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a b s t r a c t
This study examines the projected characteristics of mean temperature (Tmean), maximum temperature (Tmax)
and minimum temperature (Tmin) in China during 2006–2100 from simulations of MPI-ESM-LR model within
the Coupled Model Intercomparison Project Phase 5 (CMIP5). Periods of 2011–2040 and 2061–2090 are concentrated on the analysis under the three representative concentration pathway (RCP) scenarios: a high emission
scenario (RCP8.5), a midrange mitigation emission scenario (RCP4.5), and a low emission scenario (RCP2.6).
Under RCP8.5, the Tmean, Tmax and Tmin show pronounced warming with the annual rates of 0.43 °C/decade,
0.42 °C/decade, 0.45 °C/decade during 2011–2040, and 0.72 °C/decade, 0.70 °C/decade, 0.76 °C/decade
during 2061–2090, which pronouncedly contributed by winter. Under RCP4.5, the Tmean, Tmax and Tmin display
consistent increases during 2011–2040 with the trends of 0.29 °C/decade, 0.29 °C/decade, 0.30 °C/decade on
the annual basis, respectively, and the increases calm down for Tmean, Tmax and Tmin up to 0.14 °C/decade during
2061–2090. Under RCP2.6, the Tmean, Tmax and Tmin demonstrate positive trends during 2011–2040 with the
annual rates of 0.26 °C/decade, 0.28 °C/decade, 0.25 °C/decade, respectively, and turn to negative afterwards.
Moreover, the annual and seasonal Tmean, Tmax and Tmin are in agreement with the concentration of greenhouse
gases in the atmosphere and reﬂect the variability of the radiative forcing trajectories in the RCP. For the spatial
patterns, the northeastern China and the Tibetan Plateau are more sensitive and susceptible to climate change in
future emission scenarios. It fails to capture the asymmetric trends for Tmax and Tmin projections, which do exist in
the observations on the regional and global scales. This suggests that the projections have uncertainties in the
models, and an understanding of causes is essential to improve the accuracies.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
According to the Intergovernmental Panel on Climate Change (IPCC)
Fourth Assessment Report (AR4), the global surface mean temperature
(Tmean) has risen by 0.74 ± 0.18 °C during 1906–2005, which is very
likely due to the observed increase in anthropogenic greenhouse gas
concentrations (IPCC, 2007). Several studies have suggested that the
warming is evident in many parts of the world but the warming rates
exist spatial differences during the past decades (Easterling et al.,
2000; Vose et al., 2005). Based on the observational data in China, the
warming is very signiﬁcant with a rate of about 0.22 °C/decade, which
is more rapid than the mean values of the global and Northern
Hemisphere (Ding et al., 2007; Wang et al., 2010). The warming starts
⁎ Corresponding author at: Max Plank Institute for Meteorology, KlimaCampus,
Hamburg 20144, Germany.
E-mail address: yqingl@126.com (Q. You).
0921-8181/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
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in the early mid-1980s and the 1990s is the warmest decade in the latter
half of the 20th century. Meanwhile, the four seasonal Tmean show
upward trends, with the pronounced warming in winter (Wang et al.,
2010; Ren et al., 2011a; Wang et al., 2012). For the spatial patterns,
the warming in China mainly occurred in northeastern, northern and
northwestern China, and southwestern China such as Sichuan basin
and parts of Yunnan–Guizhou Plateau experienced cooling, contributed
by the negative trends in spring and summer (Ding et al., 2007; Wang
et al., 2012). The observed warming in China is also conﬁrmed by the
adjusting and homogenized surface Tmean data set, which has removed
the effects of relocation of stations and changes in the local environment, and greatly increased the accuracy of observations (Li et al.,
2004). Compared with the Tmean, both the maximum temperature
(Tmax) and minimum temperature (Tmin) in China show positive trends,
and the Tmin (0.32 °C/decade) increases faster than the Tmax (0.13 °C/
decade) (Liu et al., 2004), which are larger than the global mean. This
asymmetric trends of the Tmax and Tmin are in accordance with the
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global studies (Karl et al., 1993; Easterling et al., 1997; Vose et al., 2005),
resulting to the decreased diurnal temperature range since the midtwentieth century.
The scientiﬁc community is interested in not only the observations,
but also the projections of climate. Great attention has been paid to
the projected climate in the ﬁeld of trend analysis in the IPCC AR4
“Special Report on Emissions Scenarios” (SRES) scenarios (IPCC, 2007;
Gao et al., 2012). By the end of the 21st century (2090–2009), the global
Tmean is likely projected to increase by 1.1–6.4 °C (relative to 1980–
1999) (IPCC, 2007). It is suggested that the coupled global climate
models in IPCC AR4 can reproduce a fairly reasonable variation of the
Tmean in China, but there are large discrepancies between the observations and simulations (Zhou and Yu, 2006). Under the SRES scenarios
A2 and B2, the annual Tmean is projected to increase by 15–2.1 °C by
2020, 2.3–3.3 C by 2050, and 3.9–6.0 °C by 2100, and four seasons are
projected to increase with the obvious increases in winter and spring
(Ding et al., 2007). Regional climate model with a high resolution can
also depict the observed warming in China, and it is found that the pronounced warming by the end of the 21st century is simulated and the
greater warming occurs in northern China and the Tibetan Plateau
(TP) (Gao et al., 2011, 2012). The larger trend magnitudes of temperature in the region of high latitude and altitude are in accordance with
the observations in China (You et al., 2008a, 2008b, 2011), probably
caused by the cryospheric feedback between land and atmosphere.
There are several studies on projected climate change in China from
global climate models and regional climate models. However, the Tmean,
Tmax and Tmin in China associated with projections under the representative concentration pathway (RCP) scenarios (Moss et al., 2010) have
not been studied. In this study, the projected Tmean, Tmax and Tmin in
China are analyzed by the simulations of a global climate model,
which contribute to the coming IPCC AR5 under the different emission
scenarios. The primary purpose of this study is to present projections
of temperature in China using the trend calculations, and to discuss
the physical insights into causes of temperature, which have potential
and societal implications for coping with future climate change in China.
2. Model description and methods
For the IPCC AR5, the simulations from the new generation of stateof-the-art global climate models (GCMs) are available for analysis
within the Coupled Model Intercomparison Project Phase 5 (CMIP5)
(Taylor et al., 2012). In this study, the used model is the latest version
of Max Planck Institute for Meteorology (MPI-M), Earth Systems
Model (MPI-ESM), Hamburg, Germany, performed with the version of
MPI-EMS coupled model of low resolution (MPI-ESM-LR). The model
outputs by MPI-ESM-LR have been organized by the Program for Climate Model Diagnosis and Intercomparison (PCMDI) for the IPCC AR5.
In contrast to the SRES scenarios described in the IPCC AR4, the new
generation models are obtained using new emission scenarios called
RCP, which have information about new socioeconomic data, emerging
technologies and observations of environmental factors such as land use
and land cover change (Moss et al., 2010). For the 21th century, the simulations are forced with speciﬁed concentrations, consistent with a high
emission scenario (RCP8.5), a midrange mitigation emission scenario
(RCP4.5), and a low emission scenario (RCP2.6) (Taylor et al., 2012).
The numerical value assigned to each RCP indicates the approximate radiative forcing in the year 2100 in the absence of climate feedbacks. For
example, RCP8.5 emission scenario has speciﬁed greenhouse gases and
aerosol trajectories consistent with a radiative forcing of 8.5 W m−2 in
the year 2100, and the actual top-of-atmosphere imbalance in the
model in 2100 is signiﬁcantly smaller than this value (Peacock, 2012).
The atmospheric CO2 concentrations for each RCP is shown in Fig. 1.
RCP8.5 emission scenario is characterized by a progressive increase in
atmospheric CO2 concentrations over the 21st century, peaking at
8.5 W/m2 (935 ppm CO2) in 2100. Radiative forcing in RCP4.5 emission
scenario peaks at about 4.5 W/m2 (540 ppm CO2) in 2100, which is

