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Abstract

Recently, extremely hot summers occurred frequently across China, and the mean mid-summer surface air temperature (SAT) continuously
broke the records of the past decades, causing huge social and economic losses. As global warming accelerates, these extremely hot summers
will undoubtedly occur more frequently. However, the issue of what will happen to the mid-summer SAT over China in the near future remains
unclear. Therefore, we investigate the changes of mid-summer SAT and related internal variabilities over China at 1.5 °C and 2 °C global
warming above preindustrial level by using the MPI-ESM Grand Ensemble simulations. The results indicate that compared to the present-day
(1986—2005), national averaged mid-summer SAT will increase by 1.1 °C and 2.0 °C, in 1.5 °C and 2 °C warming scenarios respectively. This
means that the mid-summer SAT is projected to increase by 0.9 °C due to an additional 0.5 °C global warming, which is higher than the annual
value (0.8 °C) and almost two times the global warming rate. Regionally, in the two warming targets, the increase in mid-summer SAT will be
more enhanced over the northwestern part of China. In addition, the extremely high monthly SAT would increase nationwide due to an additional
0.5 °C in global warming. Among all areas, the Qinghai and Xinjiang provinces would experience the strongest increase in extremely high
monthly SAT. It is important to find that, from 1.5 °C to 2 °C global warming, changes of the internal variability of the mid-summer SAT differs
across China. It would decrease over some parts of western Northwest China, North China, Northeast China and the Tibetan Plateau. However, it
would significantly increase over Qinghai, Sichuan, and northern parts of Inner Mongolia. As a result, at 2 °C global warming, the increase of
extreme SAT in Qinghai is caused by the synergistic effect of stronger warming rate and larger internal variability. Differently, the increase in
Xinjiang province is mainly caused by the stronger local warming. Further analysis suggests that we can effectively reduce the intensity of
extremely hot months over most regions of Northwest China by limiting global warming to 1.5 °C, rather than to 2 °C.
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1. Introduction

Global warming has become an indisputable fact (e.g.,
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the ocean, and especially over the high latitudes of the
Northern Hemisphere (e.g., Hansen et al., 2006; Sutton et al.,
2007; Thorne, 2015). If we do not restrict emissions, in the
21st century, global surface temperatures are expected to
continue to rise (e.g., Knutti et al., 2008; Fu et al., 2011; Joshi
et al., 2011; Zhang, 2012; Zhang et al., 2013; Wang and Yang,
2014; Jiang et al., 2016; Karmalkar and Bradley, 2017; Chen
et al., 2019). Recently, studies based on the Coupled Model
Intercomparison Project Phase 5 (CMIP5) have shown that the
global average surface temperature is projected to reach 1.5 °C
above the preindustrial levels in 2036, 2028 and 2025 under
RCP2.6, RCP4.5 and RCPS8.5 scenarios in multimodel
ensemble, respectively (e.g., Hu et al., 2017; Xu et al., 2017).
The global average surface temperature is projected to reach
2 °C above the preindustrial levels in 2049 and 2039 under
RCP4.5 and RCPS.5, respectively, and even reach 4 °C in 2081
under the RCP8.5 scenario (Hu et al., 2017; Zhai et al., 2017;
Wang et al., 2018b). Schneider et al. (2007) noted that global
warming of 2—4 °C, relative to that in 1990—2000, will lead to
a reduction in biodiversity and crop productivity, glacial
ablation of the Greenland and West Antarctica ice sheets, etc.

Therefore, the long-term goal of the Paris Agreement was
set to “hold the increase in the global average temperature to
well below 2 °C above preindustrial levels and pursuing efforts
to limit the temperature increase to 1.5 °C” (UNFCCC, 2015).
A recent modeling study suggests that the intensity, frequency
and duration of the extreme heat events are projected to in-
crease over China from stabilized 1.5—2 °C global warming
(Zhang et al., 2020). In many regions of the world, for an
additional 0.5 °C of global warming, extreme temperatures
will also significantly increase (Wang et al., 2017b; Dosio
et al.,, 2018; Wehner et al., 2018; Sun et al., 2019). For
example, the frequency of hot summer in Europe will increase
by at least 24% (King and Karoly, 2017), and the intensity,
frequency and duration of extreme high temperature events
will increase by 35%—46% over East Asia (Li et al., 2018a).
On the contrary, the occurrence of the winter extreme low
temperature decreases significantly over the Northern Hemi-
sphere (Kuang et al., 2019).

