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The additional 0.5 �C warming from 1.5 to 2�C global target has a significant
impact on the occurrence of extreme temperature events. While the arid and semi-
arid areas (ASA) and humid areas (HA) present different response characteristics
to the additional global mean 0.5 �C warming due to their differences in thermal
properties. In this study, both the stabilized and transient 1.5 �C (2 �C) global
warming scenarios projected by the Community Earth System Model (CESM) are
used to compare the extreme temperature responses between the ASA and HA to
the 2 and 1.5 �C global warming targets over East–central Asia. The results indi-
cate that cold fixed-threshold indices (frost days [FD] and icing days [ID]) will
decrease more rapidly in ASA, by approximately 10 days (1.5 �C) and 15 days
(2 �C) compared to the historical period, respectively. Warm fixed-threshold indi-
ces (summer days [SU] and tropical nights [TR]) will become more common in
HA, especially southeast of China. Under 1.5 �C target, the increase of intensity
indices is equal to the average temperature warming response (1.5 �C), while the
additional 0.5 �C warming makes the response of intensity indices much greater
than 0.5 �C. Under 0.5 �C warmer world, the daily temperature range (DTR) will
experience a 0.5 �C increase in most HA and a 0.2–0.5 �C decrease in ASA during
winter. As a whole, the additional 0.5 �C warming has an amplified effect and the
1.5 �C global warming target could reduce the extreme temperature events signifi-
cantly over East–central Asia.
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1 | INTRODUCTION

Since the 2015 Paris Agreement, 1.5 and 2 �C warming tar-
gets have gradually become a consensus that should be
observed and supported by governments and the public all
over the world. Global climate change and its impact on
socioeconomic development, environment, and our everyday
lives under those warming conditions have been thoroughly
addressed by voluminous literature (Guiot and Cramer,
2015; van Hooidonk et al., 2016; James et al., 2017; Kraai-
jenbrink et al., 2017; Huang et al., 2017a). However, most
scholars focus on regional mean temperature change, sea

level rise, Arctic sea ice melting, and many other slow
change processes (Serreze and Stroeve, 2015; Schleussner
et al., 2016; Chen et al., 2017; Oliva et al., 2017). In the
meanwhile, rapid processes such as extreme high- or low-
temperature events, storms, typhoons, and some other mete-
orological disasters should not be neglected (Guo et al.,
2016; Nangombe et al., 2018). Some scholars have made
great contributions to analysing extreme climate change in
certain specified global warming targets. Note that most pre-
vious studies concentrated on the spatiotemporal changes of
major climate extremes themselves (e.g., heatwaves and
floods). For instance, larger anomalies in climate extreme
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indices are projected to be found at 3 �C than that at 2 and
1 �C (Chen and Sun, 2014), and an additional 0.5 �C warm-
ing increasing from 1.5 to 2 �C would induce more precipita-
tion extremes in China (Wang et al., 2017; Li et al., 2018;
Lin et al., 2018). India is more likely to expose in severe
heatwaves if global temperature exceeds 1.5 �C (Mishra
et al., 2017). Besides East and South Asia, more climate
extremes are projected to occur in Australia due to an addi-
tional 0.5 �C warming (King et al., 2017). Some other stud-
ies have been performed to investigate the associated
impacts brought by extreme climate changes (e.g., river
flows and human health). They pointed out that more people
are threatened by extreme precipitation and extreme flows in
several large catchments, which are projected to increase the
occurrence frequency under 2 �C limits relative to 1.5 �C
(King et al., 2018; Paltan et al., 2018). To sum up, all their
researches indicated that in the warming future, climate
extremes will increase in intensity, frequency, and duration.
Moreover, related potential risks will be higher along with
the temperature increase. In our study, the comparison of
arid and semi-arid areas (ASA) and humid areas (HA) in
East and central Asia should be highlighted due to their sig-
nificant differences in responding to extreme temperature in
the warming future and the lack of associated study.