Fig. 1. Concentrations of atmospheric CO2 for three RCP scenarios used in this study during
2006–2100. The data are obtained from http://cdiac.ornl.gov.

comparable to the SRES B1 scenarios (550 ppm CO2) and is lower
than SRES A1B scenarios (720 ppm CO2) in 2100. RCP2.6 emission
scenario is designed to meet the 2 °C global average warming target
compared to pre-industrial conditions, which has a peak in the radiative
forcing at approximately 3 W/m2 (440 ppm CO2) before 2050 and
declines to 2.6 W/m2 by the end of 2100 (330 ppm CO2) (Rogelj et al.,
2012). For each RCP, the daily ensemble output is available for download through the portal of the Earth System Grid-Center for Enabling
Technologies (ESG-CET), on the page http://pcmdi9.llnl.gov/. The simulations under RCP8.5, RCP4.5 and RCP2.6 are analyzed from 2006 to
2100, and are interpolated into a common 144 × 73 grid (2.5 × 2.5°)
using the bilinear interpolation procedure implemented in the Climate
Data Operators (http://code.zmaw.de/projects/cdo). To produce the
values for the whole China, there are 190 grid points covering the entire
region (Fig. 2).
The Mann–Kendall test for a trend and Sen's slope estimates are
used to detect trends in the temperature simulations (Sen, 1968). The
methods are commonly used for trend analysis of climate variability
and the hydrological series, which are not considered as the distribution
of the observed data (Liu et al., 2011). A trend is considered to be statistically signiﬁcant if it is signiﬁcant at the 5% level. Probability distribution function (PDF) for three periods (1961–1990, 2011–2040 and
2061–2090) during the 21th century is produced by normal distribution
(Kharin et al., 2007), deﬁned by the formula below:

F ðxÞ ¼

ðx−μ Þ2
1
−
pﬃﬃﬃﬃﬃﬃ e 2σ 2
σ 2π

where the parameter μ is the mean of the distribution, and σ is its
standard deviation.