In China, annual and seasonal surface air temperature
(SAT) is both projected to increase with global warming (e.g.,
Lang and Sui, 2013; Zhou et al., 2014, 2016a; Wang et al.,
2017a; Zhou et al., 2019a; Miao et al., 2020). However, the
increases are different across the country, with the north-
western region warming fastest and being higher than the
global average (e.g., Jiang et al., 2009; Xu and Xu, 2012; Lang
and Sui, 2013; Hu et al., 2017; Fu et al., 2018). For an addi-
tional 0.5 °C of global warming, the annual mean SAT is
expected to increase by 0.7 °C (Chen and Sun, 2018), and the
summer SAT will rise by approximately 0.7 °C under the
RCP4.5 scenario and 0.8 °C under the RCP8.5 scenario (Zhou
et al., 2019a). The temperature extremes over most regions of
China are also projected to increase more than 0.5 °C under
the RCP4.5 and RCPS.5 scenarios (Shi et al., 2018). In addi-
tion, from 1.5 °C to 2 °C global warming, extreme precipi-
tation events over China is projected to increase by nearly 4%
(Li et al., 2018b), and the incidence of drought and extreme

drought is projected to increase by approximately 9% and 8%,
respectively (Chen and Sun, 2019).

In fact, research on the effects that could be avoided by
stabilizing global warming at 1.5 °C rather than 2 °C is still
lacking (e.g., Mitchell et al., 2016; Rogelj and Knutti, 2016;
Schleussner et al., 2016; Zhai et al., 2017). A number of
studies have focused on the change in mean climate and
extreme events (e.g., Jiang et al., 2004; Xu et al., 2005; Gao
et al., 2013; Lang and Sui, 2013; Zhang et al., 2020). How-
ever, how climate variability responds to an additional 0.5 °C
of global warming and its impacts on mean and extreme cli-
mates are still unclear. On the other hand, in recent years,
China has frequently experienced extremely high temperatures
in mid-summer (July and August), which has reduced crop
yields and affected human health (e.g., Hou et al., 2014; Sun
et al., 2014; Zou et al., 2015; Chen et al., 2016; Xu et al.,
2019). Issues such as how hot the mid-summer will be in
China in the near future are getting more and more attention.
Therefore, we investigate changes in mid-summer SAT over
China at 1.5 °C and 2 °C global warming based on the Max
Planck Institute Earth System Model (MPI-ESM) Grand
Ensemble. In this ensemble, there are 100 realizations for both
the historical and future warming experiments. The size of the
ensemble is largest in the current same type of simulations,
which can be used to robustly identify the internal variability
in a changing climate (Suarez-Gutiérrez et al., 2018). Thus,
changes in mid-summer SAT internal variability and their
possible contributions to the extreme SAT at the above-
mentioned two warming targets are also examined. This
study is to highlight the importance of limiting global warm-
ing to 1.5 °C for reducing extreme high mid-summer SAT over
China.

2. Data and methods

Transient simulations from the MPI-ESM Grand Ensemble,
which include monthly output derived from the historical
experiment (1850—2005) and two RCP scenario experiments
(RCP2.6 and RCP4.5, 2006—2099), are analyzed. The MPI-
ESM Grand Ensemble uses the model MPI-ESM version 1.1
(Sudrez-Gutiérrez et al., 2018). The model is run with reso-
lution T63, and a total of 47 vertical levels are employed in the
atmosphere. In the oceanic component, the resolution is 1.5°
and 40-level on the horizontal and vertical directions,
respectively. In each experiment, there are 100 realizations.
They are all forced by the same external agents but with
different initial climate states. In addition, monthly observa-
tional data from the CNO5.1 dataset (Wu and Gao, 2013) are
also used to assess the model results and to quantify the
observed high SAT records.

There are many methods that can be used to define a 1.5 °C
and 2 °C warming world (e.g., King et al., 2017; Wang et al.,
2018a; Wang et al., 2018b). In this study, we set the ensemble
mean of 100-realization simulated global mean SAT during
the period of 1851—1880 as the preindustrial level, with
standard deviation of 0.13 °C. We use the same method as
Suarez-Gutiérrez et al. (2018) to construct representative
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samples of the 1.5 °C and 2 °C warming scenarios. Based on
the 9-year running averages, the years in which the global
mean SAT is in the range of 1.5/2 + 0.13 °C above the pre-
industrial level are taken as samples of 1.5/2 °C global
warming. This selection can reduce the influences of decadal
variabilities on the global warming projections (Sudrez-
Gutiérrez et al., 2018). In addition, we use all the years dur-
ing 1986—2005 from the 100 historical realizations as the
present-day sample, which is used as a reference sample. The
analyzed changes in SAT and associated internal variability are
based on the differences between 1.5/2 °C and present-day or
between 1.5 °C and 2 °C. The simulated preindustrial climate
is only used to construct the 1.5 °C and 2 °C global warming.