Although clarifying the mechanisms of extreme tempera-
ture events is quite difficult at the present stage, it is cru-
cially important to evaluate the risks of extreme temperature
events under a global warming background (Coumou and
Rahmstorf, 2012). As a usual and destructive extreme cli-
mate event, this continuing temperature anomaly could cause
dramatic damage manifested by both casualties and property
loss (Cattiaux et al., 2010; Barriopedro et al., 2011; Dole
et al., 2011; Otto et al., 2012; Peterson et al., 2013; Agha-
Kouchak et al., 2014). Since the beginning of the millen-
nium, the occurrence of many record-breaking events
awakened humans to the reality of climate change. As an
example (You et al., 2011; Chen and Sun, 2015), China sus-
tained high temperatures that resulted in heatwaves and
drought disasters in most parts of the country in 2000 and
2001; the affected area had been the largest since 1950. In
2010, southwestern areas of China witnessed a major
drought caused by temperature anomalies, lack of precipita-
tion, and El Niño. In the meanwhile, the intensity and dura-
tion of cold events has been reduced. Nevertheless, severe
cold events and their derivative disasters such as the snow
disaster in 2008 still caused major losses to the Chinese soci-
ety and economy.

East–central Asia is a sensitive and vulnerable region
due to the significant sea–land thermal differences and com-
plex terrain conditions (Zhou and Zou, 2010; Li et al., 2016;
Xing et al., 2016). Furthermore, as the surface air tempera-
ture rapidly increases, the occurrence risk of extreme tem-
perature events also increases as well as the single event
intensity (as discussed previously). Therefore, some

researchers have focused their attention on this issue and
have achieved meaningful results after the Paris Agreement
(Sanderson et al., 2016; Sanderson et al., 2017; Wang et al.,
2017; Chen and Sun, 2018; Dosio and Fischer, 2018; Li
et al., 2018a). However, precipitation and potential evapo-
transpiration (PET) are two important factors in extreme
temperature events because they could influence temperature
variability through changing latent heat flux and sensible
heat flux (Wild et al., 2013). For HA, the true evaporation
could reflect the amount of water supply by and large. Latent
heat flux contributes more to evaporation than sensible heat
flux, whereas for ASA, there is far less precipitation than
evaporation, which leads to a lack of moisture at the surface
and in the atmosphere; therefore, sensible heat flux accounts
for a higher proportion of evaporation (Fu and Feng, 2013;
Wang and Dickinson, 2013; Huang et al., 2016a). Moreover,
dust aerosols have a warming effect within the atmosphere
in Asian ASA (DeMott et al., 2003; Evan et al., 2009;
Huang et al., 2017b). Compared with water clouds, ice
clouds in ASA absorb more longwave radiation and reflect
less shortwave radiation. Thus, more energy is retained,
which warms the atmosphere and causes a stronger green-
house effect (Huang et al., 2016b; Huang et al., 2017b). In
addition, because of the ecological environment in ASA is
more fragile than HA, the increase in extreme climate risks
will do more harm to ASA and residents even though most
people populate in the HA (Reynolds et al., 2007). There-
fore, to better understand the mean and extreme temperature
changes, the East–central Asian region could not be consid-
ered as an overall analysis. The emphasis should be on the
differences between wet and dry environments. For these
reasons, we used the aridity index (AI), which is defined by
the ratio of annual precipitation to annual potential evapo-
transpiration, to divide the ASA and HA in East–central Asia
(Middleton and Thomas, 1992) (see section 2 for details).

To better adapt to the needs of projecting climate change
in the 1.5 and 2 �C scenarios, special experiments called
low-warming runs (LWR) were released by the National
Center for Atmospheric Research (NCAR). These series of
experiments, which used the Community Earth System
Model (CESM), included 10-member ensembles for 1.5 �C
(1 pt5) warming and 2 �C (2 pt) warming, respectively
(Sanderson et al., 2017). In addition, we also selected the
results of CESM RCP4.5 and RCP8.5 experiments for com-
parison to analyse their differences when reaching 1.5 and
2 �C targets.

Based on the two different model simulation methods
used to achieve 1.5 and 2 �C warming targets from the
CESM model simulation, we aim to preliminarily cover sev-
eral topics of interest. (a) The difference between 2 and
1.5 �C warming targets regarding extreme temperature event
changes both in the HA and ASA of East–central Asia.
(b) The difference that the 0.5 �C change will make to
decrease the risk of extreme temperature events over East–
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central Asia. (c) The variations of the selected extreme tem-
perature indices under 1.5 �C conditions over East–central
Asia. (d) The difference between short-term stabilization
response and transient climate response to achieve 1.5 and
2 �C warming targets.