3. Results
Figs. 3, 5 and 7 show the annual and seasonal Tmean, Tmax and Tmin in
China during 2006–2100 under RCP8.5, RCP4.5 and RCP2.6 emission
scenarios, and their spatial patterns of trends during 2011–2040 are distributed in Figs. 4, 6 and 8 on the annual and seasonal basis. Under
RCP8.5, RCP4.5 and RCP2.6, the spatial patterns of mean Tmean, Tmax
and Tmin during 2011–2040 and 2061–2090 and their trends during
2061–2090 are not shown. The overall means, variances and trends in
the whole China during 2011–2040 and 2061–2090 are summarized
in Tables 1 and 2.
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Fig. 2. Topography of China and the distribution of 190 grid points used in this study.

Fig. 3. Annual and seasonal mean temperature in China for the period of 2006–2100 under RCP8.5, RCP4.5 and RCP2.6. The unit is °C.
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3.1. Mean temperature
During the 2011–2040 period, the distributions of mean Tmean in
China under RCP8.5, RCP4.5 and RCP2.6 emission scenarios are basically
similar. The mean Tmean is high in southern China and low in the
northern parts. There are three distinct centers for the temperature
distribution, consistent with the topography (Fig. 2). Firstly, the TP
(average altitude of 4000 m asl); Secondly, the strip area along
Daxinganling-Yin mountain–Qinling mountain—the east edge of the
TP; Thirdly, the Turpan Basin (the lowest basin in the world with the
altitude of − 154 m asl in the center). The topography of the three
regions is the plateau, mountains and basins, respectively, which engenders the distribution center of the high and low Tmean. A higher terrain
forms the low Tmean. Summer (except for the TP) is universal high
Tmean, and the low Tmean generally occurs in winter, with similar Tmean
distribution in spring and autumn. Under RCP8.5 scenario, the annual

mean Tmean is 8.38 °C with the highest in summer (19.48 °C) and lowest
in winter (− 4.35 °C), followed by spring and autumn (9.18 °C and
8.96 °C) (Table 1). The annual and seasonal mean Tmean under RCP4.5
and RCP2.6 is very close, which is slightly smaller than that under
RCP8.5 scenario.
During 2011–2040, the annual and seasonal Tmean under RCP8.5,
RCP4.5 and RCP2.6 emission scenarios behave similarly (Fig. 3). Under
RCP8.5 scenario, the annual Tmean has a warming rate of 0.43 °C/decade
(P b 0.05), and increases by 1.2 °C (Table 2). On the spatial distribution,
the high latitudes such as northeastern and northwestern China have
larger warming trends up to 1 °C/decade, while the warming in the
southern region is relatively smaller (about 0.2 °Cs/decade) (Fig. 4).
On the seasonal basis, the pronounced warming occurs in winter
(0.56 °C/decade), followed by summer (0.42 °C/decade), autumn
(0.36 °C/decade) and spring (0.32 °C/decade), respectively (Table 3).
The spatial trend distribution of the seasonal Tmean has a good

Fig. 4. Spatial trends of mean temperature in China for the period of 2011–2040 under RCP8.5, RCP4.5 and RCP2.6 on the annual and seasonal basis. The unit is °C/decade.
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Table 1
Means and their variances of mean, maximum and minimum temperature in China. The unit is °C.
Tmean

Tmax

2011–2040

RCP8.5

RCP4.5

RCP2.6

Annual
Spring
Summer
Autumn
Winter
Annual
Spring
Summer
Autumn
Winter
Annual
Spring
Summer
Autumn
Winter

2061–2090

2061–2090

2011–2040

2061–2090

Mean

Variance

Mean

Variance

Mean

Variance

Mean

Variance

Mean

Variance

Mean

Variance

8.38
9.18
19.48
8.96
−4.35
8.20
9.03
19.36
8.75
−4.59
8.23
9.14
19.26
8.65
−4.39

0.23
0.32
0.23
0.26
0.89
0.16
0.28
0.14
0.19
0.88
0.11
0.27
0.06
0.17
0.64

11.27
11.66
22.37
11.96
−1.14
9.38
10.10
20.37
9.85
−3.02
8.23
9.08
19.21
8.72
−4.34

0.47
0.50
0.44
0.62
1.16
0.11
0.27
0.15
0.15
0.81
0.12
0.26
0.07
0.27
0.52

13.35
14.42
23.88
13.94
0.89
13.19
14.30
23.74
13.73
0.75
13.24
14.41
23.66
13.68
0.99

0.24
0.32
0.24
0.33
0.96
0.18
0.27
0.17
0.21
1.05
0.13
0.28
0.08
0.21
0.72

16.25
16.86
26.84
16.96
4.13
14.38
15.32
24.77
14.90
2.31
13.24
14.33
23.60
13.75
1.03

