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1.  INTRODUCTION

The Fifth Assessment Report (AR5) of the Intergov-
ernmental Panel on Climate Change (IPCC) states
that the global average surface temperature in -
creased by 0.85°C (0.65−1.06°C) over the period of
1880− 2012, and that the observed warming that has
occurred since the mid-20th century was likely
caused by the combination of anthropogenic in -
creases in greenhouse gas concentrations and other
anthropogenic forcings (IPCC 2013). Based on a new
set of scenarios of the Representative Concentration

Pathways (RCPs), under which atmospheric CO2 con-
centrations are higher in 2100 relative to the present
day as a result of a further increase in cumulative
emissions of CO2 into the atmosphere during the 21st
century, the increase in global mean surface temper-
ature for 2081−2100 relative to 1986−2005 is pro-
jected to be 0.3−4.8°C (IPCC 2013). To stabilize
atmospheric greenhouse gas concentrations at a
level that would prevent dangerous interference
with the climate system, the most prominent target
widely discussed is to keep warming below 2°C rela-
tive to pre-industrial levels (Randalls 2010). This tar-
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changes are projected to be smaller than the natural internal variability. Using the 5−95% range
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(−0.5 to 1.4), respectively.
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get should be achieved within a time frame sufficient
to allow ecosystems to adapt naturally to climate
change, to ensure that food production is not threat-
ened, and to enable economic development to pro-
ceed in a sustainable manner. The 2°C temperature
target has become a foundation of climate change
negotiations since it was listed as the desirable tem-
perature target in the 2009 Copenhagen Accord, and
subsequently adopted in the 2010 Cancun Agree-
ments (Randalls 2010, Collins et al. 2013).

Recently, increasing attention has been paid to
regional climate change (Christensen et al. 2013).
Regional climates are the result of complex processes
that vary strongly with location, and therefore re -
spond differently to changes in global-scale influ-
ences (Christensen et al. 2013). Thus, for China, a
comprehensive picture of the consequences of a 2°C
warmer climate is essential for decision makers. Pre-
vious research concerning the 2°C target focused on
the time when the global warming of 2°C was
expected to occur (Kaplan & New 2006, Joshi et al.
2011, Zhang 2012, Zhang et al. 2013), the emissions
pathways consistent with a 2°C global temperature
limit (Meinshausen et al. 2009, Rogelj et al. 2011,
Peters et al. 2013), and associated global or regional
climate change accompanying a global warming of
2°C (Kaplan & New 2006, Giannakopoulos et al.
2009, Joshi et al. 2011, Anderson 2012, Jiang & Fu
2012, May 2012, Lang & Sui 2013, Vautard et al.
2014). Note that all of the projections for the year in
which the 2°C global warming is projected to occur
are relative to a particular period in the past ~150 yr,
during which external forcings were time-evolving
(Taylor et al. 2012). Such an approach is in conflict
with the point that the 2°C target is relative to pre-
industrial levels. Thus, the last point of the pre-
 industrial era at which external forcings were fixed at
non-evolving pre-industrial conditions (Taylor et al.
2012), circa 1850, is considered as the reference
period in this work.

For the latest RCP scenarios, the possible changes
in regional climate over China associated with a 2°C
global increase in temperature have so far not been
investigated in detail, especially in terms of the sig-
nificance of local changes relative to natural internal
variability. The climate in any particular location can
be highly variable (Mahlstein et al. 2011), raising the
question of whether local changes in China under a
global warming of 2°C will be sufficiently noticeable
for people beyond the changes experienced as a
result of natural variability. It is well known that on a
global scale, the greatest increase in temperature is
expected to occur in high latitudes, but high latitudes

are also subject to the largest variability, delaying the
emergence of significant changes in these regions. In
contrast, the earliest emergence of significant warm-
ing has occurred in the summer season in low lati-
tudes, where the smallest variability exists (Mahl -
stein et al. 2011, Hawkins & Sutton 2012). The time of
emergence of temperature and precipitation signals
over China has been investigated under RCP4.5
through the end of the 21st century (Sui et al. 2014),
but it remains an open question whether the local
temperature and precipitation changes that are pro-
jected to occur under a 2°C global warming in this
area will exceed the natural internal variability.

Based on these premises, this paper presents an
analysis of climate change over China under the 2°C
target from the perspective of the Coupled Model
Intercomparison Project Phase 5 (CMIP5) experi-
ments. The key questions we address are: (1) what
are the possible changes in temperature and precipi-
tation over China associated with a 2°C global warm-
ing, (2) will these local changes exceed the natural
internal variability, and (3) what is the level of uncer-
tainty among the CMIP5 models?

2.  DATA AND METHODS

2.1  Data

Data from 39 global climate models (GCMs) are
currently available from the World Climate Research
Programme’s CMIP5. All 39 GCMs performed the
pre-industrial control run, the 20th century ex -
periment with all forcings (i.e. the ‘historical run’),
and projection simulations forced by the RCP4.5 and/
or RCP8.5 scenarios under the set of experiments de -
scribed by Taylor et al. (2012). RCP4.5 is a medium
stabilization scenario that stabilizes radiative forcing
at 4.5 W m−2 by 2100, while RCP8.5 is a high, busi-
ness- as-usual emissions scenario that in creases radi -
ative forcing to 8.5 W m−2 by 2100 (Moss et al. 2010).
These climate model data are freely available at the
Program for Climate Model Diagnosis and Intercom-
parison website (http:// pcmdi9. llnl.gov). We use only
the first run of each model in order to treat all of the
models equally, if multiple realizations for the same
experiment exist. Basic information on the 39 GCMs
and their experiments is given in Table 1. The range
of horizontal resolutions of the GCMs varies from
0.75 × 0.75° to 3.75 × 3.75°, and their mid-range level
is about 2.2 × 1.8°. The lengths of the pre-industrial
control runs range from 240−1051 yr, and the length
of most GCMs exceed 500 yr. The historical run
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period for most of the GCMs is 1850−2005, except
GFDL-CM3, HadGEM2-AO, HadGEM2-CC,
HadGEM2-ES, GFDL-ESM2G and GFDL-ESM2M.
The period for the projection simulations spans
2006−2100.