2 | DATA AND METHODS

2.1 | Data analysis

We used the NCAR CESM model with LWR to evaluate
extreme temperature indices change over East–central Asia
under 1.5 and 2 �C warming targets. Besides, the RCP4.5
and RCP8.5 conditions in the CESM model were also
selected for comparison. The number of runs in the CESM
LWR are 10 under 1.5 and 2 warming limits, respectively.
Models under the RCP4.5 scenarios are 15, and under the
RCP8.5 scenarios are 30. It should be noted that the NCAR
CESM LWR is identified by short-term stabilization
response, which means that the output of the simulations
driven with emissions stabilize the mean global warming
level to a specific temperature threshold of 1.5 or 2 �C by
the end of the 21st century. In contrast, RCP4.5 and RCP8.5
are characterized by transient climate responses, which only
pass through 1.5 or 2 �C global warming scenarios. Because
the final increase exceeds the warming targets, this response
usually overestimates the temperature increase and its related
influence.

We handled the 1.5 and 2 �C warming data sets as fol-
lows. (a) The daily physical quantities were selected during
1920–2100 in three scenarios, which contain the mean tem-
perature, maximum temperature and minimum temperature.
(b) For each model membership in the previously mentioned
scenarios, the exact time to achieve the target temperature
was calculated, and the pre-industrial period was considered
to be 1850–1920. Then, based on the centres of the chosen
years, we extracted 11 years (5 years at both ends) overall
and calculated a running average mean. (c) The ensemble
mean of these three scenarios were calculated. (d) We sub-
tracted the historical period (mean state of 1971–2000)
values for the selected extreme temperature indices.

2.2 | Extreme temperature indices

The indices used in this paper are defined by the Expert
Team for Climate Change Detection Monitoring and Indices
(ETCCDI; Zhang et al., 2011; Perkins et al., 2012; Donat
et al., 2013; Perkins and Alexander, 2013; Sillmann et al.,
2013a; 2013b; You et al., 2018). These indices are calcu-
lated based on the daily maximum temperature, daily mini-
mum temperature, daily mean temperature, and daily
precipitation. A full descriptive list of these indices can be
obtained from http://etccdi.pacificclimate.org/list_27_
indices.shtml. These 27 indices can be divided into five

different categories (Alexander et al., 2006). For extreme cli-
mate model simulations, the absolute indices which repre-
sent the maximum or minimum values within a season or
year (TXX, TNX, TXN, and TNN) and the threshold indices
which represent annual days over a certain threshold (frost
days [FD], icing days [ID], summer days [SU], and tropical
nights [TR]) could intuitively show future extreme climate
features. The diurnal temperature range (DTR) is an index of
great concern; it could make a real difference in the growth
of crops and health of humans. These indices mentioned
above could help to better project extreme temperature
changes. More details on the selected extreme temperature
indices are provided in Table 1.

2.3 | Research area selection

We chose a 10�–55�N and 60�–150�E latitude and longitude
range as our research area (not including oceans), which

TABLE 1 Core set of selected nine extreme indices recommended by the
ETCCDI

Label Name Definition Units

FD Frost days Let TN be the daily minimum
temperature on day i in period j.
Count the number of days where
TNij < 0∘C

days

ID Icing days Let TX be the daily maximum
temperature on day i in period j.
Count the number of days where
TXij < 0∘C

days

SU Summer days Let TX be the daily maximum
temperature on day i in period j.
Count the number of days where
TXij > 25∘C

days

TR Tropical nights Let TN be the daily minimum
temperature on day i in period j.
Count the number of days where
TNij > 20∘C

days

TXX Max maximum
temperature

Let TXx be the daily maximum
temperature in month k, period j.
The maximum daily maximum
temperature each month is then:
TXxkj = max(TXxkj)

�C

TXN Min maximum
temperature

Let TXn be the daily maximum
temperature in month k, period j.
The minimum daily maximum
temperature each month is then:
TXnkj = min(TXnkj)