0.45
0.47
0.46
0.61
1.21
0.13
0.28
0.19
0.17
0.94
0.15
0.28
0.08
0.32
0.65

3.85
4.05
15.18
4.72
−8.82
3.63
3.87
15.09
4.49
−9.15
3.65
3.98
14.98
4.37
−8.97

0.24
0.36
0.23
0.24
0.91
0.16
0.31
0.13
0.19
0.80
0.10
0.29
0.07
0.16
0.60

6.78
6.63
18.06
7.75
−5.57
4.83
5.00
16.08
5.56
−7.56
3.65
3.94
14.93
4.42
−8.92

0.51
0.56
0.46
0.65
1.19
0.12
0.29
0.15
0.16
0.76
0.10
0.27
0.07
0.24
0.47

consistency. Compared to RCP8.5, the annual and seasonal Tmean under
RCP4.5 and RCP2.6 scenarios also increase signiﬁcantly with the annual
rates of 0.29 °C/decade and 0.26 °C/decade respectively, contributed
mostly by winter (0.49 °C/decade and 0.36 °C/decade), while the
warming rates are lower than those under RCP8.5. The Tmean under
RCP4.5 has slight cooling in northeastern China, which is more obvious
in spring and autumn. The Tmean in the western region such as the TP
has increased for four seasons. Under RCP2.6, the Tmean a has slight
cooling in the western China, while positively increases in northeastern
China with the exception of summer.
The annual and seasonal mean Tmean in China under RCP8.5 scenario
at the end of the 21st century (2061–2090) will increase by 3 °C with relative to the period 2011–2040. The spatial patterns of Tmean are consistent
with the 2011–2040 period, where the temperature centers and the latitudinal gradients of temperature exist (Fig. 3). The annual mean Tmean
during 2061–2090 is 11.27 °C, with the maximum in summer
(22.37 °C) and the minimum in winter (−1.14 °C), followed by spring
and autumn (11.66 °C and 11.96 °C) (Table 1). Under RCP4.5 scenario,
the annual and seasonal mean Tmean during 2061–2090 will increase by
1 °C compared to the period of 2011–2040, with the similar spatial patterns with the previous period. The annual mean Tmean is 9.38 °C, with
the highest in summer (20.37 °C) and the lowest in winter (−3.02 °C).
Under RCP2.6 scenario during 2061–2090, the annual and seasonal
mean Tmean is approximately equal to the mean during 2011–2040, due
to the negative trends since the mid-21th century. The annual, summer
Table 2
Trends of mean, maximum and minimum temperature in China. The linear trends are calculated by Mann–Kendall slope estimator. Trends at the 5% level are marked in bold, and
the unit is °C/decade.
Tmean

RCP8.5 Annual
Spring
Summer
Autumn
Winter
RCP4.5 Annual
Spring
Summer
Autumn
Winter
RCP2.6 Annual
Spring
Summer
Autumn
Winter

Tmin

2011–2040

Tmax

and winter mean Tmean is 8.23 °C, 19.21 °C, and −4.34 °C, respectively,
which are obviously lower than those under RCP8.5 and RCP4.5 scenarios.
During 2061–2090, the annual and seasonal Tmean under RCP8.5 scenario shows consistent warming, and is more pronounced than the period of 2011–2040 (Fig. 3). The annual Tmean increases by 2.1 °C, with
the rate of 0.72 °C/decade. More warming occurs in northern China,
which is larger than the southern region and the Sichuan Basin. On
the seasonal basis, winter rises signiﬁcantly (0.55 °C/decade), followed
by autumn (0.75 °C/decade), summer (0.70 °C/decade) and spring
(0.62 °C/decade) (Table 2). The Tmean with the annual warming rate of
0.14 °C/decade (P N 0.05) is smaller than the 2011–2040 period. The
warming in winter is the largest (0.29 °C/decade), followed by spring
(0.15 °C/decade). Regions such as the northeast, northern Xinjiang
and southern TP have a weak cooling trend, while the middle and
lower reaches of the Yangtze River, as well as the eastern TP have positive trends, more pronounced in summer and autumn. Under RCP2.6
scenario, the Tmean is signiﬁcantly less than the RCP8.5 and RCP4.5 scenarios. The weak cooling occurs in mid-western TP, Xinjiang, Yunnan–
Guizhou Plateau, and only the northeastern region has a signiﬁcant
warming (Fig. 4). The annual trend of Tmean under RCP2.6 scenario is
not signiﬁcant, and only winter has positive warming (0.21 °C/decade),
and both spring and autumn have cooling trends in the whole region
(−0.10 °C/decade and −0.03 °C/decade).

Table 3
Statistics of mean, maximum and minimum temperature in China for different cases.

