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Abstract
The long-term goal of the 2015 Paris Agreement is to limit global warming to well below 2 �C above pre-industrial levels and to pursue
efforts to limit it to 1.5 �C. However, for climate mitigation and adaption efforts, further studies are still needed to understand the regional
consequences between the two global warming limits. Here we provide an assessment of changes in temperature extremes over China (relative
to 1986e2005) at 1.5 �C and 2 �C warming levels (relative to 1861e1900) by using the 5th phase of the Coupled Model Intercomparison
Project (CMIP5) models under three RCP scenarios (RCP2.6, RCP4.5, RCP8.5). Results show that the increases in mean temperature and
temperature extremes over China are greater than that in global mean temperature. With respect to 1986e2005, the temperature of hottest day
(TXx) and coldest night (TNn) are projected to increase about 1/1.6 �C and 1.1/1.8 �C, whereas warm days (TX90p) and warm spell duration
(WSDI) will increase about 7.5/13.8% and 15/30 d for the 1.5/2 �C global warming target, respectively. Under an additional 0.5 �C global
warming, the projected increases of temperature in warmest day/night and coldest day/night are both more than 0.5 �C across almost the whole
China. In Northwest China, Northeast China and the Tibetan Plateau, the projected changes are particularly sensitive to the additional 0.5 �C
global warming, for example, multi-model mean increase in coldest day (TXn) and coldest night (TNn) will be about 2 times higher than a
change of 0.5 �C global warming. Although the area-averaged changes in temperature extremes are very similar for different scenarios, spatial
hotspot still exists, such as in Northwest China and North China, the increases in temperatures are apparently larger in RCP8.5 than that in
RCP4.5.
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1. Introduction

In December 2015, the Paris Agreement was approved by
nearly 200 countries at the United Nations Framework
Convention on Climate Change (UNFCC) 21st Conference of
the Parties (COP 21). This agreement aims to limit global
mean temperature increase to well below 2 �C above pre-
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industrial levels and to pursue efforts to limit it to 1.5 �C
(UNFCC, 2015). At the same time, the Intergovernmental
Panel on Climate Change (IPCC) has accepted an invitation to
prepare a special report on 1.5 �C target in 2018.

For a given increment in global mean temperature, local
climate impacts can vary from one region to another
(Seneviratne et al., 2016). Previous studies regarding the
1.5 �C and 2 �C global warming targets have found that land
areas warm substantially faster than the oceans and high-
latitude areas in the Northern Hemisphere show the fastest
warming over the globe (Zhang, 2012; Jiang et al., 2016;
Seneviratne et al., 2016; Hu et al., 2017; Xu et al., 2017).
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Table 1

Basic information on 27 CMIP5 models used in this study.

Model Model center Resolution

BCC-CSM1-1 BCC-CMA, China 128 � 64

BCC-CSM1-1-m BCC-CMA, China 320 � 160

BNU-ESM BNU-GCESS, China 128 � 64

CanESM2 CCCMA, Canada 128 � 64

CCSM4 NCAR, America 288 � 192

CESM1-CAM5 NCAR, America 288 � 192

CSIRO-MK3-6-0 CSIRO-QCCCE, Australia 192 � 96

CNRM-CM5 CNRM-CERFACS, France 256 � 128

FGOALS-g2 CSA-IAP/CESS, China 128 � 60

FIO-ESM FIO-SOA, China 128 � 64

GFDL-CM3 NOAA-GFDL, America 144 � 90

GFDL-ESM2G NOAA-GFDL, America 144 � 90

GFDL-ESM2M NOAA-GFDL, America 144 � 90

GISS-E2-H NASA-GISS, America 144 � 90

GISS-E2-R NASA-GISS, America 144 � 90

HadGEM2-AO MOHC, UK 192 � 145

HadGEM2-ES MOHC, UK 192 � 145

IPSL-CM5A-LR IPSL, France 96 � 96

IPSL-CM5A-MR IPSL, France 144 � 143

MIROC5 MIROC, Japan 256 � 128

MIROC-ESM MIROC, Japan 128 � 64

MIROC-ESM-CHEM MIROC, Japan 128 � 64

MPI-ESM-LR MPI-M, Germany 192 � 96

MPI-ESM-MR MPI-M, Germany 192 � 96

MRI-CGCM3 MRI, Japan 320 � 160

NorESM1-M NCC, Norway 144 � 96

NorESM1-ME NCC, Norway 144 � 96

Note: The models provide daily outputs for three RCPs are in bold.
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Besides the changes in mean climate, the extreme climate is
also of great importance to the society, which is more sensitive
to global warming (Knutti et al., 2016). For example, the hot
temperature extremes in the Mediterranean will increase about
3 �C and the cold temperature extremes in Arctic will warm
about 5.5 �C under the 2 �C global warming target
(Seneviratne et al., 2016).