�C

TNX Max minimum
temperature

Let TNx be the daily minimum
temperature in month k, period j.
The maximum daily minimum
temperature each month is then:
TNxkj = max(TNxkj)

�C

TNN Min minimum
temperature

Let TNn be the daily minimum
temperature in month k, period j.
The minimum daily minimum
temperature each month is then:
TNnkj = min(TNnkj)

�C

DTR Diurnal
temperature
range

Let TN and TX be the daily
minimum and maximum
temperature respectively on day
I in period j. If I represents the
number of days in j,
then:
DTRj =

PI
n=1 TXij −TNij

� �
=I

�C
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contains East and central Asia. It has various types of cli-
mate zones and a large population, which are extremely vul-
nerable to extreme climatic disasters. Moreover, the ASA,
which is situated east of the Afro-Asian arid zone, is adja-
cent to the East Asian monsoon area, making it an appropri-
ate place to conduct research on extreme climate change
under 1.5 and 2 �C warming targets.

We used the Penman–Monteith formula to calculate PET
due to its thorough physical and meteorological processes
(Huang et al., 2012; Scheff and Frierson, 2014). For more
details on the PET calculation, please refer to Allen et al.
(1998). Drylands are defined as regions with AI less than
0.65 and are further classified into four subtypes naming
hyper-arid (AI < 0.05), arid (0.05 ≤ AI < 0.2), semi-arid
(0.2 ≤ AI < 0.5), and dry sub-humid (0.5 ≤ AI < 0.65)
(Middleton and Thomas, 1997). In our study, we utilized the
AI provided by Feng and Fu (2013), which was calculated
based a mean state of 1971–2000 that was regarded as the
historical period on the basis of the division principle.

2.4 | Statistical methods

For the research findings, box plots and probability distribu-
tion functions (PDFs) were used in addition to spatial plots
and line charts. Box plots could provide more information
about extreme climate indices using 10, 25, 50, 75, and 90%
level displays, while the PDFs could describe the data distri-
bution more accurately (Christidis et al., 2005; Alexander
and Arblaster, 2009; Fischer et al., 2013; Min et al., 2013;
Morak et al., 2013).

Beyond that, two metrics (the probability ratio PR and
FAR) were used for attributions, which were defined as PR
= P1/P0 and FAR = 1 − P0/P1, respectively (Stone and
Allen, 2005). P0 refers to the extreme temperature indices
during the historical period, and P1 represents the same
under 1.5 and 2 �C conditions. Both of these metrics could
attribute the contributions due to external forcing changes
(Pall et al., 2011; Lewis and Karoly, 2013).

3 | RESULTS

3.1 | Spatiotemporal change and detection in threshold
indices

Before analysing the extreme temperature indices, it is neces-
sary to estimate the increase in mean temperature over East–
central Asia for its climate background effects. According to
Figure 1, which illustrates 1.5 �C warming limits (Figure 1a,c,
e), 1 pt5 shows an average overall warming distribution, and
greater values are situated in southeast China, the Tibetan Pla-
teau, the Iranian Plateau, and the Ural Mountains. Significant
differences can be found between 1 pt5 and RCP4.5
(or RCP8.5). Along with the wet–dry boundary (excluding
India), the mean temperature increase in most of the ASA

exceed 1.5 �C. Some regions, such as the Ural Mountains in
particular, increases even over 2 �C in RCPs, with an average
0.5 �C warmer compared with that of 1 pt5. In contrast, the
HA heat up subtly, and most areas vary from 0.5 to 1.5 �C.
This indicates the difference between the two methods in terms
of reaching the warming targets. For an additional 0.5 �C
warming, the condition is completely opposite to the previ-
ously situation among different experiments. LWR provide
more obvious temperature distributions between the ASA and
HA (Figure 1b). Temperature growth in almost all of the ASA
regions exceeds 0.5 �C, and in the northwest part it even sur-
passes 1 �C. Conversely, only a 0.2–0.4 �C slightly increase in
the HA is observed, which is less than the global average. The
RCP4.5 and RCP8.5 scenarios witness more subtle variations
than the LWR, excluding southeast China (Figure 1d,f).