History Run

1961–1990

RCP8.5

2011–2040

Tmin

2011–
2040

2061–
2090

2011–
2040

2061–
2090

2011–
2040

2061–
2090

0.43
0.32
0.42
0.36
0.56
0.29
0.25
0.22
0.19
0.49
0.26
0.20
0.16
0.32
0.36

0.72
0.62
0.70
0.75
0.77
0.14
0.15
0.12
0.01
0.29
0.00
−0.10
0.02
−0.03
0.21

0.42
0.29
0.41
0.38
0.56
0.29
0.22
0.22
0.15
0.52
0.28
0.19
0.20
0.36
0.36

0.70
0.59
0.69
0.70
0.76
0.14
0.14
0.14
−0.03
0.31
0.01
−0.09
0.05
0
0.20

0.45
0.37
0.44
0.37
0.59
0.30
0.27
0.21
0.23
0.47
0.25
0.23
0.13
0.29
0.36

0.76
0.67
0.72
0.78
0.80
0.14
0.16
0.10
0.04
0.28
−0.01
−0.11
−0.01
−0.05
0.22

2061–2090

RCP4.5

2011–2040

2061–2090

RCP2.6

2011–2040

2061–2090

Tmin
Tmax
Tmean
Tmin
Tmax
Tmean
Tmin
Tmax
Tmean
Tmin
Tmax
Tmean
Tmin
Tmax
Tmean
Tmin
Tmax
Tmean
Tmin
Tmax
Tmean

Min

Max

Mean

Variance

Std.

1.64
11.31
6.26
2.69
12.17
7.23
5.62
15.26
10.27
3.00
12.43
7.51
4.25
13.68
8.76
3.10
12.58
7.64
2.96
12.45
7.50

2.70
12.34
7.28
4.91
14.53
9.48
8.04
17.54
12.53
4.35
13.93
8.90
5.61
15.12
10.15
4.18
13.98
8.83
4.39
14.17
9.06

2.18
11.85
6.80
3.85
13.35
8.38
6.78
16.25
11.27
3.63
13.19
8.20
4.83
14.38
9.38
3.65
13.24
8.23
3.65
13.24
8.23

0.09
0.07
0.07
0.24
0.24
0.23
0.51
0.45
0.47
0.16
0.18
0.16
0.12
0.13
0.11
0.10
0.13
0.11
0.10
0.15
0.12

0.29
0.27
0.27
0.49
0.49
0.48
0.72
0.67
0.69
0.40
0.43
0.40
0.34
0.35
0.34
0.31
0.36
0.32
0.32
0.39
0.35
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3.2. Maximum temperature
The annual and seasonal mean Tmax during 2011–2040 and 2061–
2090 under RCP8.5 emission scenario shows similar patterns to the
Tmean, which decreases gradually from the low latitude to the high latitude and is controlled by local topography. During 2011–2040, the
mean Tmax under RCP8.5 scenario is 13.35 °C, which is about 5 °C higher
than the Tmean. It is up to 23.88 °C in summer and 0.89 °C in winter, and
both are 4.4 °C and 5.2 °C higher than the Tmean. The mean Tmax for
spring and autumn is 14.42 °C and 8.96 °C, respectively (Table 1).
During 2061–2090, the Tmax gradually increases with the rising atmospheric greenhouse gas emissions. The annual mean Tmax under
RCP8.5 is 16.25 °C, and is about 3 °C higher than the 2011–2040 period.
It is about 26.84 °C in summer and 4.13 °C in winter, and both are about
3 °C and 3.2 °C higher than the 2011–2040 period, respectively. In
spring and autumn, it is 16.25 °C and 16.96 °C. Under RCP4.5, the annual
mean Tmax during 2011–2049 is 13.19 °C, and is 23.74 °C, 0.75 °C,
14.30 °C and 13.73 °C in summer, winter, spring and autumn, respectively. The mean Tmax shifts to higher values during 2061–2090, with
the value of 14.38 °C on the annual basis, which is about 1–2 °C higher
than the 2011–2040 period on the seasonal basis (Table 1). Under
RCP2.6, the mean Tmax is lower than that under RCP2.6. The annual
mean Tmax during 2011–2040 reaches to 13.24 °C, and is about 5×
higher than the values under RCP8.5 and RCP4.5. The highest/lowest
mean Tmax occurs in summer (23.66 °C)/winter (0.99 °C), and both
are slightly larger than those under RCP4.5. During 2061–2090, the annual mean Tmax is 13.24 °C, which is the same with the 2011–2040

period, with the largest value in summer (23.60 °C) and the lowest
value in winter (1.03 °C).
The annual Tmax in China under RCP8.5 increases by 1.2 °C, with the
rate of 0.42 °C/decade during 2011–2040 (Fig. 5). Regions such as the
north of the Yellow River and northeastern China show general
warming, and the largest warming greater than 0.8 °C/decade occurs
in the most northern part of Xinjiang, while the southern parts represent slight warming (Fig. 6). During the 2011–2040 period, the largest
warming is in winter (0.56 °C/decade), followed by summer (0.41 °C/
decade), autumn (0.38 °C/decade) and spring (0.29 °C/decade)
(Table 2). In most cases, the seasonal trend patterns are closer to the
annual basis. For example, the Tmax increases in spring mainly located
in southern China and the most parts of the TP with the rate of 0.6–
0.8 °C/decade, and decreases mainly concentrate on the southwest
region with rate of − 0.2–0.4 °C/decade. In summer, the pronounced
warming occurs in the northeastern region. During the period of
2061–2090, the annual Tmax increases with a rate of 0.70 °C/decade
(reached a signiﬁcant level test), mostly contributed by winter
0.76 °C/decade, followed by autumn (0.70 °C/decade), summer
(0.69 °C/decade) and spring (0.59 °C/decade) (Table 2). Both annual
and seasonal Tmax increases faster than the 2011–2040 period, and the
west of China especially the TP is more sensitive, suggesting that the
ecologically fragile areas are more susceptible to the effects of global
warming.
Under RCP4.5, the annual Tmax during the 2011–2040 period has
increased with the warming amplitude of 0.29 °C/decade (P b 0.05)
(Fig. 5). It increases in western China, especially at the junction among