Recent years, studies concerning a specific level of global
warming have also gained many significant conclusions in
China. Under a 2 �C global warming target, the mean tem-
perature in China will increase greater in the north than in the
south and the winter temperature warms strongest among the
seasons (Jiang et al., 2009, 2012; Jiang and Fu, 2012; Lang
and Sui, 2013). Extreme warm events increase, while
extreme cold events decrease (Lang and Sui, 2013; Chen et al.,
2015; Guo et al., 2016). However, most of the past efforts have
been spent on the 2 �C global warming target, few attention
has been paid to the 1.5 �C global warming target, particularly
for the local impacts of extreme temperature events under an
additional 0.5 �C global warming.

In addition, as climate models are necessary for the
assessment of future climate change, most of the current
studies are derived from transient simulations of the 5th phase
of the Coupled Model Intercomparison Project (CMIP5). The
responses can be different for climate variables that respond to
a given forcing. For a given warming threshold, Hu et al.
(2017) pointed out that projected changes of global mean
temperature are very similar for different scenarios. However,
it remains an open question whether the intensity of changes in
temperature extremes and its distribution over China are
related to the considered pathways under 1.5 �C and 2 �C
global warming targets.

Based on these premises, this study uses CMIP5 experi-
ments to present an analysis of temperature extremes over
China for the 1.5 �C and 2 �C global warming targets. The key
questions we address are as follows. 1) What are the possible
changes of temperature extremes over China associated with
1.5 �C and 2 �C global warming targets? 2) What are the
possible impacts of an additional 0.5 �C global warming on
temperature extremes over China? 3) For a specific warming
threshold, whether there is any difference in the intensity and
spatial patterns of temperature extremes over China between
different scenarios?

2. Data and methods
2.1. Model data
The analysis is based on monthly and daily minimum
(maximum) near surface temperature from 27 and 20 CMIP5
global climate models (GCMs), respectively, which are all
available under historical and three Representative Concen-
tration Pathways (RCP2.6, RCP4.5, RCP8.5) simulations
(Taylor et al., 2012). The first realization was used for each
model in order to treat all models equally. The models
analyzed in this study are listed in Table 1.
2.2. Methods

2.2.1. Definition of the time reaching 1.5 �C and 2 �C
global warming thresholds

As pointed out in Paris Agreement, the 1.5 �C and 2 �C
global warming thresholds are relative to the pre-industrial
levels. There are two main principles for the selection of
pre-industrial period: First, the pre-industrial period should not
be affected by the global warming in 20th century; second, the
initial integration time of the historical experiments varies
from GCM to GCM (Guo et al., 2016). Hence, 1861e1900
was selected as a common pre-industrial period in this study.

The time series of global mean temperature were first
smoothed by a 21-year moving average and then the time of
the 1.5/2 �C threshold was defined as the first year when the
temperature rise was 1.5/2 �C higher above its pre-industrial
counterpart for individual GCMs. In order to determine a
relatively stable climate condition, two 10-year periods around
the 1.5 �C/2 �C threshold were compared with reference
period (1986e2005) to assess the changes in climate extremes.
It is worthy to noting that only the models reach both 1.5 �C
and 2 �C are included in the analysis.

2.2.2. Climate extreme indices
Twelve indices of temperature extremes are considered

following the recommendation of the Expert Team on Climate
Change Detection and Indices (ETCCDI, shown in Table 2).
The indices were firstly calculated on each model's native grids



Table 2

Definitions of 8 ETCCDI temperature indices used in this work.

Label Index Index definition Unit

TXx Hottest day Annual maximum daily maximum temperature �C
TXn Coldest day Annual minimum daily maximum temperature �C
TNx Warmest night Annual maximum daily minimum temperature �C
TNn Coldest night Annual minimum daily minimum temperature �C
TX90p Warm days Percentage of days when TX > 90th percentile %

TX10p Cold days Percentage of days when TX < 10th percentile %

TN90p Warm nights Percentage of days when TN > 90th percentile %

TN10p Cold nights Percentage of days when TN < 10th percentile %

WSDI Warm spell duration Annual count of days with at least 6 consecutive days when TX > 90th percentile d

CSDI Cold spell duration Annual count of days with at least 6 consecutive days when TN < 10th percentile d

FD Frost days Annual count of days when TN < 0 �C d

SU Summer days Annual count of days when Tx > 25 �C d
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and then regridded to a common 1� � 1� grid using bilinear
interpolation.