We mainly investigate changes in mid-summer SAT over
China and subregions for the two global warming targets. A
standard  test is used to determine the statistical significances.
In addition, related internal variability is examined, which is
measured as the difference between the 97.5th and 2.5th per-
centiles. Finally, we further investigate the SAT for extremely
hot months with return periods of 20 years and 100 years to
assess the possible changes in extremely high temperature
from 1.5 °C to 2 °C of global warming. The return periods of
20 and 100 years indicate that the expected probability of the
event happening in a given period are 1/20 (i.e., 5%) and 1/100
(i.e., 1%), respectively. The Gumbel distribution, based on
probability weighting moments, is used to calculate the return
values because it is suitable for investigating the extreme
temperatures in different regions of China (Ding et al., 2004).

3. Results

As shown in Fig. 1, there are ~5900 under the RCP2.6
scenario and ~1359 model years under the RCP4.5 scenario
that satisfy the 1.5 °C threshold. For the 2 °C threshold, there
are no model years under the RCP2.6 scenario and ~2900
model years under the RCP4.5 scenario. Therefore, we choose
these ~2900 model years under the RCP4.5 scenario, which
satisfy the 2 °C threshold, to construct the sample of 2 °C
global warming. Then, we only choose the years satisfying
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Fig. 1. Time series of annually global mean SAT anomalies and 9-year moving
averages of the global mean SAT for 1850—2099. Simulations include output
derived from the historical experiment (HIS) over 1850—2005, RCP2.6 and
RCP4.5 scenarios experiments over the period of 2006—2099. The black
dashed lines represent the periods of sampling for 1.5 °C and 2 °C global
warming (modified from Fig. 1, Sudrez-Gutiérrez et al. (2018)).

these conditions during 2051—2080 under the RCP2.6 sce-
nario (i.e., ~2900 model years) as the 1.5 °C samples to ensure
the number of years is similar to that for the 2 °C world. Thus,
we can avoid the possible impacts of different sample sizes of
the two warming targets on the study.

3.1. Mid-summer SAT over China

Figure 2a shows simulated probability distributions of the
global annual mean SAT anomalies in the three climates. In
the present-day climate, the global mean SAT is 14.4 °C, with
a distribution width of 1.2 °C. In contrast, the widths of the
1.5 °C and 2 °C distributions are relatively narrow, at 0.8 °C
and 1.0 °C, respectively. At 1.5 °C global warming, the global
mean SAT increases by 0.8 °C. Correspondingly, the simulated
2 °C global warming has a global mean SAT that increases by
1.3 °C, which is 0.5 °C higher than that of the 1.5 °C global
warming. In addition, the 1.5 °C distribution overlaps
approximately 1% of its area with the present-day distribution,
and it overlaps approximately 5% of its area with the 2.0 °C
distribution. This means that more than 90% of the SATs can
be distinguished from each other at a global scale.

Over China, the simulated regionally-averaged annual
mean SAT for 1986—2005 is 6.5 °C, which is very close to the
observed annual mean SAT (6.7 °C, CNO05.1 dataset).
Compared with the global distributions, those over China are
wider, and the 1.5 °C and 2 °C distributions move towards
higher SAT anomalies (Fig. 2b). The results show that in
comparison to that at the present-day, the annual mean SAT in
1.5 °C global warming increases by 1.2 °C, and that in a 2 °C
world increases by 2.0 °C. The additional 0.5 °C of global
warming results in a further increase of 0.8 °C over China,
suggesting a higher warming rate than the global average rate
over China. At the same time, the corresponding widths of the
SAT anomaly distributions are 2.9 °C, 2.2 °C and 2.6 °C for
the present-day and two warming climates. These values are
all more than twice the global mean, suggesting greater in-
ternal variability occurs at the regional scale, as noted by
Suarez-Gutiérrez et al. (2018). Therefore, the simulated dis-
tributions of the annual mean SAT anomalies over China for
the present-day and two warming climates show increased
overlap in area (~9% for the present-day and the 1.5 °C global
warming and ~23% for the 1.5 °C and 2 °C global warming).
There are even some overlaps between the present-day and the
2 °C global warming. However, most of the SAT anomalies are
significantly distinguishable from each other. This means that
over China, more than 90% of the annual mean SAT in 1.5 °C
global warming is higher than that at the present-day.
Furthermore, nearly 80% of the annual mean SAT in 2 °C
global warming is higher than that in 1.5 °C global warming.