There are two cold indices, as the name suggests, FD
stands for the annual number of days when there is condi-
tional frost on the ground, and ID represents the annual num-
ber of days when there is conditional ice on the ground.
Figure 2 shows that regardless of the scenario, decreasing
areas basically exist to the north of 25�N, which is over-
whelmingly dominated by the ASA (Figure 2a–f)). It is
worth noting that the greatest value would be zonal between
30�N and 40�N. For instance, the middle and lower reaches
of the Yangtze River and Tibetan Plateau experience a rapid
decrease in all simulation results, whereas the southern areas
remain constant due to their temperature rarely being below
0 �C. For the box plots, the ASA median change in FD
under the 1.5 �C scenario relative to the historical period
would be nearly 10 days/year, which is 2–3 days larger than
the HA change (Figure 2g). Likewise, the 2 �C scenario rela-
tive to the 1.5 �C scenario would be nearly 5 days/year,
which is 2–3 days larger than the HA change (Figure 2h).
Nevertheless, because of the contributions of the Yangtze
River basin, the amplitude of the HA variation in the 90th
interval would be nearly the same as that of the ASA.

Similar to the FD, the spatial distribution of large value
regions in ID would also occur in the boreal areas, which
most belong to the ASA (Figure 3a–f). Changes in the ID
occur further north than those in the FD due to its stricter
temperature condition. The Tibetan Plateau and its vicinity
would be an interesting region, as it experiences sharp
decreases due to its altitude and severe cold. All subplots
show that the ID southern boundary would coincide with the
wet–dry boundary, that is to say the demarcation line may
play an important role in ID change. As for 2 �C relative to
1.5 �C, the amplitude of changes in ID under LWR is larger
than that under RCPs. Regardless of the median or 90th
interval, the value of the ASA is greater than that of the HA
according to the box plots (Figure 3g,h).

Changes in the FD and ID could represent extreme tem-
perature changes during the cold season. Likewise, the SU
and TR could represent the same conditions during the warm
season. Unlike the latitudinal pattern shown in Figures 2
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and 3, a more complex distribution can be found in Figure 4.
South Asia and the eastern and central regions of China would
experience an increase, in which the HA would comprise a
large part. These areas are considered as traditional high-
temperature zones. Conversely, the spacious ASA, such as the
northern Mongolian Plateau and Tibetan Plateau, would fluc-
tuate slightly, and even a large amount of open space would
exist because of the lack of SU days (Figure 4a–f). These dis-
crepancies also reflect those in the box plots. The median
changes in the SU in the ASA would be approximately
10 days/year in the 1.5 �C scenario relative to the historical
period (Figure 4g) and half in a further 0.5 �C warming world.
The increment are almost twice in the HA compared to ASA
according to all simulation results (Figure 4h).

Similar to the relationship between the FD and ID, the
amplitude of changes in TR increase less than that in SU
(Figure 5a–f). Specifically, the growth in north of 50�N
(especially in northeast China) would cease and remain
steady. Due to the improvement of inclusion index criteria,
significant decreases could be found in the box plots. Com-
pared with SU (Figure 4g), the change in TR would sharply
decrease by 10 days in HA and 5 days in ASA from the per-
spective of the median in the box plots (Figure 5g). Like-
wise, a small increase (less than 5 days) under the additional
0.5 �C warming would take place, but it is not obvious
(Figure 5h).

According to the above discussion, we could outline the
changes in the selected extreme temperature indices under

(a) (b)

(c) (d)

(e) (f)
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FIGURE 1 Spatial changes in mean temperature in the 1.5 �C scenario relative to the historical period (1971–2000) for (a) 1 pt5, (c) RCP4.5, and
(e) RCP8.5. The 2 �C scenario relative to the 1.5 �C scenario for (b) 2 pt, (d) RCP4.5, and (f) RCP8.5. The dotted parts represent ASA [Colour figure can be
viewed at wileyonlinelibrary.com]
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FIGURE 2 Spatial changes in FD in the (a, c, e) 1.5 �C scenario relative to the historical period and (b, d, f) 2 �C scenario relative to the 1.5 �C scenario.
For the box plots, subplot (g) refers to the 1.5 �C scenario relative to the historical plots. Subplot (h) refers to the 2 �C scenario relative to the 1.5 �C scenario.
The box-whisker plots describe the 10th, 25th, 50th, 75th, and 90th intervals. Red represents LWR in ASA, blue represents the RCP4.5 in ASA, green
represents the RCP8.5 in ASA, dark orange represents LWR in HA, purple represents the RCP4.5 in HA, and dark green represents the RCP8.5 in HA
[Colour figure can be viewed at wileyonlinelibrary.com]
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1.5 and 2 �C warming targets. For a clearer understanding,
temporal variations in the LWR during 1971–2100 are illus-
trated in Figure 6. The FD shows a steady decrease of