2.2.3. Signal-to-noise ratio
Following Li and Zhou (2010), we use Signal-to-Nosie

Ratio (SNR) to measure the credibility of the estimated re-
sults, which is defined as,

Noise¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn

i¼1

ðxi � xÞ2
s

; ð1Þ

Signal¼ jxj; ð2Þ

SNR¼ Signal

Noise
; ð3Þ

where xi denotes the variable simulated in individual model, x
denotes the multi-model ensemble (MME) mean and n is the
size of ensemble. SNR > 1 implies the signal is greater than
the noise, hence the projection has a higher confidence level
and vice versa.

3. Results
3.1. Threshold crossing times of 1.5 �C and 2 �C
Fig. 1 shows the global mean temperature anomalies rela-
tive to 1861e1900 mean under three RCPs. The RCP2.6 is a
mitigation scenario aiming to limit the increase of global mean
temperature below 2 �C during the 21st century (van Vuuren
et al., 2011). Under this scenario, temperature increase will
stable at about 1.7 �C by the middle and late 21st century. The
multi-model ensemble (MME) mean temperature will exceed
1.5 �C around the year 2030. The RCP4.5 is a medium sce-
nario that stabilizes radiative forcing at 4.5 W m�2 by 2100
(van Vuuren et al., 2011). Under this pathway, the MME mean
temperature will increase about 2.7 �C by the end of this
century. The MME mean temperature is projected to reach
1.5 �C by around 2028 whereas the 2 �C target is reached by
around 2049. The RCP8.5 is the highest pathway with the
largest radiative forcing by 2100 (van Vuuren et al., 2011),
hence the temperature increases the greatest among the three
RCPs. Under this pathway, a 5 �C warming is projected to
reach after 2080 by few models. The threshold crossing time
(TCT) for 1.5 �C and 2 �C is around 2025 and 2039,
respectively.

There are large discrepancies in the TCTs for individual
models and each RCP (Fig. 2). In the three RCPs, some models
cross the 1.5 �C warming threshold as early as 2010s whereas
some other models do not reach the mark until 2050s. As the
global mean temperature has increased approximately 1 �C
above pre-industrial levels (IPCC, 2013), this disagreementmay
be attributed to the mismatch in observed and simulated vari-
ability on decadal timescales (Schmidt et al., 2014; Smith et al.,
2016; Karmalkar and Bradley, 2017). Models with large tran-
sient climate response may reach the 1.5 �C and 2 �C warming
threshold earlier than those with low transient climate response
(Chen and Zhou, 2016; Hu et al., 2017).
3.2. Changes in temperature extremes over China under
1.5 �C and 2 �C global warming
Fig. 3 depicts boxplots of the changes in mean temperature
and temperature extremes over China relative to 1986e2005
when the temperature increase of individual model reaches
the 1.5 �C and 2 �C global warming thresholds. It should be
noted that the global mean temperature is also compared with
the same reference period (1986e2005) in Fig. 3. The results
are very similar for each scenario. This implies that the area-
averaged mean temperature and temperature extremes over
China are independent on the considered scenario. The multi-
model mean warming for China is higher than that for globe
and regionally averaged changes over the whole China range
from 0.4 to 1.7 �C (1.1e2.6 �C) relative to 1986e2005 for the
1.5/2 �C global warming target. The changes in temperature
extremes are greater than that in mean temperature over
China. The multi-model mean increase in hottest day (TXx)
and coldest night (TNn) for the 1.5/2 �C global warming
target is about 1/1.6 �C and 1.1/1.8 �C, respectively. The
ensemble mean TNn increases with the maximum magnitude
whereas TNx warms with the minimum magnitude. Under
2 �C global warming, for instance, the response is about
1.3e2.7 times greater for the TNn than for the global mean
temperature.



Fig. 1. Time series of 21-year moving average global mean temperature under (a) RCP2.6, (b) RCP4.5 and (c) RCP8.5 relative to 1861e1900 pre-industrial

baseline. The vertical dash lines indicate the MME year of 1.5 �C (red) and 2 �C (blue) global warming threshold.