We focus on the future evolution of mid-summer SAT over
China in the two warming climates, particular on the internal
variability. Thus, we firstly evaluate the ability of the MPI-
ESM Grand Ensemble in simulating the modern mid-
summer SAT over China. As shown in Fig. 3a, the model
can well reproduce the observed distributions of averaged
mid-summer SAT over China. To investigate regional changes
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Fig. 2. Simulated probability distributions of annual mean SAT anomalies relative to 1986—2005 at different global warming targets, (a) global, (b) China (Bin size
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of mid-summer SAT over China in the two warming climates,
we divide China into nine subregions referring to Yao et al.
(2017) and Xu et al. (2018). The subregions are western
Northwest China, eastern Northwest China, North China,
Northeast China, Tibetan Plateau, Central China, East China,
Southwest China, South China (more detailed information can
be found in Fig. 5a). This division can fully consider different
responses of SAT over China to climate change (Chen et al.,
2015).

As shown in Fig. 3b—j, comparison between simulation and
observation indicates a good agreement in the distribution of
regional averaged mid-summer SAT over China. Only one or
two observed mid-summer SATS occur outside of the simu-
lation in East China (Fig. 3f) and Central China (Fig. 3g).
Further statistics show that the MPI-ESM Grand Ensemble can
simulate the averaged mid-summer SAT anomalies over China
and the nine subregions during the present-day (Table 1).
Overall, the evaluation indicates that the MPI-ESM Grand
Ensemble is able to offer an adequate representation of the
estimated variability over China and the nine subregions,
which is a good starting point to address the following
projection.

The simulated distributions of mid-summer SAT anomalies
over China for the present-day and two warming climates are
similar to the annual distributions (Fig. 4a). The statistics show
that over China (Table 1), compared with that at the present-

day, the regionally averaged mid-summer SAT in 1.5 °C
global warming increases by 1.1 °C and that in 2 °C global
warming increases by 2.0 °C. The additional 0.5 °C global
warming can lead to an increase of 0.9 °C in the mid-summer
SAT over China, which is slightly higher than the annual SAT
(0.8 °C). The corresponding widths of the mid-summer SAT
anomaly distributions are all 2.6 °C for the present-day, 1.5 °C
global warming and 2 °C global warming. In 1.5 °C global
warming, more than 53% of the mid-summer SATs would be
higher than the observed hottest record (1.1 °C above the
present-day) during 1961—2018. This means that every other
mid-summer will be hotter than the present hottest record.
Even worse, almost all mid-summers would be hotter under
2 °C global warming.

3.2. Mid-summer SAT over the subregions

Spatially, mid-summer SATSs increase significantly over all
of China in 1.5 °C global warming in comparison with that at
the present-day, and these SATs increase more strongly in 2 °C
global warming (Fig. 5a and c). Additionally, the spatial dif-
ferences in the mid-summer SATs manifest as an increase
from south to north and even from east to west, which is
similar to the results of previous studies (e.g., Jiang and Fu,
2012; Xu et al., 2017; Wang et al., 2018a). This kind of
spatial characteristic is particularly notable at 2 °C global
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Fig. 3. MPI-ESM Grand Ensemble simulated and observed distributions of mid-summer SAT anomalies relative to 1961—1990 over (a) China, and the nine

subregions (b—j) for the period of 1961—2005 (Bin size is 0.075 °C).

warming. With respect to the present-day, the increases in the
mid-summer SAT range are from 0.7 to 1.4 °C and from 1.2 to
2.8 °C for the 1.5 °C and 2 °C global warming, respectively.
An additional 0.5 °C global warming would lead to an
increased SAT ranging from 0.5 to 1.5 °C in the mid-summer
over China (Fig. 5e). Especially in western Northwest China
and eastern Northwest China, the additional increases in mid-
summer SAT from 1.5 °C to 2 °C global warming are greater
than 1.0 °C and even reach as high as 1.5 °C over the western
Northwest China (Fig. 5e), which indicates that the warming
over these two regions are greater (2—3 times) than the

national average. The regionally averaged mid-summer SAT
anomalies are 1.3 °C for western Northwest China and 1.4 °C
for eastern Northwest China at 1.5 °C global warming. At 2 °C
global warming, the averaged mid-summer SAT anomalies are
2.6 °C and 2.5 °C for western Northwest China and eastern
Northwest China, respectively. The western Northwest China
has the greatest increase in warming in 2 °C global warming,
while the eastern part of the eastern Northwest China has the
greatest increase in 1.5 °C global warming.

