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Abstract: Based on integrated simulations of 26 global climate models provided by the Coupled Model Intercomparison
Project (CMIP), this study predicts changes in temperature and precipitation across China in the 21st century under
different representative concentration pathways (RCPs), and analyzes uncertainties of the predictions using Taylor
diagrams. Results show that increases of average annual temperature in China using three RCPs (RCP2.6, RCP4.5,
RCP8.5) are 1.87 ℃, 2.88 ℃ and 5.51 ℃, respectively. Increases in average annual precipitation are 0.124, 0.214, and
0.323 mm/day, respectively. The increased temperature and precipitation in the 21st century are mainly contributed by
the Tibetan Plateau and Northeast China. Uncertainty analysis shows that most CMIP5 models could predict
temperature well, but had a relatively large deviation in predicting precipitation in China in the 21st century. Deviation
analysis shows that more than 80% of the area of China had stronger signals than noise for temperature prediction;
however, the area proportion that had meaningful signals for precipitation prediction was less than 20% . Thus, the
multi-model ensemble was more reliable in predicting temperature than precipitation because of large uncertainties of
precipitation.
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1 INTRODUCTION

Global climate models (GCMs) have an important
role in forecasting the future climate in certain preset
scenarios. The Coupled Model Intercomparison Project
(CMIP), organized by the World Climate Research
Program, provides the opportunity for evaluating climate
change prediction and attribution analysis using the
most current advanced GCMs [1-4]. Based on scenarios
designed in the Intergovernmental Panel on Climate
Change Fourth Assessment Report (IPCC-AR4), the
fifth CMIP (CMIP5), as compared with previous
CMIPs[6], improved on ocean-land-atmosphere interaction

of the main chemical elements and biophysical
processes. CMIP5 also introduced new Representative
Concentration Pathways (RCPs) as scenarios of future
climate [7]. The RCPs consider the impacts of assumed
emissions of greenhouse gases and aerosols, as affected
by climate policy. In addition, the application of CMIP5
has been extended from model evaluation to the
prediction of future climate [10-14]. The most evaluated
indexes are temperature and precipitation in the
monsoon region of China [15]. However, most studies
were usually based on a single RCP and focused on the
normal climate state. Regional differences and seasonal
variations, including prediction uncertainties, were little
discussed.

Analyzing uncertainties among GCMs can not only
evaluate the prediction abilities of models for specific
regions but also determine powers of prediction for a
single model. The Taylor diagram [16] is a mainstream
method to describe model differences. In short, this
diagram can combine standard deviation (SD), root
mean square error (RMSE), and correlation coefficient
(CC), which can be used as predictors to analyze
uncertainties of model evaluation [16]. For uncertainty
analysis of multi-models, research in the field of climate
change has often focused on RMSE [9, 18-20]. For example,
based on RMSE, Hu and Ren[14] described the prediction



uncertainty of low temperature events in China; and Li
and Zhou [18] discussed the prediction uncertainty of
temperature and precipitation in the country under the
A1B scenario.

In the present study, based on 26 model outputs of
CMIP5, we predicted changes in temperature and
precipitation in the 21st century under three RCP
scenarios, i.e., RCP2.6, RCP4.5 and RCP8.5. We
focused on spatiotemporal responses under those RCPs.
We also addressed the deviation of multi-models using
the Taylor diagram to ascertain differences and
reliabilities of these models in predicting climate change
in China. Results of the study can be used to provide
climate background data for climate resource and
meteorological disaster research in the country in the
21st century, and can also be used as a more accurate
source for nesting regional climate models toward
higher-resolution results for regional climate[21-23].

2 DATA AND METHODOLOGY

2.1 Data sources
The CMIP5 projection data, including monthly

precipitation and surface air temperature in RCP2.6,
RCP4.5 and RCP8.5, were extracted from outputs of 26
CMIP5 models (https://pcmdi.llnl.gov/projects/esgf-llnl/).
Table 1 gives a brief introduction to the CMIP5 models
used. Data were rearranged in the ranges 15°-55°N and
70°-140°E, and then interpolated to 1° × 1° from 2011
to 2100 to match observation data. Chinese monthly
observed meteorological data from 1986 to 2005 (from
the surface temperature/precipitation 1°×1° grid dataset
V1.0, provided by the National Meteorological
Information Center of the China Meteorological
Administration, http://data.cma.cn/) were used as
rectification data of CMIP5.