Fig. 2. Timings for when global mean temperature for 27 CMIP5 models cross 1.5 �C and 2 �C global warming thresholds for RCP2.6, RCP4.5 and RCP8.5. The

threshold crossing times for the MME are indicated by solid black dots.
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Fig. 3. Boxplots of projected changes in mean temperature and temperature

extremes over China relative to 1986e2005 under RCP2.6, RCP4.5 and

RCP8.5. The top and bottom whiskers are the maximum and minimum pro-

jections for a variable. The top and bottom box are always the first and third

quartiles, and the band inside the box is the median. The MME are indicated

by solid black dots. The horizontal solid lines indicate the changes of the

multi-model global mean temperature relative to 1986e2005 under 1.5 �C
(red) and 2 �C (blue) warming thresholds. The black bars are associated with a

1.5 �C warming under RCP2.6, the blue bars are associated with a 1.5 �C
warming under RCP4.5 and the green bars are associated with a 1.5 �C
warming under RCP8.5, whereas the orange bars are associated with a 2 �C
warming under RCP4.5 and the red bars are associated with a 2 �C warming

under RCP8.5.
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Cold days (TX10p) and cold nights (TN10p) show a
consistent decrease in all RCPs. The mean decrease in TX10p
and TN10p is from about 4% to about 6.8% for 1.5 �C and
2 �C global warming threshold, respectively. Warm days
(TX90p) and warm nights (TN90p) generally increase in all
RCPs. For a 1.5/2 �C global warming threshold, the multi-
model mean TX90p increases about 7.5/13.8% and TN90p
increases about 9.5/17.6%.
The mean decrease in frost days (FD) is about 7 and 12 d
under 1.5 �C and 2 �C global warming, respectively. The
smallest decrease is found in cold spell duration (CSDI),
which remains almost the same for the two global warming
levels. There is a consistent increase in summer days (SU) and
warm spell duration (WSDI). The multi-model mean SU in-
creases about 10 d under 1.5 �C global warming and further
increases 6 d under 2 �C global warming. The increase in
WSDI is more pronounced among the four duration indices,
with the magnitude of about 15/30 d for 1.5/2 �C global
warming targets, respectively.

Fig. 4 and Fig. 5 illustrates the projected changes in mean
temperature, hottest day (TXx) and warmest night (TNx) over
China at 1.5 �C and 2 �C global warming, respectively. The
mean temperature increases across China, with warming
greater towards northwest and on the western part of the Ti-
betan Plateau. This feature is even more obvious for temper-
ature extremes. TXx and TNx warm stronger in the northwest
and western Tibetan Plateau. There are larger differences in
changes of coldest day (TXn) and coldest night (TNn) than
that of TXx and TNx (Fig. 6). This may be due to TXn and
TNn usually correspond to the maximum and minimum daily
temperature of winter, respectively. This result agrees well
with the findings that the temperature increase is relatively
higher in high latitudes and altitudes than that in lower lati-
tudes (Knutti and Sedl�a�cek, 2013), as a result of reduced
temperature variability related to the retreating snow cover
(Fischer et al., 2011; Kong and Wang, 2017), decreased sur-
face albedo induced by vegetation expansion (Falloon et al.,
2012; Port et al., 2012) and the changes in atmospheric cir-
culation (Haarsma et al., 2009), etc.

Under an additional 0.5 �C global warming, both the mean
temperature and the temperature extremes will increase more
than 0.5 �C across almost the whole China. Some regions
display substantial increases. In Northwest China, Northeast
China and the Tibetan Plateau, for instance, the TXn and TNn
will warm more than 1 �C, which is about 2 times higher than
a change of 0.5 �C global warming. Only a small part of China
will keep the increase in temperature extremes below 0.5 �C.
For example, the changes in TXn and TNn are both less than
0.5 �C in Southwest China. The TNn also increases not
exceeding 0.5 �C in the coastal areas.

The confidences in TXx and TNx are higher than that in
TXn and TNn. The areas with greater increases in TXn and
TNn usually have larger SNR, i.e., Northeast China and the
Tibetan Plateau, which means our results are more robust in
these key regions. It is worthy to noting that there are differ-
ences in the distribution of SNR between RCP4.5 and RCP8.5.
For example, SNR is more uniform on a national scale for TXn
and TNn under RCP8.5, while only few areas are greater than
1 under RCP4.5. This implies there has a larger model spread
in projections of TXn and TNn under RCP4.5.

Consistent with temperature changes mentioned above,
warm days (TX90p) increase whereas cold nights (TN10p)
decrease (Fig. 7). The greatest increases in TX90p and largest
decreases in TN10p are projected in the Tibetan Plateau with
more than 16% and 8% relative to 1986e2005 under 2 �C



Fig. 4. Spatial distributions of projected changes in mean temperature over China under 1.5 �C and 2 �C global warming and the differences between the two

warming levels in the RCP4.5 and RCP8.5. The areas where SNR > 1 are indicated by dots.