In addition, the simulated probability distributions of the
mid-summer SAT anomalies for the western Northwest China
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and eastern Northwest China are also different from the
national-averaged distributions (Fig. 4) as they present widths
almost two times greater than those of the national-averaged
distributions, implying a greater internal variability of
regional climates. Additionally, compared with the whole
China and other subregions, the western Northwest China and
eastern Northwest China mid-summer SAT anomaly distribu-
tions for both warming climates shift towards higher SAT
anomalies. The areal overlaps between 1.5 °C and 2 °C dis-
tributions are approximately 30% and 45% for the western
Northwest China and eastern Northwest China, respectively,
which are lower relative to those of the other subregions,
except for the Tibetan Plateau. These results indicate that

approximately 70% of the western Northwest China mid-
summers and more than half of the eastern Northwest China
mid-summers in 2 °C global warming would be distinguish-
able from those in 1.5 °C global warming. The results also
further confirm maximum warming over these two regions in
1.5 °C global warming and specifically in 2 °C global
warming. Compared with the observations, the simulations
show that every three mid-summers over eastern Northwest
China and western Northwest China in 1.5 °C global warming
would be warmer than the hottest record. In 2 °C global
warming, the percentage of relatively hotter mid-summers
increases to 88% and 95% over eastern Northwest China
and western Northwest China, respectively.
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Fig. 5. Mid-summer SAT changes and variability at 1.5/2.0 °C global warming targets, (a) differences in mid-summer SAT (1.5 °C global warming minus present-
day), (b) mid-summer SAT variability at 1.5 °C global warming, measured as the difference between 97.5th minus 2.5th percentiles, (c) differences in mid-summer
SAT (2 °C global warming minus present-day), (d) mid-summer SAT variability at 2 °C global warming, as in (b), (e) differences in mid-summer SAT at 2 °C
global warming minus 1.5 °C global warming, and (f) differences in mid-summer SAT variability (2 °C global warming minus 1.5 °C global warming) (In (a), (c)

and (e), all the areas exceed 95% confidence level).

In fact, the North China and Northeast China mid-summer
SAT anomaly distributions are also relatively wider, similar to
those of eastern Northwest China and western Northwest
China (Fig. 4d and e). They are centered around the 1 °C
anomaly in 1.5 °C global warming and around the 2 °C
anomaly in 2 °C global warming, indicating a moderate

warming rate between the northwestern regions and other
subregions (also shown in Fig. 5a and c). When comparing
North China and Northeast China, warming in the former is
greater in both warming climates (Fig. 5a and ¢). In 1.5 °C and
2 °C global warming, the regionally averaged mid-summer
SAT anomalies over North China are 1.2 °C and 2.0 °C,
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Observed and simulated regionally-averaged mid-summer SAT anomaly (unit: °C, relative to 1961—1990) over China and the nine subregions during the present-

day (1986—2005) and simulated changes in 1.5 °C and 2 °C global warming.

Region Observed Simulated 1.5 °C minus 2 °C minus
present-day anomaly present-day anomaly present-day present-day

China 0.3 0.4 1.1 2.0

Western Northwest China 0.2 0.6 1.3 2.6

Eastern Northwest China 0.5 0.3 1.4 2.5

North China 04 0.0 1.2 2.0

Northeast China 0.5 0.4 1.0 1.9

East China —0.1 0.3 1.0 1.6

Central China -0.2 0.3 1.1 1.7

Tibetan Plateau 0.3 0.4 1.0 1.8

Southwest China 0.1 0.3 0.9 1.5

South China 0.0 0.3 0.7 1.3

respectively, which are greater than the values of 1.0 °C and
1.9 °C over Northeast China. The areal overlaps between the
1.5 °C and 2 °C distributions are 63% and 52% for North
China and Northeast China, respectively. They are the largest
values among those of the subregions. This result indicates
that the relatively fewer mid-summer SATs over North China
and Northeast China, compared with those over other sub-
regions, in 2 °C global warming would be distinguishable
from those in a 1.5 °C world. The observed hottest mid-
summer over North China occurred in 2018, when the
observed mean SAT anomaly was 1.9 °C. It was the largest
observed mid-summer SAT anomaly over the northern four
subregions. At 1.5 °C and 2 °C global warming, 22% and 55%
of the mid-summers, respectively, will be hotter than that in
2018. For Northeast China, the observed largest mid-summer
SAT anomaly was 1.5 °C in 2000. In the two warming cli-
mates, approximately 24% and 72% of the mid-summers,
respectively, would be hotter than this hottest record.