approximately 15% in 2100 compared with the original in
both of the ASA and HA (Figure 6a). In addition, there is a
large gap in the basic FD days between the ASA and
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HA. The change in ID is similar to that in the FD for most
features, and there is only a mere difference in intensity
(Figure 6b). The two warm indices reach a peak at

approximately 2040 and then remain stable, the inflection
periods are almost the same as those in the cold indices
(Figure 6c,d).
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Strong correlations between the mean temperature rise
and threshold extreme temperature indices can be seen in
Figures 2–6. Additionally, attributions and detections are

needed to provide confirmation. We used the FAR and PR
to quantify the warming influence on the occurrence of
extreme cold or warm temperature indices. As concluded
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before, the increase in mean temperature is negatively
related to the cold indices. PR in both the FD and ID
decrease by approximately 10% from nearly 1 in 2006 to
approximately 0.9 in 2100 (Figure 7a,b). The largest change
in FD occurs in the HA and ID in the ASA due to threshold
differences. The same descending trend in the FAR indicates
that the cold indices occurrence will decrease in the future
(Figure 7e,f). Similarity but opposite, the two warm indices
reach a plateau and experience a moderate increase
(0.15–0.2) (Figure 7c,d,g,h). A warming future exerts a
strong influence on extreme temperature indices.

3.2 | PDFs change in absolute indices

To some extent, the threshold extreme climate indices, such
as the FD, ID, SU, and TR, refer to the frequency of extreme
temperature events, whereas TXX, TXN, TNX, TNN could
indicate the intensities (Alexander et al., 2006). For a sce-
nario of 1.5 �C warming relative to the historical period,
TXX in winter would have the largest amplitude and peaks
at 1.5–1.8 �C in December. The ASA are projected to expe-
rience a greater temperature increase in summer which is

approximately 0.2–0.3 �C on average higher than that of the
HA. The remaining three seasons are not show obvious dis-
crepancies, and the gaps between the ASA and HA are nar-
rower than those in summer. However, it is a different
situation when a 0.5 �C change occurs. Almost all experi-
ments exceed 0.5 �C in the whole year (figures not shown).
The PDFs graph could show an all-sided perspective about
the temperature ranges, which contain more climatic change
information (Christidis et al., 2011; Fischer and Knutti,
2014). In general, ASA experiments reach a higher point
than the HA experiments, and the median number are equiv-
alent to 1.5 �C in the two 1.5 �C scenarios relative to the his-
torical scenario (Figure 8a,i). Conversely, both additional
0.5 �C scenarios portray moderately different graphs in the
average TXX, which are approximately 0.2 �C higher than
the 0.5 �C global mean rise (Figure 8e,m). In addition, the
TXX increase in winter is higher than that in summer. TXN

is similar to TXX in the form of concrete data variations,
with a less than average value under 1.5 �C warming limits
and a greater than average value under 2.0 �C warming
limits. Therefore, changes in the maximum temperature
might have the same patterns. Likewise, the consistency of