The observed dataset used to assess
the GCMs’ abilities in simulating the
present climate is a 0.5 × 0.5° daily tem-
perature and precipitation dataset over
China (Wu & Gao 2013, hereafter re-
ferred to as CN05.1) during the period
1986− 2005. Based on the range of hori-
zontal resolutions of the 39 GCMs, all
simulation and observation data were
re-gridded to a relatively mid-range
horizontal grid resolution of 2 × 2°
using a bilinear interpolation algo-
rithm. Seasonal ana lyses were per-
formed according to common proce-
dure for  winter (December− January−
February; DJF), spring (March−April−
May; MAM), summer (June− July−
August; JJA) and autumn (September−
October− November; SON).

2.2  Methods

To objectively identify the year in
which a 2°C global warming will oc cur,
we first assessed whether the GCMs
could satisfactorily reproduce the ob -
served trend in global mean tempera-
ture that has occurred in the recent
past. We set a ±0.305°C deviation from
0.61°C (the observed warming between
the averages of the periods 1986−2005
and 1850− 1900 based on the Hadley
Centre/Climate Re search Unit gridded
surface temperature data set 4; IPCC
2013) (i.e. 0.305− 0.915°C), as threshold
values to identify relatively satisfactory
GCMs. As shown in the last column of
Table 1, the warming simulated by the
39 GCMs ranges from 0.272−1.087°C.
Thus, 7 GCMs (i.e. BCC-CSM1.1, BCC-
CSM1.1(m), BNU-ESM, CCSM4, GISS-
E2-H-CC, HadGEM2-CC, and IPSL-
CM5A-LR) were excluded from
sub sequent analysis.

Next, we identified whether the re -
maining 32 GCMs could satisfactorily
simulate the climatological tempera-

ture and precipitation over China using a Taylor dia-
gram (Fig. 1) (Taylor 2001). Following Sui et al.
(2014), 2 preconditions were used: (1) that the spatial
correlation coefficient between each simulation and
observation was positive and statistically significant
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Model  Model name             Atmospheric Length of run analyzed    ΔT
ID                                              horizontal    Pre-industrial  Historical  (°C)
                                                  resolution       control run          run 
                                                                          (model yr)       (period)

1            ACCESS1.0                  192 × 145       300−799     1850−2005   0.540
2            ACCESS1.3                  192 × 145       250−749     1850−2005   0.393
3a          BCC-CSM1.1               128 × 64             1−500     1850−2005   0.969
4a          BCC-CSM1.1(m)         320 × 160           1−400     1850−2005   1.010
5a          BNU-ESM                    128 × 64       1450−2008   1850−2005   1.087
6            CanESM2                     128 × 64       2015−3010   1850−2005   0.793
7a          CCSM4                        288 × 192       250−1300   1850−2005   0.963
8            CESM1(BGC)              288 × 192       101−600     1850−2005   0.900
9b          CESM1(CAM5)           288 × 192           1−319     1850−2005   0.484
10a,c       CMCC-CESM               96 × 48       4324−4600   1850−2005   0.345
11          CMCC-CM                  480 × 240     1550−1879   1850−2005   0.589
12          CMCC-CMS                192 × 96       3684−4183   1850−2005   0.495
13          CNRM-CM5                256 × 128     1850−2699   1850−2005   0.638
14          CSIRO-Mk3.6.0           192 × 96             1−500     1850−2005   0.496
15b,c       EC-EARTH                  320 × 160     2386−2550   1850−2005   0.883
16a        FGOALS-g2                 128 × 60             1−900     1850−2005   0.583
17a        FIO-ESM                      128 × 64         401−1200   1850−2005   0.857
18          GFDL-CM3                  144 × 90             1−500     1860−2005   0.400
19          GFDL-ESM2G             144 × 90             1−500     1861−2005   0.669
20          GFDL-ESM2M            144 × 90             1−500     1861−2005   0.653
21a        GISS-E2-H                   144 × 90       2410−2949   1850−2005   0.865
22a        GISS-E2-H-CC            144 × 90       2081−2331   1850−2005   1.019
23b        GISS-E2-R                    144 × 90       3981−4530   1850−2005   0.585
24b        GISS-E2-R-CC             144 × 90       2050−2300   1850−2005   0.701
25b        HadGEM2-AO            192 × 145           1−700     1860−2005   0.579
26a        HadGEM2-CC             192 × 145     1860−2099   1860−2005   0.272
27          HadGEM2-ES              192 × 145     1860−2434   1860−2005   0.399
28          INM-CM4                    180 × 120     1850−2349   1850−2005   0.595
29a        IPSL-CM5A-LR             96 × 96       1800−2799   1850−2005   1.066
30          IPSL-CM5A-MR          144 × 143     1800−2099   1850−2005   0.855
31          IPSL-CM5B-LR              96 × 96       1830−2129   1850−2005   0.899
32          MIROC5                       256 × 128     2000−2669   1850−2005   0.501
33a        MIROC-ESM               128 × 64       1800−2429   1850−2005   0.736
34a        MIROC-ESM-CHEM  128 × 64       1846−2100   1850−2005   0.640
35          MPI-ESM-LR               192 × 96       1850−2849   1850−2005   0.863
36          MPI-ESM-MR              192 × 96       1850−2849   1850−2005   0.874
37          MRI-CGCM3               320 × 160     1851−2350   1850−2005   0.412
38          NorESM1-M                144 × 96         700−1200   1850−2005   0.567
39b        NorESM1-ME              144 × 96         901−1152   1850−2005   0.529

aModels not chosen for analysis; bmodels which do not have ouput of daily
temperature and precipitation data; cmodels which do not have output of
the RCP4.5 run