Over East China, Central China, Tibetan Plateau, South-
west China, and South China, the widths of the mid-summer
SAT distributions for the present-day and two warming cli-
mates are narrower compared with those of the other four
subregions (Fig. 4f—j). Specifically, over South China, the
widths are narrowest. These results indicate relatively smaller
internal variability of three climates over these regions. At the
same time, the warming over these subregions is also weaker
in 1.5 °C and 2 °C global warming (Fig. 5 and Table 1). Over
the Tibetan Plateau, the areal overlap between the 1.5 °C and
2 °C distributions is approximately 35%, suggesting that more
than 60% of the mid-summers in 2 °C global warming would
be distinguishable from those in 1.5 °C global warming. This
result is similar to the situation for western Northwest China.
Differently for the other four subregions, areal overlaps be-
tween the 1.5 °C and 2 °C distributions range from 45% to
51%, indicating that approximately half of the mid-summers
in 2 °C global warming would be distinguishable from those
in 1.5 °C global warming.

Among these five subregions (East China, Central China,
Tibetan Plateau, Southwest China, and South China), the
observed largest mid-summer SAT anomaly was 2.4 °C in
2013 (Fig. 4f), which is 0.9 °C higher than the second largest
anomaly in 2017. This anomaly is also the largest regional

record over China. In contrast, the MPI-ESM could not
reproduce such hot mid-summer over the East China at the
present-day. Even in 1.5 °C and 2 °C global warming, only
0.4% and 8% of the mid-summers, respectively, would be
hotter than that in 2013. The hottest mid-summer over Central
China was also observed in 2013 (Fig. 4g), with the largest
anomaly of 2.1 °C. In 1.5 °C and 2 °C global warming,
approximately 3% and 24% of the mid-summers, respectively,
would be hotter than that in 2013. Over the Tibetan Plateau,
Southwest China and South China, the observed largest mid-
summer SAT anomalies are relatively smaller (Fig. 4h—j),
1.4 °C in 2006, 0.9 °C and 1.2 °C in 2003, respectively. In
1.5 °C and 2 °C global warming, there would be 50% and 93%
of mid-summers, respectively, hotter than the observed hottest
record over Southwest China. For the Tibetan Plateau, 15%
and 79% of the mid-summers would be hotter in 1.5 °C and
2 °C global warming, respectively, than that in the observed
record.

Figure 5b and d shows the spatial patterns of mid-summer
SAT internal variability in 1.5 °C and 2 °C global warming,
which more clearly illustrate the regional differences in in-
ternal variability. These results indicate large SAT internal
variabilities over northern parts of China with particularly
larger internal variabilities over eastern Northwest China and
North China. These variabilities correspond well to the wider
mid-summer SAT distributions for the four northern sub-
regions. The two spatial patterns at 1.5 °C and 2 °C global
warming are similar, suggesting inherent characteristics of
regional internal variability. However, the impact of global
warming on this inherent internal variability cannot be
ignored. As shown in Fig. 5f, due to an additional 0.5 °C of
global warming, the mid-summer SAT internal variability
decreases over North China, Northeast China and the western
parts of western Northwest China and Tibetan Plateau,
whereas it increases over other regions. Among the regions
with increased internal variability, changes in Qinghai, Inner
Mongolia, and Sichuan provinces are the most notable, sug-
gesting possibly more extremely hot mid-summers there from
1.5 °C to 2 °C global warming. On the contrary, the number of
extremely hot mid-summers may be reduced over North
China, Northeast China and areas with decreased internal
variability in 2 °C global warming.
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3.3. Extremely high monthly SAT over China