FIGURE 6 Temporal changes during 1971–2100 for (a) FD, (b) ID, (c) SU, and (d) TR. Red lines represent the historical period in ASA, blue lines
represent 2 pt in ASA, green lines represent 1 pt5 in ASA, the dark orange lines represent the historical period in HA, purple lines represent 2 pt in HA, and
the dark green lines represent 1 pt5 in HA [Colour figure can be viewed at wileyonlinelibrary.com]
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the PDFs in the TXN is as good as that of the monthly
changes. All four figures (Figure 8b,f,j,n) provide similar
distributions. The ASA experiments are slightly larger than
the HA experiments. The PDFs distribution forms are basi-
cally the same as those of the TXX. Figure 8c shows the dif-
ference in TNX between the ASA and HA, with median
values of approximately 1.2 �C (HA) and 1.7 �C (ASA). The
right-tail distribution of the PDFs in TNX in Figure 8k
exceeds 3.0 �C, and it is the largest value of the four indices
under 1.5 �C warming target. However, there is not a large
change in the average value. As for 2 �C relative to 1.5 �C in
summer, the increasing rate in TNX returns to normal
(Figure 8g). In comparison, TNX has a small advantage in
winter conditions compared to summer (Figure 8o). Recent
studies have indicated that the minimum temperature has a
higher increase rate than the maximum temperature, espe-
cially in the mid- and high-latitude areas in the Northern
Hemisphere (Huang et al., 2012; Guan et al., 2015).
Figure 8p could partly support this conclusion. The extreme
value reaches approximately 2–2.5 �C in some vulnerable
areas with an additional 0.5 �C in winter. In summary, the
rapid increase in extreme temperature, especially the mini-
mum temperature, is of great concern.

3.3 | Spatiotemporal change in DTR

The DTR could show the relative changes in the maximum
temperature and the minimum temperature under future cli-
mate change. Besides, it is vital for flora and fauna health.

For instance, high temperatures during the daytime are con-
ducive to producing organic matter by vegetation photosyn-
thesis, and low temperatures at night could reduce the
respiratory loss of vegetation and increase the accumulation
rate of organic matter (Atkin et al., 2000). Therefore, in gen-
eral, the larger the DTR is, the more conducive to the growth
and development of vegetation. In Figures 9 and 10, the
DTR represents summer and winter mean differences rather
than monthly mean differences between the maximum tem-
perature and the minimum temperature. There are large posi-
tive regions in northern India and the Tibetan Plateau and an
extension of the Loess Plateau in the northeast plain in 1 pt5
relative to the historical period (Figure 9a). These regions
are also obvious in the three additional 0.5 �C conditions.
The DTR in the northern Mongolian Plateau shows a stable
steadiness or a slight decrease (Figure 9b,d,f). However, the
entire research areas experience a slight decrease under
1.5 �C warming limits in RCP4.5 and RCP8.5 (Figure 9c,e).
The distributions are completely different in Figure 10. All
subplots witness a tremendous gap along the ASA and HA
transition zone. The DTR drops in most of the ASA and
increases in most of the HA, especially in southeast China.
The increase is up to approximately 0.6–1.0 �C in the 1.5 �C
scenarios relative to the historical period (Figure 10a–c) in
the HA. For the additional 0.5 �C warming, there is a
0.3–0.6 �C increase (Figure 10d–f). Moreover, an average
decrease of 0.3–0.6 �C could be found in the ASA. Given
additional research, the maximum temperature contributes
more in summer, and the minimum temperature is the

FIGURE 7 (a, e) FD, (b, f) ID, (c, g) SU, (d, h) TR PR and FAR values for the 2 �C scenario and the 1.5 �C scenario relative to the historical period in both
ASA and HA. The red line represents the 2 �C scenario in ASA, the blue line represents the 1.5 �C scenario in ASA, the green line represents the 2 �C
scenario in HA, and the gold line represents the 1.5 �C scenario in HA [Colour figure can be viewed at wileyonlinelibrary.com]
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dominant factor in winter (figures not shown). The most
likely reason is that in summer, the decrease of cloud
amount in the warming future reflect less solar radiation and
cause more positive effect in the maximum temperature than
the minimum temperature in dry–wet transition zone, thus
leads to an increase in DTR. As for winter, the correlation
between cloud amount and DTR is weaker than that in sum-
mer (Liu et al., 2018). For most East–central Asia regions,
the increase in the minimum temperature results in the

decrease in DTR. However, the maximum temperature is the
dominant factor in southeast China. And in those regions,
DTR shows an increase.