Table 1. Basic information on the 39 Coupled Model Intercomparison Project
Phase 5 (CMIP5) global climate models used in this study. All Representative
Concentration Pathway 4.5 (RCP4.5) and 8.5 (RCP8.5) runs were over the pe-
riod 2006−2100, except where indicated. The last column is the difference in
global mean annual temperature for 1986−2005 relative to 1850−1900 for 33
global climate models (GCMs), 1860−1900 for GFDL-CM3, HadGEM2-AO,
HadGEM2-CC and HadGEM2-ES, and 1861−1900 for GFDL-ESM2G and
GFDL-ESM2M, respectively. Bold values fall into the range of 0.61±0.305°C
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at the 99% confidence level based on 240 grid points
over China, and (2) that the normalized centered
root-mean-square difference was smaller than 0.50
for temperature and 1.50 for precipitation. For tem-
perature, Fig. 1a shows that the spatial correlation
coefficients ranged from 0.86−0.99, all of which were
statistically significant at the 99% confidence level.
Normalized centered root-mean-square differences
ranged from 0.19−0.66, with only the values of
CMCC-CESM, FGOALS-g2, MIROC-ESM and
MIROC-ESM-CHEM being greater than 0.50. For
precipitation, the spatial correlation coefficients
ranged from 0.01−0.93 (Fig. 1b). Apart from FIO-
ESM, the spatial correlation coefficients of all the
other 31 GCMs were statistically significant at the
99% confidence level. Normalized centered root-
mean-square differences ranged from 0.45−1.82,
with the values of FIO-ESM and GISS-E2-H being
greater than 1.50. In this way, 26 GCMs that passed
the criteria of both temperature and precipitation
were deemed to be satisfactory models, and were
used in the subsequent analysis. Although the per-
formance of these 26 GCMs in simulating the present
temperature and precipitation over China was ac -
cept able, there are still some biases between obser-

vation and GCMs. For example, most GCMs have
topo graphy-related cold biases, excessive precipita-
tion, an overestimated magnitude and spatial vari-
ability in inter-annual temperature and precipitation
variability over the country (Xu & Xu 2012, Chen &
Frauenfeld 2014a,b, Jiang et al. 2015).

As for the model ensemble, simple averages and
medians are widely used, as in the IPCC AR5 and
reliability ensemble average (Xu et al. 2010). Both
the mean and median of multiple GCMs over China
are little affected by filtering GCMs in terms of their
ability, and outperform most of individual GCMs
(Jiang et al. 2015). All of these ensemble methods are
consistent in terms of the broad-scale distribution of
changes. Though the reliability ensemble averaging
method produces a finer scale structure, the median
of multiple GCMs is a simple method and is widely
used in the IPCC AR5. In addition, the median of
multiple GCMs corresponds to the 5−95% range that
is used to measure inter-model uncertainty. Thus, in
our work we used the median of multiple GCMs.

The signal-to-noise ratio is an important metric for
comparing local changes with their natural internal
variability (Hawkins & Sutton 2012). Estimating the
signal-to-noise ratio of any climate variable requires
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Fig. 1. Taylor diagram displaying normalized pattern statistics of climatological annual and seasonal mean (a) surface air tem-
perature and (b) precipitation in China between 32 global climate models and observation for the reference period 1986−2005.
Each number represents a model ID (see Table 1). The reference (REF) indicates observation from CN05.1. Black, blue, green,
red and orange numbers show the annual, winter (DJF), spring (MAM), summer (JJA) and autumn (SON) means, respectively.
The correlation coefficient between a model and the reference is given by the azimuthal position of the model, with oblique dot-
ted lines showing the 99% confidence level. The normalized standard deviation of a model is the radial distance from the origin,
with cambered dashed lines showing the value of 1.00. The normalized centered root-mean-square difference between a model
and the reference is their distance apart, with cambered solid lines showing values of (a) 0.50 and (b) 1.50. In short, the nearer 

the distance between a number and REF, the better the performance of the corresponding model
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estimating both the climate change signal and the
climate noise. In this work, climate change signals
are the changes in temperature and precipitation as-
sociated with a 2°C global warming relative to 1986−
2005, a widely used reference period (IPCC 2013). As
mentioned previously, the 2°C global warming is
considered with respect to pre-industrial times in our
work, and the corresponding baseline period is the
last 200 yr of the pre-industrial control run. Towards
the steady time at which 2°C global warming will oc-
cur and the steady climate change signal, the global
mean temperature series from 2006−2100 under RCP
scenarios are first smoothed by a 9 yr running mean
to filter out the inter-annual variability of tempera-
ture. The climate noise is the natural internal vari-
ability of the climate system that occurs in the ab-
sence of external forcing and in cludes processes
intrinsic to the atmosphere, the ocean, and the cou-
pled ocean−atmosphere system (Deser et al. 2012).
Following Hawkins & Sutton (2012), we estimated

the noise using the inter-annual standard deviation
of the time series for the last 200 yr of the pre-indus-
trial control run (i.e. the natural inter-annual variabil-
ity), and the time series were linearly detrended to
exclude the drift from the pre-industrial control simu-
lation (Sen Gupta et al. 2013). The signal and the
noise of both temperature and precipitation were cal-
culated separately for each GCM at each grid cell.