Fig. 5. Same as Fig. 4 but for TXx (aef) and TNx (gel).
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Fig. 6. Same as Fig. 4 but for TXn (aef) and TNn (gel).
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global warming, respectively. High latitudes are also affected
by a strong decrease in TN10p. An additional 0.5 �C warming
will lead to an increase in warm spell duration (WSDI) and
TX90p whereas a decrease in frost days (FD) and TN10p
across China, except for FD in southeastern coastal areas
where daily minimum temperature are generally larger than
0 �C. As for TX90p and TN10p, WSDI is projected to increase
and FD is projected to decrease (Fig. 8). The strongest in-
creases in WSDI and greatest decreases in FD both occur in
the Tibetan Plateau, with more than 40 and 21 d under 2 �C
global warming. Greater increases in WSDI are also found in
some coastal areas, as the ocean share a large part in the
respective grid cells that result in a large amplification of the
warming effect compared with pure land grids (Schleussner
et al., 2016).
3.3. Comparisons of the temperature extremes between
different RCP scenarios
As mentioned in Section 3.2, the area-averaged changes in
temperature extremes over China are independent on the
considered scenarios. However, whether there is any differ-
ence in the intensity and spatial patterns of temperature ex-
tremes is still unknown, in other words, is there any hotspot
that is sensitive to the scenarios? In this section, we compare
the temperature extremes from RCP4.5 and RCP8.5 for a
given global warming threshold, as shown in Fig. 9. There
are very similar distributional patterns in the differences
between RCP4.5 and RCP8.5. However, for a 1.5 �C or 2 �C
global warming target, the intensity of changes in tempera-
ture extremes under RCP8.5 is higher than that under
RCP4.5 across the whole China, except for the Tibetan
Plateau. The increases in TXn and TNn are greater in
Northwest China and North China, with more than 0.25 �C.
This feature are more significant under a 2 �C global
warming level and most of the models (more than 2/3) are
characterized by consistent increases. As the radiative forc-
ing are very close for RCP4.5 and RCP8.5 under 1.5 �C or
2 �C global warming, this result may be attributed to the
changes in land use, which is a crucial element of the RCP
scenarios. van Vuuren et al. (2011) pointed out that RCP4.5
is the pathway with higher vegetation cover than RCP8.5. In



Fig. 7. Same as Fig. 4 but for TX90p (aef) and TN10p (gel).
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addition, the rates of surface warming increase with the
decreasing vegetation cover (Huang et al., 2017). Hence, the
regional additional warming may result from the changes in
land use. However, further numerical sensitivity experiments
are still needed.

4. Conclusions and discussion

In this study, we investigate the impacts of 1.5 �C and 2 �C
global warming above pre-industrial levels on temperature
extremes over China using CMIP5 models. The major findings
are as follows:

(1) An additional 0.5 �C global warming is projected to
have substantial impacts on temperature extremes over
China. For a change of 0.5 �C between the two global
warming thresholds, the mean temperature, warmest and
coldest temperature extremes will warm more than
0.5 �C across almost the whole China. In some key re-
gions, i.e., Northwest China, Northeast China and the
Tibetan Plateau, the mean increase in TXn and TNn will
be about 2 times higher than a change of 0.5 �C global
warming. Multi-model mean FD is expected to further
decrease about 5 d, while WSDI is projected to further
increase about 15 d. In addition, ensemble mean TX10p
and TN10p will further decrease about 2.8%, whereas
TX90p and TN90p will further increase about 6.3% and
8.1%, respectively.

(2) For a specific global warming, the area-averaged tem-
perature extremes are independent on the considered
scenario. However, there are some hotspots which sen-
sitive to the scenarios such as in Northwest China and
North China, the increases in temperature extremes
under RCP8.5 are higher than that in RCP4.5. This
feature is more significant under a 2 �C global warming.

In summary, our results highlight that there are substantial
differences between 1.5 �C and 2 �C global warming targets,
especially for the temperature extremes. Therefore, it is
necessary for the international community to make joint efforts
to limit the global warming below 1.5 �C relative to pre-
industrial levels. In addition, further studies regarding 1.5 �C



Fig. 8. Same as Fig. 4 but for WSDI (aef) and FD (gel).

Fig. 9. Differences in TXx, TXn, TNx and TNn over China between RCP4.5 and RCP8.5 under 1.5 �C and 2 �C global warming. The areas which more than 2/3

models agree on the sign of change are indicated by dots.
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and 2 �C global warming are still necessary, as the global
climate models used in this study are with relatively lower
resolutions, which causes uncertainties of projections in
regional scales. More attention should be paid to the develop-
ment of high-resolution regional climate models to address the
issue.
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