Fig. 5. Same as Fig. 3 but for maximum temperature.

Q. You et al. / Global and Planetary Change 112 (2014) 53–63

Tibet, Qinghai and Sichuan province, where it shows signiﬁcant
warming trend of 0.6–0.8 °C/decade (Fig. 6). The southern parts have
a slight warming and the cooling trend is in the northeastern region
with the rate of − 0.2–0.4 °C/decade. On the seasonal basis, winter
warming (0.52 °C/decade) is most pronounced, and strong warming
(up to 1 °C/decade) is in western China, the North China Plain and the
Yangtze River region, and cooling trend occurs in the southern coastal
areas (up to −0.2 °C/decade). The mean summer warming of 0.22 °C/
decade occurs mostly in the northern TP and parts of northern Xinjiang
(up to 0.6–0.8 °C/decade). The warming rates for spring and autumn
are 0.22 °C/decade and 0.15 °C/decade, respectively, and the
junction of Tibet, Qinghai and Sichuan shows signiﬁcant warming
trends. During 2061–2090, the annual Tmax has a warming of 0.14 °C/
decade (P b 0.05). Winter warming remains the largest amplitude
(0.31 °C/decade), followed by summer (0.14 °C/decade), spring
(0.14 °C/decade) and autumn (− 0.03 °C/decade) (Table 2). Annual
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and seasonal warming during 2061–2090 is far lower than those during
the 2011–2040 period, and cooling region has been expanded and
strengthened, especially in northeastern China and northern Xinjiang.
Under RCP2.6, the annual Tmax during 2011–2040 increases by
1.1 °C, with a warming rate of 0.28 °C/decade (reached a signiﬁcant
level test) (Fig. 5). The northeastern region shows general warming of
up to 0.6 °C/decade. During 2011–2040, winter shows the largest
warming (0.36 °C/decade), followed by autumn (0.36 °C/decade), summer (0.20 °C/decade) and spring (0.19 °C/decade). Warming is located
in the eastern region of longitude 100 °C, especially in the northeastern
region, and the variation of temperature is up to 0.6–0.8 °C/decade.
Cooling is mainly in the western regions of China, such as Xinjiang
and southern plateau (−0.2 °Cdecade). Summer warming focuses on
the southern coastal province and the northern region of Xinjiang
(about 0.6 °C/decade), and there is a decreasing trend in the central
TP (− 0.2 °C/decade). The autumn warming occurs in the whole

Fig. 6. Same as Fig. 4 but for maximum temperature.
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country, especially in the North China Plain region. Winter shows the
overall warming in the whole country, and the Huang-Huai-Hai Plain
and western China show signiﬁcant warming trends. During 2061–
2090, the annual and seasonal Tmax has no overall trends, but most
parts show cooling trends leading to the small mean trends. The annual
Tmax only shows a warming magnitude of only 0.01 °C/decade
(P N 0.05), and northeastern China and Inner Mongolia show warming
trends with evident cooling in the central China. The overall trends
for spring, summer, autumn and winter are −0.09 °C/decade, 0.05 °C/
decade, 0 and 0.20 °C/decade, respectively, and only winter warming
is signiﬁcant (Table 2).
3.3. Minimum temperature
Under RCP8.5, the annual and seasonal mean Tmin during 2011–
2040 is closer to the period of 2061–2090, which shows similar
to the mean Tmean and Tmax (Table 1). During 2011–2040, the
annual mean Tmin under RCP8.5 is 3.85 °C, which is 3.5 °C lower than
mean Tmean and 8.5 °C lower than the mean Tmax. It is up to 15.18 °C
and − 8.82 °C in summer and winter, and is about 3.3 °C and 4.5 °C
lower than the mean Tmean, respectively. In spring and autumn, it
is 4.05 °C and 4.72 °C, respectively. During 2061–2090, the
annual mean Tmin is 6.78 °C, and is 2.9 °C higher than the 2011–2040
period, with the highest in summer (18.06 °C) and the lowest in winter
(−5.57 °C), and both are 2.9 °C and 3.3 °C higher than the 2011–2040
period, respectively. In spring and autumn, the mean Tmin is 16.25 °C
and 16.96 °C, respectively. Under RCP4.5, the annual mean Tmin during