3.  RESULTS

3.1.  Greenhouse gas concentrations under a 2°C
global warming

The projected years in which global warming will
exceed 2°C above pre-industrial levels under RCP4.5
and RCP8.5 for each of the 25 and 26 satisfactory
GCMs, respectively, are presented in Table 2. Under
RCP4.5, 21 out of 25 GCMs simulate a global warm-
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Model name                                 RCP4.5                                                                RCP8.5
                                Year    CO2-eq   KP CO2-eq   CO2     CH4     N2O           Year    CO2-eq   KP CO2-eq   CO2     CH4    N2O
                                            (ppm)         (ppm)      (ppm)   (ppb)    (ppb)                       (ppm)         (ppm)      (ppm)   (ppb)  (ppb)

ACCESS1.0            2061       554             599          511      1796      357            2045       585             639          513      2563    361
ACCESS1.3            2059       550             595          507      1805      356            2044       577             630          508      2529    359
CanESM2               2032       465             510          440      1834      339            2027       463             518          438      2066    339
CESM1(BGC)         2042       500             544          466      1842      345            2031       485             540          452      2154    343
CESM1(CAM5)      2050       526             570          487      1833      351            2041       553             607          494      2431    355
CMCC-CM            2055       540             584          498      1821      354            2046       593             647          519      2597    362
CMCC-CMS          2053       535             579          494      1827      352            2042       561             615          499      2463    357
CNRM-CM5           2054       538             582          496      1824      353            2042       561             615          499      2463    357
CSIRO-Mk3.6.0     2050       526             570          487      1833      351            2046       593             647          519      2597    362
EC-EARTH                                                                                                         2036       517             571          472      2281    349
GFDL-CM3            2055       540             584          498      1821      354            2048       610             665          529      2668    365
GFDL-ESM2G        N/A       N/A            N/A         N/A     N/A     N/A           2058       704             764          590      3014    378
GFDL-ESM2M       N/A       N/A            N/A         N/A     N/A     N/A           2055       675             732          571      2917    374
GISS-E2-R              N/A       N/A            N/A         N/A     N/A     N/A           2051       637             693          546      2777    369
GISS-E2-R-CC       N/A       N/A            N/A         N/A     N/A     N/A           2048       610             665          529      2668    365
HadGEM2-AO       2044       507             550          471      1841      347            2043       569             622          504      2496    358
HadGEM2-ES        2051       529             573          489      1831      351            2039       538             592          485      2368    353
INM-CM4               2081       576             622          531      1664      366            2055       675             732          571      2917    374
IPSL-CM5A-MR    2030       457             504          435      1830      337            2031       485             540          452      2154    343
IPSL-CM5B-LR      2057       545             590          503      1813      355            2043       569             622          504      2496    358
MIROC5                 2080       576             621          531      1672      366            2051       637             693          546      2777    369
MPI-ESM-LR          2047       517             560          479      1838      349            2038       531             585          481      2338    351
MPI-ESM-MR        2048       520             563          481      1836      349            2042       561             615          499      2463    357
MRI-CGCM3         2087       576             623          533      1628      368            2054       665             722          564      2884    373
NorESM1-M           2075       574             620          529      1710      364            2050       628             683          541      2740    367
NorESM1-ME        2068       566             612          522      1758      360            2047       602             656          524      2632    363
Median                   2059       550             595          507      1805      356            2045       585             639          513      2563    361

Table 2. The year in which a 2°C global warming occurs according to the 26 individual global climate models and their medi-
ans under Representative Concentration Pathways 4.5 (RCP4.5) and 8.5 (RCP8.5), as well as the corresponding atmospheric
greenhouse gas (including CO2, CH4 and N2O) concentrations, CO2-equivalent concentrations that aggregate all anthro-
pogenic forcings including greenhouse gases, aerosols and tropospheric ozone etc. (CO2-eq) and CO2-equivalent concentra-
tions that only aggregate greenhouse gases controlled under the Kyoto Protocol (KP CO2-eq). N/A: the 2°C global warming 

will not occur in the 21st century; blank cells: no data available
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ing above 2°C to occur during the 21st century, rang-
ing from the years 2032−2087, whereas the global
mean temperature increases but does not reach 2°C
ac cording to the remaining 4 GCMs. When 2°C glo -
bal warming occurs, atmospheric CO2, CH4 and N2O
concentrations for the 21 GCMs under RCP4.5 will be
440−533 ppm, 1834−1628 ppb and 339− 368 ppb,
respectively. The corresponding CO2-equivalent
concentrations (aggregating all anthropogenic forc-
ings, including greenhouse gases, aerosols and tro-
pospheric ozone etc.) and the Kyoto Protocol CO2-
equivalent concentrations (aggregating only those
greenhouse gases controlled under the Kyoto Proto-
col) are 465−576 and 510−623 ppm, respectively. The
former is generally smaller than the latter because
the former takes aerosol effects into account (IPCC
2013). Where the median of all 25 GCMs is con-
cerned, global warming will exceed 2°C in the year
2059 under RCP4.5, and the corresponding atmos-
pheric CO2, CH4 and N2O concentrations, CO2-equi -
valent concentrations, and Kyoto Protocol CO2-equi -
valent concentrations will be 507 ppm, 1805 ppb,
356 ppb, 550 ppm and 595 ppm, respectively.