4 | DISCUSSION AND CONCLUSION

We used CESM short-term stabilization response representa-
tive LWR and transient climate response representative

FIGURE 8 Temperature PDFs distribution about (a, e, i, m) TXX, (b, f, j, n) TXN, (c, g, k, o) TNX, and (d, h, l, p) TNN in both summer and winter under the
1.5 �C scenario relative to the historical period and the 2 �C scenario relative to the 1.5 �C scenario. The solid red line represents LWR in ASA, the solid blue
line represents RCP4.5 in ASA, the solid green line represents RCP8.5 in ASA, the dashed red line represents LWR in humid areas HA, the dashed blue line
represents RCP4.5 in HA, and the dashed green line represents RCP8.5 in HA [Colour figure can be viewed at wileyonlinelibrary.com]
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RCP4.5 and RCP8.5 to analyse the spatiotemporal variations
over East and central Asia. Similar to the previous study, we
find that the warm extreme indices increase significantly due
to 0.5 �C additional warming, whereas cold extreme indices
show remarkable decrease (Schleussner et al., 2016; Wang
et al., 2017). The trends of potential risks (FAR and PR)
indicate that the warmer the world is, the more frequency the
climate extreme events are projected to occur. Although lim-
ited samples in CESM model were utilized in our research,
the variation of temperature extremes under different warm-
ing conditions are illustrated clearly. Here are some specific
conclusions:

Compared with the historical period, the mean tempera-
ture increase over East and central Asia generally exceed the
global average. In addition, a further 0.5 �C warming results

in a mean temperature rise of 0.6–1 �C. Due to the remark-
able temperature increase in central Asia, our result is
slightly larger than that mentioned by Li et al. (2018a),
which are about 1.7 and 2.3 �C above pre-industrial levels in
the 1.5 and 2 �C warming limits, respectively. The two indi-
ces representing the cold season (FD and ID) experience a
moderate decrease in the ASA and dry–wet dividing zone,
especially in the Tibetan Plateau. There are an approximate
5 days/year decline in both the ASA and HA due to an addi-
tional 0.5 �C warming. For warm indices, a large change in
the SU occurs in the HA such as East China, Southeast Asia,
and South India, which is 20 days/year larger in the 1.5 �C
scenario relative to the historical period and 10 days/year
larger under additional 0.5 �C warming from 1.5 to 2�C. The
trend in the TR is similar to that in the SU, but under more
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demanding conditions, the variations are smaller both tem-
porally and spatially. Sui et al. (2018) pointed out that the
occurrence of SU and TR last almost the entire summer in
China under 2 �C warming limits. More than 6 and 11% of
the increases in SU and TR could be reduced if we limit
global warming to 1.5 �C (Li et al., 2018b). Moreover, East
Asia would avoid about 20% severe heat stress compared
with 2 �C target (Lee and Min, 2018).

Four significant features are found in four intensity indi-
ces (TXX, TXN, TNX, and TNN), with variations under the
1.5 and 2 �C warming targets. (a) The increasing range for
the minimum temperature is slightly greater than that for the
maximum temperature, especially under an additional 0.5 �C
warming. (b) The indices in winter is 0.2–0.4 �C larger than
those in summer. (c) As a whole, there are no obvious differ-
ences between the ASA and HA. (d) The growth trend of
these selected indices is nonlinear; an additional 0.5 �C

warming will make a large difference in extreme temperature
increases. Li et al. (2018a) also supported that the 0.5 �C
less warming in the 1.5 �C warming limits over East Asia
help avoid about 35% impacts in TXX and TNX.

The DTR is projected to experience a 0.3–0.5 �C
increase in and near the dry–wet transition zone in summer
under the condition of a 0.5 �C warmer world. However,
positive values in East and central China and negative values
in other parts of East–central Asia lead to a huge difference
in winter. Previous studies indicated that the DTR shows a
significantly decreasing trend at historical period over most
of the globe, including East–central Asia (Liu et al., 2018).
This phenomenon could be attributed for the minimum tem-
perature increased more rapidly than the maximum tempera-
ture (Vose et al., 2005). Different from the homogenous
decrease trend at historical period, we found the DTR in
some subregions increase while in the other subregions
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decrease under 1.5 or 2 �C warming future. And it still have
strong associate with the cloud cover.

Therefore, limiting global warming to 1.5 �C is benefit
for us humans in terms of reducing climate extremes in
intensity, frequency, and duration over East–central Asia.
We hope these research achievements could offer necessary
help for policy makers. However, more global and regional
climate models and more 1.5 and 2 �C warming experiment
samples should be included to better understand the changes
in climate extremes in further study.
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