2011–2040 is 3.63 °C, and is 4.6 °C lower than the mean Tmean and
9.6 °C lower than the mean Tmax under RCP8.5. It is about 15.09 °C in
summer, 0.75 °C in winter, and 3.87 °C and 4.49 °C in spring and
autumn, respectively. During 2061–2090, the annual mean Tmin
under RCP4.5 is 4.83 °C, and is about 1.2 °C higher than the 2011–
2040 period. It has the highest in summer (16.08 °C) and the lowest
in winter (−7.56 °C), which is 1 °C and 1.6 °C higher than the 2011–
2040 period. It is 5 °C and 5.56 °C in spring and autumn, respectively.
Under RCP2.6, the annual and seasonal Tmin is signiﬁcantly lower than
those under RCP8.5 scenario. During 2011–2040, the annual mean
Tmin is 3.65 °C, and is about 4.6 °C lower than the mean Tmean and
9.6 °C lower than the mean Tmax. It is up to 14.98 °C in summer and
− 8.97 °C in winter, followed by 3.98 °C and 4.37 °C in spring and
autumn, respectively. During 2061–2090, the annual mean Tmin under
RCP2.6 is also 3.65 °C, which is the same with the 2011–2040 period
(Table 1).
(See Fig. 7) Under RCP8.5, the annual Tmin during 2011–2040 shows
a warming magnitude of 0.45 °C/decade (P b 0.05), and the north of the
Yellow River and the northeastern region have general warming (Figs. 7
and 8). During 2011–2040, winter has more warming (0.59 °C/decade),
followed by summer (0.44 °C/decade), autumn (0.37 °C/decade) and
spring (0.37 °C/decade) (Table 2). The sharpest warming is mainly
located over the TP in spring with the variation of temperature up to
0.6–0.8 °C/decade. Overall warming in whole China is in summer, and
the rapid warming regions are the northeastern region and northern region of Xinjiang (up to 0.8 °C/decade). For the majority of regions, it has
increased in autumn, especially in the TP and the northeastern region,

Fig. 7. Same as Fig. 3 but for minimum temperature.
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and the cooling focuses mainly in the middle and lower reaches of the
Yangtze River Plain (Fig. 8). Winter demonstrates the largest warming,
especially in the northeastern region and the TP. For the period of 2061–
2090, the annual Tmin increases with a rate of 0.76 °C/decade, reached
a signiﬁcant level test. Winter remains the largest warming (0.80 °C/
decade), followed by autumn (0.72 °C/decade), summer (0.72 °C/
decade) and spring (0.62 °C/decade) (Table 2).
Under RCP4.5 the annual Tmin during 2011–2040 shows warming of
0.30 °C/decade, and the largest warming occurs in the western regions
of China, especially in the junction among Tibet, Qinghai and Sichuan
(0.6–0.8 °C/decade) (Fig. 8). During 2011–2040, winter has pronounced
warming (0.47 °C/decade), and Inner Mongolia, the Loess Plateau, the
North China Plain, northern Xinjiang and the southern TP strongly
demonstrate warming (1 °C/decade), and the northeastern region and
the southern coastal areas have weak cooling trends of about −0.2 °C/
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decade. It is 0.21 °C/decade in summer with an increase of up to
0.6 °C/decade in the northern Xinjiang and a slight cooling trend in
the Inner Mongolia (− 0.2 °C/decade). Spring has a warming of
0.27 °C/decade, mainly in southern TP and Xinjiang with an increase
of up to 0.6 °C/decade, and cooling is particularly evident up to −0.6–
0.8 °C/decade in northeastern China. Autumn with a rate of 0.23 °C/
decade mainly focuses at the junction among Tibet, Qinghai and Sichua.
The rates are 0.7 °C/decade and 0.23 °C/decade in spring and autumn.
During 2061–2090, the annual Tmin has a warming of 0.14 °C/decade
(P b 0.05), and winter warming remains the largest (0.28 °C/decade),
followed by spring (0.16 °C/decade), summer (0.10 °C/decade) and
autumn (0.04 °C/decade) (Table 2). The annual and seasonal Tmin
during 2061–2090 is lower than those during 2011–2040, and the
warming is most signiﬁcant in the northeastern region and northern
Xinjiang.