Table 1. Introduction to 26 climate models.

No. of models Name Country or Region

1
2
3
4
5*
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

ACCESS1.0
BCC-CSM1-1
BNU-ESM
CANESM2
CCSM4

CESM1-CAM5
CMCC-CM
CNRM-CM5

CSIRO-MK360
EC-EARTH
FGOALS-G2
FIO-ESM
GFDL-CM3

GFDL-ESM2G
GISS-E2-H
GISS-E2-R

HADGEM2-ES
INM-CM4

IPSL-CM5A-MR
MIROC5

MIROC-ESM
MIROC-ESM-CHEM

MPI-ESM-LR
MPI-ESM-MR
MRI-CGCM3
NORESM1-M

Australia
China
China
Canada
USA
USA
Italy
France
Australia
ECMWF
China
China
USA
USA
USA
USA

England
Russia
France
Japan
Japan
Japan

Germany
Germany
Japan
Norway

Resolution (Row × Column)

145 × 192
64 × 128
64 × 128
64 × 128
192 × 288
192 × 288
240 × 480
128 × 256
96 × 192
160 × 320
60 × 128
64 × 128
90 × 144
90 × 144
90 × 144
901 × 44
192 × 145
120 × 180
143 × 144
128 × 256
64 × 128
64 × 128
96 × 192
96 × 192
160 × 320
96 × 144

2.2 Data analysis
The Taylor diagram was used to display the

temperature and precipitation predictions of models.
This diagram can reflect the degree of discreteness and
divergence between a single model and model
ensemble using SD, and show their correlation using
the CC. Calculation details of the Taylor diagram are
in Taylor [16].

The signal (SN) of outputs, which is the ratio of
departure (DN) to divergence (DS), was used to

measure the effectiveness and credibility of the
multi-model ensemble (MME) [18]:

SN= DNDS (1)

An effective signal is considered for SN > 1, which
indicates that the credibility of results is greater than the
noise signal, and vice versa. When DS > DN, there is
substantial noise in model results, which must be
reduced before the model is used for describing future
climate change. Spatial simulation ability differences in
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the MME can be reflected by differences among grids.
In our study aimed at determining change in China over
the 21st century, to estimate DN, we chose the average
DN of each cell from 2011 to 2100. For historical
reference, we selected the average value from 1986 to
2005. DS was expressed as

DS= 1
N ∑

i=N
i-0 (Yi-Y軍)

2姨 (2)

where N is the number of models, Yi is the average

value in the estimation period of model i, and Y軍 is
average value from the MME.

3 RESULTS

3.1 Temperature variation in China in 21st century
projected by multi-model ensemble

Table 2 lists linear trends of annual average and
seasonal average temperatures from the MME (MAM:
March, April, May; JJA: June, July, August; SON:
September, October, November; DJF: winter:
December, January, February) during 2011 -2100.
Linear trends of annual average temperature under
RCP2.6, RCP4.5, and RCP8.5 are 0.059 ℃ /10yr,
0.229 ℃ /10yr, and 0.590 ℃ /10yr, respectively. The
trend under RCP8.5 is ten times that under RCP2.6. The
largest growth in temperature was found in DJF under
RCP2.6, whereas it was in JJA under RCP4.5 and
RCP8.5. These results concur with warming over the
20th century [24]. SON had a faster warming trend than
MAM.

Table 2. Linear trend and correlation coefficients of annual and seasonal average temperatures during 2011-2100.

RCPs
MAM JJA SON

RCP2.6
RCP4.5
RCP8.5

0.055
0.219
0.567

0.062
0.220
0.565

0.059
0.229
0.595

DJF Annual

0.058
0.243
0.636

0.059
0.229
0.590

linear trend (℃/10yr)

MAM JJA SON

0.60**
0.96**
0.99**

0.70**
0.98**
0.99**

0.65**
0.97**
0.99**

DJF Annual

0.55*
0.95**
0.99**

0.66**
0.97**
0.99**

correlation coefficient (R)

The CCs of regression for RCP4.5 and RCP8.5 are
0.95 and 0.98, respectively. The coefficient for RCP2.6
is 0.6-0.7. All linear regressions passed the significance
test with α=0.05, except for DJF under RCP2.6. This
illustrates that in the 21st century, average temperature
in China under the three RCP scenarios will have a
significant increase.