Due to the limitations of monthly data, we investigated
changes in extremely high monthly SAT for events with return
periods of 20 and 100 years at 1.5 °C and 2 °C global warming. As
shown in Fig. 6a—d, the spatial patterns of extreme SATs are
similar for different return periods and global warming levels.
The highest SATs occur over western Northwest China, and the
lowest SATs occur over the Tibetan Plateau. The extreme SAT's
are also relatively higher over the Shandong Peninsula and
adjacent areas. The differences in the 20-year return levels be-
tween 1.5 °C and 2 °C global warming are similar to changes in
mid-summer SAT from the 1.5 °C to 2 °C global warming
(Fig. 6e), showing larger anomalies towards the northwest than
towards the other directions. The differences are largest in the
Qinghai and northern Xinjiang provinces, with values close to
1.5 °C. However, differences are smaller over North China and
Southwest China. These results indicate that the increase in the
extremely high SAT is the strongest in the Qinghai and northern
Xinjiang provinces but the weakest over North China and
Southwest China. The 100-year return levels also exhibit the
same feature (Fig. 6f) but suggest a stronger increase in extremely
high SAT in Qinghai from 1.5 °C to 2 °C global warming. The
value of the strongest increase is larger than 1.5 °C.

We further investigated the differences between changes in
extreme SAT and changes in mid-summer SAT. As shown in
Fig. 6g and h, the spatial patterns resemble the differences in
the mid-summer SAT internal variability between the 2 °C and
1.5 °C global warming. This result suggests that increasing
internal variability is one of the most important causes of the
increase in extreme SAT from 1.5 °C to 2 °C global warming.
Therefore, the increase in the extreme SAT is stronger than
that of the mid-summer SAT in Qinghai, Inner Mongolia, and
southern parts of China. Particularly for the greatest increase
in extreme SAT in Qinghai province, it is caused by the syn-
ergistic effect of a relatively stronger warming and greater
internal variability. Differently, another greatest increase in
extreme SAT in Xinjiang province is mainly caused by its
highest local warming.

4. Discussion

We quantified changes of mid-summer SAT over China and
the nine subregions between the two warming targets for
2006—2099. It shows that in the 2 °C global warming,
approximately 80% of the mid-summers over China would be
distinguishable from those in 1.5 °C global warming. In 1.5 °C
global warming, the high SAT such as the observed hottest
record (1.1 °C in 2018) is projected to become normal, while
in 2 °C global warming, almost all mid-summers would be
hotter than that.

Across China, the SAT rise is different. The warming is the
strongest over the Northwest China in the two warming cli-
mates. Zhou et al. (2015, 2016b) found that the warming rate
over land between 50 °S and 50 °N during 1979—2012
intensified with the decrease of the vegetation greenness on the
land, especially in the driest regions. In addition, they found

that this may be mainly attributed to the increase in longwave
radiative forcing, which is related to stronger water vapor
feedback over drier ecoregions in response to the positive
global-scale greenhouse gas forcing. As a result, the warming
rate in the Northwest China, where are arid and semi-arid
regions, is relatively stronger.

We also examined the internal variability of mid-summer
SAT at the two warming targets. Differently from changes of
mid-summer SAT, internal variability decreases over North
China, Northeast China and the western parts of western
Northwest China and Tibetan Plateau from 1.5 °C to 2 °C
global warming, whereas increases over other regions. In fact,
the reason of different changes in internal variability is un-
clear. Based on Yu et al. (2020), internal variability is the
result of intrinsic processes in the climate system, especially
the coupling interactions between the atmosphere, ocean, land
and cryosphere, and these interactions have different effects on
each region. For China, the underlying surface of the terrain is
complex and the regional differences are very large. Therefore,
the different thermal and dynamic processes over regions can
lead to different internal variability.

In this study, we mainly analyzed changes in mid-summer
SAT at 1.5 °C and 2 °C global warming. So at a longer time
scale in the future, how will the mid-summer SAT change over
China? Thus, we calculated the linear trends in mid-summer
SAT under both RCP 2.6 and RCP 4.5 scenarios throughout
the 21st century (Table 2). The linear trend is 0.06 °C per
decade under the RCP 2.6 scenario over China; under the RCP
4.5 scenario, the linear trend is close to 4 times of that under
the RCP2.6 scenario. Among subregions, the linear trends in
mid-summer SAT are different. Under the RCP 4.5, greater
linear trends can be found in northern regions of China,
particularly in Northwest China. It further suggests that the
Northwest China will experience stronger warming and
extreme high SAT in the future.