Fig. 8. Same as Fig. 4 but for minimum temperature.
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4. Discussions and conclusion
In this study, the trends Tmean, Tmax and Tmin have been analyzed in
China from simulations of Max Planck Institute, Earth Systems Model
of low resolution (MPI-ESM-LR) model within the Coupled Model Intercomparison Project Phase 5 (CMIP5) (Taylor et al., 2012). The simulations during 2006–2100 consist of the outputs from a high emission
scenario (RCP8.5), a midrange mitigation emission scenario (RCP4.5),
and a low emission scenario (RCP2.6) (Moss et al., 2010; Taylor et al.,
2012). The periods of 2011–2040 and 2061–2090 are concentrated on
the analysis. The Tmean will keep consistent warming under RCP8.5
emission scenario during 2006–2100, and the warming in northern
China is most pronounced and least pronounced in the southeastern
part, which are mostly contributed by winter. The patterns of warming
are consistent with the temperature observations and temperature extremes in the recent studies (Qian and Lin, 2004; Ren et al., 2011a,
2011b; You et al., 2011). During 2011–2040, the distribution of mean
Tmean under RCP4.5 and RCP2.6 is similar to that under RCP8.5, and
the spatial patterns of trends are uniform and exist uncertainties.
Similar uncertainties in the projected Tmean have been detected in
northwestern China, and further work is required to detect, attribute,
understand and reduce the uncertainties (Shi et al., 2007). During
2061–2090, the annual and seasonal Tmean under RCP4.5 scenario has
a weak warming, and the four seasons have similar characteristics
with the large differences in some regions. Under RCP2.6, the Tmean
has cooling trends in spring, summer and autumn, with warming in
winter.
Under RCP8.5, the annual and seasonal mean Tmax during 2011–
2040 and 2061–2090 is about 5 °C higher than the mean Tmean, but
the distributions are closer to the Tmean. Annual and seasonal Tmax has
positive trends, and the spatial patterns of trends are similar in most
cases, but the trends are faster than the observations in China during
1955–2000 (0.13 °C/decade) (Liu et al., 2004) and the Northern

Hemisphere during 1950–1993 (0.087 °C/decade) (Easterling et al.,
1997). It is clear that the higher latitudes and altitudes have larger
warming trend magnitudes, where the ampliﬁcation of the regions is
probably due to ice/albedo feedbacks (You et al., 2008b; Lu et al.,
2010). For example, the TP has the largest snow/ice cover in China,
and the changes of snow surface and turbulent heat ﬂuxes at the
snow surface regulate the energy exchange between the land surface
and the atmosphere and signiﬁcantly affect the distribution of diabatic
heating in the atmosphere (Lu et al., 2010). Under RCP4.5, northeastern
China represents cooling trends but western China displays warming
trends. Under RCP2.6, the Tmax has a pronounced warming in northeastern China and rapid cooling in most regions in China except winter.
Under RCP2.6, the projected Tmax is highly asymmetrical in China,
with larger increases in north of China.
The Tmin under RCP8.5, RCP4.5 and RCP2.6 scenarios during 2011–
2040 and 2061–2090 have differences. It is found that northeastern
China, the TP, northern Xinjiang and the southern coastal areas are
sensitive and susceptible to the greenhouse gas emissions. This is in
agreement with the observations in China and suggest that the changes
of Tmin are of great importance for climate change (Liu et al., 2004,
2011). Overall, the Tmin almost increases the same as the Tmean and
Tmax, which is inconsistent with the observations on the global and
regional basis (Karl et al., 1993; Easterling et al., 1997; Bhutiyani et al.,
2007). Thus, the simulations fail to capture the asymmetric phenomenon between Tmax and Tmin. In the previous studies, the Tmax rises
about four times higher than the Tmin in the northwestern Himalaya
during the 20th century (Bhutiyani et al., 2007), which are in striking
contrast to the results in the TP (You et al., 2011), China (Liu et al.,
2004, 2011). Studies in the TP and China have shown that the Tmin increases rapidly than the Tmax, which conﬁrm the results on the global
scales (Karl et al., 1993; Easterling et al., 1997).
In a future scenario under RCP8.5, RCP4.5 and RCP2.6, the changes of
Tmean, Tmax and Tmin in China can be reﬂected by the probability

Fig. 9. Probability distribution function (PDF) of mean temperature, maximum temperature and minimum temperature in China under RCP8.5, RCP4.5 and RCP2.6 for three reference
periods (1961–1990, 2011–2040 and 2011–2040, respectively).
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distribution function (PDF) for the periods 1961–1990, 2011–2040 and
2061–2090 (Fig. 9), which correspond to the concentration of greenhouse gases in the atmosphere (Ding et al., 2007; IPCC, 2007), consistent
with the radiative forcing trajectories in the representative concentration pathway (Moss et al., 2010). Compared with the historical run
(1961–1990), the statistics of mean, maximum and minimum temperature under RCP8.5, RCP4.5 and RCP2.6 are changed (Table 3), which
conﬁrmed the results of Fig. 9. By 19 global climate system models
including all radiative forcing, it is found that the solar forcing and
volcanic activity, as well as interactions between air and sea may be
responsible for the temperature change in China (Zhou and Yu, 2006).
On the other hand, there are evidences conﬁrmed by the percentage
of urban population and satellite-measured greenness that the temperature in China has been contributed by the rapid industrialization and
urbanization (Zhou et al., 2004). Thus, these reasons for temperature
change are associated with the accuracy of models and uncertainty of
projections in reproducing temperature trends. The chaotic climate variability from the inherent nonlinear climate system can also cause the
uncertainties for the projections in the models (Wang et al., 2012).
Therefore, more attention should be paid to causes of temperature,
since an understanding of causes is essential to reduce the uncertainties
of models and improves the accuracies of projections.
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