Under RCP8.5, all 26 GCMs simulate a 2°C global
warming occurring in the 21st century, ranging from
the year 2027 to 2058. The corresponding atmospheric
CO2, CH4 and N2O concentrations, CO2-   equi valent
concentrations, and Kyoto Protocol CO2-equi valent
con centrations are projected to be 438− 590 ppm,
2066− 3014 ppb, 339−378 ppb, 463− 704 ppm and
518−764 ppm, respectively. Where the median of all
26 GCMs is concerned, global warming will exceed
2°C in the year 2045 under RCP8.5, and the corre-
sponding atmospheric CO2, CH4 and N2O concentra-
tions, CO2-equivalent concentrations, and Kyoto Pro-
tocol CO2-equivalent concentrations will be 513 ppm,
2563 ppb, 361 ppb, 585 ppm and 639 ppm, respec-
tively. The previously projected CO2-equivalent con-
centrations based on a 2°C global warming under the
Special Report on Emissions Scenarios (SRES,
Nakićenović et al. 2000) B1, A1B and A2 were 625, 645
and 669 ppm, respectively (Jiang & Fu 2012), which is
close to our projection based on the Kyoto Protocol
CO2-equivalent concentrations under RCP4.5 and
RCP8.5 because neither include the impact of
aerosols.

In this work, the year in which a 2°C global warm-
ing occurs under RCP4.5 and RCP8.5 (i.e. 2059 and
2045, respectively) based on the median of all satis-
factory GCMs is somewhat later than previous pro-
jections that used the multi-model ensemble mean or
median (Zhang 2012, Zhang et al. 2013, Vautard et
al. 2014). One reason for this difference is that the

global mean temperature in their reference periods is
0.1°C lower than the pre-industrial values according
to the present GCMs. Another reason is that Zhang
(2012) and Zhang et al. (2013) directly used BCC-
CSM1.1, BCC-CSM1.1(m), BNU-ESM, CCSM4 and
IPSL-CM5A-LR, which according to our results
(Table 1) significantly overestimates observed global
warming for 1986−2005 relative to 1850−1900. Fur-
thermore, in previous work based on CMIP3 (Joshi et
al. 2011, Jiang & Fu 2012), the time at which a 2°C
global warming of the multi-model ensemble mean
or median under the median and high emissions sce-
narios of RCPs or SRES was projected to occur in the
mid-21st century. This means that there is an urgent
need for mitigation efforts before the mid-21st cen-
tury, supporting the recent study of Perrissin Fabert
et al. (2014) in which it was stated that the window of
opportunity for reaching the 2°C objective with a
credible chance of success is rapidly closing during
the present decade, and further delay in finding a cli-
mate agreement critically undermines the credibility
of the objective.

3.2  Surface air temperature change over China
under a 2°C global warming

Fig. 2 illustrates annual, winter and summer mean
temperature changes over China associated with a
2°C global warming based on the median of 25 (26)
GCMs under RCP4.5 (RCP8.5), i.e. climatic differ-
ences between the 9 yr surrounding 2059 (2045),
namely 2055−2063 (2041−2049), and 1986−2005.
Under RCP4.5 and RCP8.5, large-scale annual warm-
ing under a 2°C global increase gets stronger to -
wards high latitudes and over the Tibetan Plateau
compared to adjacent areas, which resembles the
spatial pattern of surface temperature change ob -
served during the second half of the 20th century
(Ding et al. 2007, Ren et al. 2012). The annual tem-
perature change relative to 1986−2005 over China
ranges from 1.3−2.6°C. The regional average of an -
nual warming over China is 2.1°C, i.e. it is 0.6°C
greater than the simultaneous global warming of
2.0°C, since the temperature difference between the
period 1986−2005 and pre-industrial times is 0.5°C.
This projection of stronger warming agrees well with
the increase of 2.7−2.9°C obtained from 16 GCMs
under the SRES B1, A1B and A2 scenarios (Jiang &
Fu 2012). For the globe, mean warming over land will
be larger than over the ocean under RCPs (IPCC
2013). The warming over China is only derived from
land surface temperature, whereas the globally aver-
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aged temperature combines both land and ocean sur-
face temperature. Thus, annual warming over China
is greater than the simultaneous global warming.

In China, regional climates vary considerably with
location and thus respond differently to changes in
global-scale influences. On a seasonal scale, the
mean warming generally features similar spatial pat-

terns to the annual mean, but the warming in winter
and autumn is generally larger than the annual
mean, particularly over northern China and the Tibe -
tan Plateau (Fig. 2). The spatial pattern of autumn
warming is similar to that of winter warming (data
not shown). This amplification in high latitudes and
in certain high altitude regions has also been ob -
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Fig. 2. Signal (color: change relative to the period 1986−2005) and the corresponding signal-to-noise ratio (dotted/hashed areas)
of annual, winter (DJF) and summer (JJA) temperatures derived from the median of 25 and 26 global climate models associated
with a 2°C global warming under Representative Concentration Pathways 4.5 (RCP4.5, left) and 8.5 (RCP8.5, right), respectively. 

Values at top of panels: regional average in signal, signal-to-noise ratio over China
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served and projected on the global scale, especially
in the cold season (Pepin & Lundquist 2008, Collins et
al. 2013, Rangwala et al. 2013), and some positive cli-
mate feedbacks in the earth system have been pro-
posed to play an important role (Collins et al. 2013,
Pepin et al. 2015). For China, there are similarities
between northern China and the Tibetan Plateau in
some physical mechanisms associated with the
enhanced warming, such as snow/ice surface albedo
feedback (Giorgi et al. 1997). However, further in-
depth analysis is needed to both identify and quan-
tify the mechanisms responsible for the amplified
warming, including analyses of atmospheric water
vapor (Chen et al. 2006), atmospheric circulation (Li
et al. 2012), surface inversion (Bintanja et al. 2011),
and aerosols (Lau et al. 2010).