The increase in mid-summer SAT indicates that the in-
tensity and frequency of extreme high temperature may in-
crease, which can increase electricity consumption (Zhang and
Wang, 2002; Li et al., 2020), crops loses (Zhang et al., 2011;
He, 2017; Zhou et al., 2019b), and cause serve economic
losses (Kilbourne, 1997; IPCC, 2012; Qin et al., 2015). For
instance, high temperatures occurred in eastern China in the
summer of 2013, followed by drought, causing an estimated
59 billion RMB in economic losses (Hou et al., 2014; Sun
et al., 2014). The 2014 drought in California has broken re-
cords in many places, causing a large area of crop losses and
leading to total economic costs estimated at 2.2 billion USD
(Howitt et al., 2014; Swain et al., 2014; Williams et al., 2015).
Moreover, extreme heatwaves even threaten human health
(Diaz et al., 2002; Gosling et al., 2008; Robine et al., 2008),
thus reducing the labor productivity (Kjellstrom and Crowe,
2011; Su et al., 2018; Yu et al., 2019). In the summer of
2003, a record high temperature in Europe was estimated to
have caused more than 70,000 casualties (Robine et al., 2008).
Our results suggest that from 2 °C to 1.5 °C global warming,
the intensity of extremely hot months over China, especially
over Northwest China, can be effectively reduced. Therefore,
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(a) 20-year return levels at 1.5°C

(b) 100-year return levels at 1.5°C
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Fig. 6. Extreme high monthly SAT for events with (a) 20-year and (b) 100-year return periods at 1.5 °C global warming, (c) 20-year and (d) 100-year return periods
at 2 °C global warming, (e) differences in extreme high monthly SAT for events with 20-year return periods between 2 °C and 1.5 °C global warming, (f) same as
(e), but for events with 100-year return periods, (g) differences between Figs. 6e and 5Se, and (h) differences between Figs. 6f and Se.
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Table 2

Regionally-averaged linear trends in mid-summer SAT over China and nine
subregions under the RCP 2.6 and RCP 4.5 scenarios during 2006—2099 (unit:
°C per decade).

Region RCP2.6 RCP4.5
China 0.06 0.23
Western Northwest China 0.03 0.27
Eastern Northwest China 0.08 0.30
North China 0.11 0.27
Northeast China 0.04 0.21
East China 0.05 0.17
Central China 0.07 0.19
Tibetan Plateau 0.04 0.20
Southwest China 0.04 0.16
South China 0.04 0.14

it is very important to limit global warming to 1.5 °C, which
can significantly reduce various risk in the future over China.

As mentioned above, the MPI-ESM Grand Ensemble can
well reproduce the observed regionally averaged mid-summer
SAT anomalies. At the national scale, the model bias is only
0.1 °C (Table 1). However, for some subregions, the model
uncertainties are larger, such as 0.4 °C in western Northwest
China and —0.4 °C in North China. It is difficult to examine
whether the model uncertainties will change with global
warming and thereby possibly have an impact on the present
analysis. At the same time, the present results are based on the
output derived from the MPI-ESM. It is necessary to note that
the results are likely to have model dependence. Therefore,
large ensembles from multi models are needed. In this way, we
can minimize uncertainties of the projection.

5. Conclusions

The changes in the mid-summer SAT and associated in-
ternal variability over China at 1.5 °C and 2 °C global
warming are examined by analyzing the outputs from the MPI-
ESM Grand Ensemble simulations. The results indicate that
the additional 0.5 °C of global warming results in an increase
of 0.9 °C in the mid-summer SAT over China, which is
stronger than the annual SAT (0.8 °C). As a result, every other
mid-summer in 1.5 °C global warming and every mid-summer
in 2 °C global warming would be hotter than the observed
hottest record in 2018.

At the regional scale, ina 1.5 °C and 2 °C global warming, the
increases in mid-summer SAT are stronger towards the northwest.
In particular, the regional averaged mid-summer SAT over west-
ern Northwest China and eastern Northwest China is expected to
increase by 1.3°Cand 1.1 °C from 1.5 °C to 2 °C global warming,
respectively. The result suggests that more than half of the rela-
tively hotter mid-summers over western China, even 70% over
western Northwest China, in 2 °C global warming could be
avoided by limiting global warming to 1.5 °C.

There are significant regional differences in the changes in
mid-summer SAT internal variability over China from 1.5 °C
to 2 °C global warming. Due to an additional 0.5 °C global
warming, the internal variability in mid-summer SAT de-
creases over North China, Northeast China and the western

parts of western Northwest China and Tibetan Plateau, while it
increases over other regions. Specifically, in Qinghai, Inner
Mongolia, and Sichuan provinces, a more notable increase in
internal variability would cause more extremely hot mid-
summers in 2 °C global warming. Furthermore, due to an
additional 0.5 °C global warming, the extremely high monthly
SAT for events with return periods of 20 and 100 years would
increase nationwide, with Qinghai and Xinjiang provinces
have the strongest increases.
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