) Regarding changes in EHT compared to the present
day, China will experience an increase in the TXx, TX90p,
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and WSDI by 0.2°C-6.8°C, 7-183 days, and 3-87 days at
1.5°C-5°C global warming, respectively. The highest
increases will occur at 5°C global warming under SSP 5-
8.5. Furthermore, the TXx will increase most dramatically
in northern China, while the TX90p and WSDI increases
will be greatest in southern China. For example, relative to
the present-day (1995-2014), TXx in northern China will
increase by at least 1°C-5°C, and TX90p (WSDI) in south-
ern China will increase by more than 25-150 (10-80) days
at 1.5°C-5°C global warming. Compared to 2°C, 3°C, 4°C,
and 5°C, limiting global warming to 1.5°C will likely pre-
vent about 36%, 73%, 80%, and 87% of the EHT increases
in China. When considering population changes, the popula-
tion-weighted avoided impacts of TX90p and WSDI will
change not much, but the avoided impacts of TXx will
increase by 30%—-40%.
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