Maximum and minimum temperatures are also im -
portant variables, which indicate the variation of sur-
face temperature and are closely associated with
temperature extremes. When a 2°C global warming

oc curs, annual mean daily minimum and maximum
temp eratures over China also increase under RCP8.5,
with a regional average change of 2.2 and 2.1°C,
respectively (Fig. 3a,b), accompanied by fewer cold
extremes and more hot extremes. However, their spa-
tial features of warming are somewhat different. In
northern China, increases of annual mean daily min-
imum temperature are larger than those of annual
mean daily maximum temperature, meaning that the
variation of daily temperature in northern China
decreases. This is the opposite to that projected for
the middle and lower reaches of the Yangtze River
valley, which will see larger variations of daily tem-
perature. Seasonally, daily minimum temperature in
the cold season (winter) and daily maximum temper-
ature in the warm season (summer) over China also
increase (Fig. 3c,d). Fig. 3c shows that the increase in
annual mean daily minimum temperature in north-
ern China and the Tibetan Plateau mainly results
from the increase in winter mean daily minimum
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Fig. 3. Signal (color: change relative to the period 1986−2005) and the corresponding signal-to-noise ratio (dotted/hashed
area) of (a) annual mean daily minimum and (b) maximum temperatures, (c) winter (DJF) mean daily minimum temperature
and (d) summer (JJA) mean daily maximum temperature derived from the median of 20 global climate models associated with
a 2°C global warming under Representative Concentration Pathway 8.5 (RCP8.5). Values at top panels: regional average in 

signal, signal-to-noise ratio over China
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temperature. For the current climate, the summer
mean temperature in the Tarim Basin (well-known as
a high temperature center) is >24°C (Wu & Gao
2013). When a 2°C global warming occurs, the
largest increase in summer mean daily maximum
temperature occurs in the Tarim Basin, resulting in
more hot extremes (Fig. 3d).

The above results indicate that China will experi-
ence greater warming than the global average when
a 2°C global warming occurs. However, of greater
importance for adaptation to climate change and risk
assessment is whether local warming is larger than
its natural internal variability. The signal-to-noise
ratio in annual temperature (Fig. 2) reveals strong
distributional patterns across China, but generally
reverses the spatial pattern of both warming and
noise over the country (Sui et al. 2014). Its magnitude
ranges from 2.7−5.7, with a regional average of 4.0
(3.9) under RCP4.5 (RCP8.5). In other words, the pro-
jected annual warming is 4 times larger than the nat-
ural inter-annual variability for the whole country.
The largest signal-to-noise ratio of 5.0−5.7 occurs
over the northeastern and southeastern Tibetan
Plateau, and the smallest ratio of 2.7−3.0 appears in
northwestern Northeast China. The signal-to-noise
ratio in annual mean daily minimum and maximum
temperatures (Fig. 3a,b) generally resembles the
spatial pattern of annual mean temperature, but the
signal-to-noise ratio in annual mean daily minimum
temperature is larger than that of the annual mean
daily maximum temperature. Seasonally, the signal-
to-noise ratio generally possesses similar spatial
 patterns to the annual mean, but with a smaller mag-
nitude (Fig. 2), mainly because the seasonal temper-
ature (especially in winter and spring) has a larger
noise than the annual mean (Sui et al. 2014). Aver-
aged over the country, the increase in seasonal tem-
perature based on a 2°C global warming under
RCP4.5 and RCP8.5 is 1.7 (winter) to 3.3 (summer)
times larger than its natural inter-annual variability.

Another important aspect of climate change pro-
jection is the level of uncertainty involved. There are
inevitable uncertainties in future external forcings
and in the climate system’s response to them, which
are further complicated by internally generated vari-
ability (Collins et al. 2013). Here, we use the 5−95%
range among the 26 CMIP5 models as a measure of
scatter. Note that such a method is crude because it
does not take into account factors such as model
independence, and there is no guarantee that the
real world will lie within this range (Kirtman et al.
2013). The 5th and 95th percentiles across the dis -
tribution of 26 individual GCMs in annual and sea-

sonal temperature changes relative to the period
1986− 2005 and the corresponding signal-to-noise
ratio with a 2°C global warming under RCP8.5 for
each grid point are presented in Fig. 4. Comparing
Figs. 2 & 4, the spatial distributions of both the 5th
and 95th percentiles in the change (signal-to-noise
ratio) of annual and seasonal temperature based on
a 2°C global warming under RCP8.5 are similar to
those patterns of their median change (signal-to-
noise ratio), with regional average changes (signal-
to-noise ratio) for the year, in winter, and in summer
of 1.1−3.2°C (1.9−6.3), 0.6−3.8°C (0.4−3.2), and 1.0−
3.5°C (1.4−5.7), respectively. Specifically, the 5−95%
range of annual temperature change is 0.6−3.0°C in
southern China, 1.0−4.0°C in northern China, and
1.0− 5.5°C over the Tibetan Plateau. On a seasonal
scale, the 5−95% range of temperature change in
winter and summer is larger than in spring and
autumn, especially in northern China and over the
Tibetan Plateau. The 5th percentiles in seasonal tem-
perature change over China range from −0.8°C to
1.8°C, and the 95th percentiles range from 2.1−7.6°C.
As for the signal-to-noise ratio in annual tempera-
ture, the 5−95% range is 1−5 in Northeast China, 2−9
in the surrounding areas of the Tibetan Plateau, and
1−7 in the remaining part of China. This means that
the 5−95% range of annual temperature change over
the whole country under RCP8.5 is larger than its
natural inter-annual variability. On the seasonal
scale, the 5−95% range of temperature change in
spring and autumn (data not shown) resembles that
in winter and summer respectively. The 5−95%
range of temperature change in winter and summer
is larger than in spring and autumn, especially in
northern China and over the Tibetan Plateau. The
5−95% range of signal-to-noise ratio in summer is
generally larger than in the other 3 seasons, espe-
cially in northwestern and southwestern China, and
the 5−95% range in spring and winter is smaller than
in autumn. The 5th percentile in winter and spring
over most of China is smaller than its natural inter-
annual variability, while the change in summer and
autumn over most of China is 1.0−2.6 times as much
as the natural inter-annual variability. For the 95th
percentile, the signal-to-noise ratio of seasonal tem-
perature ranges from 3.0 (winter and spring) to 10.5
(summer) in the surrounding areas of the Tibetan
Plateau, 2.0 (winter and spring) to 7.0 (summer) in
northern China, and 3.0 (winter and spring) to 7.0
(summer) in the rest of the country. A similar conclu-
sion for the 5−95% range of annual and seasonal
temperature change or signal-to-noise ratio can be
obtained based on the 21 GCMs under RCP4.5.
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3.3  Precipitation change over China under a 2°C
global warming

Under a global temperature increase of 2°C, an nual
precipitation changes relative to the period 1986−
2005 over China in RCP4.5 (RCP8.5) are regionally
variable (Fig. 5), ranging from −0.05 (−0.04) to 0.40

(0.30) mm d−1 or −2% (−1%) to 18% (20%), with a re-
gional average of 0.13 (0.11) mm d−1 or 7%. More
specifically, the percentage changes in annual pre-
cipitation under RCP4.5 and RCP8.5 are <5% over
southern China and 5−20% over northern China.
Such a large-scale increase should be directly related
to a slightly increased monsoon circulation over East
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Fig. 4. Signal (color: change relative to the period 1986−2005) and the corresponding signal-to-noise ratio (dotted/hashed
area) of annual, winter (DJF) and summer (JJA) temperatures as derived from the 5th (left) and 95th (right) percentiles across
the distribution of 26 individual global climate models associated with a 2°C global warming under Representative Concentra-
tion Pathway 8.5 (RCP8.5) for each grid point. Values at top panels: regional average in signal, signal-to-noise ratio over China 
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Asia (Jiang & Tian 2013) and increased atmospheric
moisture content associated with tropospheric warm-
ing (Collins et al. 2013, Seo & Ok 2013). For the sig-
nal-to-noise ratio in annual precipitation, the spatial
pattern is similar to that of the percentage change,
with a range of −0.1 to 1.1 and a regional average of
0.4. In other words, these local changes in annual

 precipitation based on a 2°C global warming under
RCP4.5 and RCP8.5 are smaller than their natural
 inter-annual variability counterparts over most of the
country, except in part of the northeastern Tibetan
Plateau.

Considering that the precipitation seasonality over
most of China is greatest in summer and lowest in
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Fig. 5. Signal (color: percentage change relative to the period 1986−2005) and the corresponding signal-to-noise ratio (dot-
ted/hashed area) of annual, winter (DJF) and summer (JJA) precipitation derived from the median of 25 and 26 global climate
models associated with a 2°C global warming under Representative Concentration Pathways 4.5 (RCP4.5, left) and 8.5 

(RCP8.5, right), respectively. Values at top panels: regional average in signal, signal-to-noise ratio over China
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winter (Sui et al. 2013), on the seasonal scale our
analysis focuses on the precipitation change in winter
and summer. Seasonal precipitation will increase over
most of China in association with a 2°C global warm-
ing under RCP4.5 and RCP8.5, except in southwestern
China in winter and in part of northwestern and cen-
tral China in summer. In winter, the largest increases
will be in North China, Northeast China, and the
Tarim Basin, with a magnitude of 20−39%; the magni-
tudes in the region of precipitation de creases are less
than 13%. In summer, the East Asian monsoon is di-
rectly related to climate anomalies such as floods and
droughts in East China (Ding & Chan 2005). With a
2°C global warming, summer precipitation will in-
crease in North and South China, whereas it will de-
crease in the middle and lower reaches of the Yangtze
River valley. This spatial pattern of precipitation
anomaly is related to enhancement of the East Asian
summer monsoon. The spatial patterns of signal-to-

noise ratio in seasonal precipitation also re semble
their percentage changes, with regional averages of
0.3 (0.4) and 0.2 in winter and summer under RCP4.5
(RCP8.5), respectively. Generally, the projected local
changes in seasonal precipitation are less than their
natural inter-annual variability counter parts.

Accompanying an increase in precipitation, varia-
tion in rainfall days will occur, including days with
<10 mm rainfall d−1, ranges of 10−25 and 25−50 mm
d−1, and >50 mm d−1 (Fig. 6). Although annual pre-
cipitation in southern China is projected to increase,
rainfall days with <10 mm d−1 and a range of 10−
25 mm d−1 decrease less than 5%, and rainfall days
with a range of 25−50 mm d−1 and >50 mm d−1 in -
crease. In northern China, all 4 categories of rainfall
days are projected to increase, especially for rainfall
days with a range of 25−50 mm d−1. For the signal-
to-noise ratio, changes in all 4 kinds of rainfall days
are smaller than their inter-annual vari ability. This
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Fig. 6. Signal (color: percentage change relative to the period 1986−2005) and the corresponding signal-to-noise ratio
(dotted/hashed area) of annual rainfall days with (a) <10 mm d−1, ranges of (b) 10−25 and (c) 25−50 mm d−1, and (d) >50 mm d−1,
derived from the median of 20 global climate models associated with a 2°C global warming under Representative Concentration
Pathway 8.5 (RCP8.5). Values at top of panels: regional average in signal, signal-to-noise ratio over China. No color (within 

China borders): rainfall days are zero during the period 1986−2005
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means in both southern and northern China, more
heavy rainfall days will occur with a 2°C global
warming, but these changes lie within the range of
inter-annual variability.

The 5−95% ranges of annual and seasonal precipi-
tation changes relative to 1986−2005 and the corre-
sponding signal-to-noise ratio based on a 2°C global

warming under RCP8.5 are not spatially uniform
(Fig. 7), with regional average changes (signal-to-
noise ratio) for the year, in winter, and in summer of
−9 to 29% (−0.5 to 1.6), −20 to 60% (−0.5 to 1.4) and
−18 to 41% (−0.7 to 1.3), respectively. In general, the
5th percentile in annual and seasonal precipitation
changes decreases, while the 95th percentile
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Fig. 7. Signal (color: percentage change relative to the period 1986−2005) and the corresponding signal-to-noise ratio (dot-
ted/hashed area) of annual, winter (DJF), and summer (JJA) precipitation as derived from the 5th (left) and 95th (right) per-
centiles across the distribution of 26 individual global climate models associated with a 2°C global warming under Representa-
tive Concentration Pathway 8.5 (RCP8.5) for each grid point. Values at top panels: regional average in signal, signal-to-noise 

ratio over China
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increases. More specifically, the 5−95% range of an -
nual precipitation is −10 to 20% in southern China,
−10 to 40% on the Tibetan Plateau, −20 to 40% in
northeastern China, and −31 to 96% in northwestern
China. Seasonally, the 5−95% range of percentage
change (signal-to-noise ratio) in winter precipitation
is larger in Northwest and North China (on the north-
eastern Tibetan Plateau) than in other regions, and
the 5−95% range of percentage change (signal-to-
noise ratio) in summer precipitation is largest in
northwestern China (on the Tibetan Plateau). This
largest uncertainty of precipitation in northwestern
China is mainly because this region is in an arid and
semi-arid climate zone, with annual precipitation of
<25 mm over the Tarim Basin (Wu & Gao 2013). The
5−95% range of precipitation changes vary much
more than the uncertainty of temperature changes,
partly due to genuine differences between the mod-
els, including their ability to replicate observed pre-
cipitation patterns (Fig. 1). The ability of GCMs to
reproduce winter precipitation over China is affected
to certain degree by their horizontal resolutions (Gao
et al. 2006, Jiang et al. 2015) and by the poor El
Niño−  Southern Oscillation (ENSO)-winter monsoon
relationship in CMIP5 models (Gong et al. 2014),
since ENSO is one of the main factors affecting win-
ter precipitation in China (Wang & Feng 2011). A
similar conclusion for the 5−95% range of annual and
seasonal precipitation change or the signal-to-noise
ratio can be obtained based on the 21 GCMs under
RCP4.5.

4.  CONCLUSIONS

Based on the latest experiments of 26 satisfactory
CMIP5 GCMs, which can reliably reproduce both the
recent global temperature trend and the climatologi-
cal temperature and precipitation over China during
the period 1986−2005, we projected climate changes
relative to 1986−2005 over China associated with a
2°C global warming above pre-industrial levels
under RCP4.5 and RCP8.5. The principal conclusions
are as follows:

(1) The years in which a 2°C global warming occurs
under RCP4.5 and RCP8.5 are 2059 and 2045, respec-
tively, based on the median of all GCMs chosen for
analysis; the associated CO2-equivalent concentra-
tions and Kyoto Protocol CO2-equivalent concentra-
tions are 550 ppm (585 ppm) and 595 ppm (639 ppm)
under RCP4.5 (RCP8.5), respectively.

(2) The annual (seasonal) warming over China will
be approximately 0.6°C (0.4−0.8°C) greater than the

simultaneous global warming of 2°C. The annual and
seasonal warming trend gets stronger towards high
latitudes and over the Tibetan Plateau compared to
other areas, and increases in annual minimum tem-
perature are larger than those of maximum tempera-
ture in northern China and the Tibetan Plateau.
Local temperature changes are larger than their nat-
ural internal variability counterparts, with a regional
average in the annual (seasonal) signal-to-noise ratio
of 4 (2−3).

(3) Annual and seasonal precipitation will vary
from −2 to 20% and −13 to 39%, with a regional aver-
age of 7% and 5−13%, respectively. Precipitation
will increase over most of the country, with an
increase in heavy rainfall days. Almost all the pro-
jected local changes in precipitation are smaller than
their natural internal variability counterparts. The
signal-to-noise ratio for annual (seasonal) precipita-
tion changes averages only 0.4 (0.2−0.4).

(4) Using the 5−95% range among the 26 CMIP5
GCMs as a simple measure of uncertainty, the
regio  nal averages in annual (seasonal) changes in
temperature and precipitation are 1.1−3.2°C (0.6−
3.8°C) and –9 to 29% (–23 to 60%), respectively,
and the corresponding signal-to-noise ratios are
1.9− 6.3 (0.4− 5.7) and –0.5 to 1.6 (–0.5 to 1.4),
respectively. The 5−95% range of local changes in
winter temperature and precipitation in northern
China and on the Tibetan Plateau are larger than in
other regions, and the uncertainty in summer pre-
cipitation change in northwestern China is larger
than in other regions.

Further research regarding a 2°C global warming
is needed. (1) Change in temperature extremes is
an important component that requires further
investigation beyond our analysis of mean climate
signals over China. (2) Considering the inter-model
uncertainty resulting from different climate pro-
cesses, feedback, and resolution among models
(Collins et al. 2013), further research should focus
on how to adopt a more rational and scientific
approach to extracting useful information from sim-
ulations, and how to use better simulations to pro-
ject climate change. (3) For regional climate projec-
tion, some regional climate model simulations show
the importance of the climate model resolutions in
reproducing the present climate, and RCM projec-
tions can also be different from those obtained by
GCMs (Gao et al. 2001, 2013, Ju & Wang 2006, Yu
et al. 2010, Shi et al. 2011). Multiple GCM and
RCM simulations are needed to better address this
issue, as under the Coordinated Regional climate
Downscaling Experiment (CORDEX) frame.
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