To depict the spatial distribution of temperature
change over China in various periods of the 21st
century, Fig.1 shows the distribution of annual average
temperature anomalies in the country during the early
21st century (2016-2035), middle of the century (2046-
2065) and end of the century (2081-2100) relative to
the annual average temperature of 1986-2005. Results
show that annual average temperatures in China will
increase over the 21st century, under all three RCPs. In
the early part of the century, warming magnitudes have
the following orders: RCP8.5 > RCP2.6 > RCP4.5, and
RCP8.5 > RCP4.5 > RCP2.6 in both the middle and end
of the century.

The same spatial distributions but different
temperature anomalies were found among the three
RCPs.

At the end of 21st century, amplitudes of annual
average temperature change in China were -0.40 to
4.80 ℃ , 1.53 to 5.34 ℃ , and 3.26 to 8.56 ℃ under
RCP2.6, RCP4.5 and RCP 8.5, respectively. Trends in
annual average temperature increased for all China,
except for limited regions under RCP2.6. The regions of
greatest warming under all three RCPs were the Tibetan
Plateau and southern and eastern parts of Xinjiang.

Regions of least warming were Inner Mongolia and
Northeast China. These projected trends of RCPs
roughly agree with warming during the 20th century[25, 26]

and with the predictions of MMEs of CMIP3 in AR4[27].
3.2 Precipitation variation in China over 21st century

Table 3 shows projected annual and seasonal
precipitation anomalies and anomaly percentages for
China in the 21st century. Results show that the country
will become wetter during that century under all three
RCPs. In the early part of the century, precipitation
under RCP2.6 and RCP 4.5 increases more than in
RCP8.5. During the middle and end of the century,
increment magnitudes of precipitation follow order
RCP8.5 > RCP4.5 > RCP2.6. However, rates of
increase in annual precipitation vary by RCP. Under
RCP2.6, an increase in precipitation was found for the
early 21st century, and a stable trend at the end of the
century (annual precipitation increment is +0.066
mm/day in the early 21st century, +0.059 mm/day in
mid-century, and -0.001 mm/day at the end of the
century, compared with the period of 1986 -2005.
Average annual precipitation in China at the end of the
21st century is in line with that in the middle century,
but still high (+0.124 mm/day) compared with 1986-
2005. Under RCP4.5, compared with previous periods,
the annual precipitation increment is +0.067 mm/day in
the early 21st century, +0.88 mm/day in mid-century,
and +0.059 mm/day at the end of the century. Under
RCP8.5, compared with previous periods, the annual
precipitation increment is +0.055 mm/day in the early
21st century, +0.129 mm/day in mid-century, and +0.
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139 mm/day at the end of the century. All seasonal
precipitation is projected to increase, except for DJF of
the early 21st century projected under RCP8.5. The

increased amplitude of precipitation in JJA is ten times
that in DJF.

Figure 1. Annual average temperature anomalies during 2016-2035, 2046-2065 and 2081-2100 relative to climatology of 1986-
2005. Values at bottom left of each panel shows mean temperature anomaly in China.

Table 3. Linear trend and correlation coefficients of annual and seasonal average temperatures during 2011-2100.

RCPs
JJA

RCP2.6
RCP4.5
RCP8.5

RCP2.6
RCP4.5
RCP8.5

RCP2.6
RCP4.5
RCP8.5

0.206
0.212
0.232

0.308
0.374
0.471

0.311
0.477
0.694

DJF Annual

0.001
0.012

-0.039

0.011
0.052
0.016

0.028
0.047
0.066

0.066
0.067
0.055

0.125
0.155
0.184

0.124
0.214
0.323

Precipitation anomalies (mm/day)
Periods

2016
|

2035

2046
|

2065

2081
|

2100

JJA

3.72
3.15
3.97

5.67
6.28
8.21

5.64
8.51
12.86

DJF Year

0.27
1.37

-4.57

2.24
3.78
2.63

2.71
6.66
10.88

2.71
1.59
1.04

4.16
4.94
6.19

4.04
7.33
12.34

Precipitation anomaly percentage (%)

Figure 2 shows spatial distributions of annual and
seasonal precipitation (JJA and DJF) anomalies in
China for 2081 -2100, relative to the climatology of
1986-2005. It indicates similar growth in precipitation
distributions under the three RCPs, but with different
anomalies. The largest increment of annual and summer
precipitation is in the southeastern part of the
Qinghai-Tibet Plateau, southern part of the Yangtze

River, and Northeast China. An increment of annual
precipitation >0.30 mm/day under RCP2.6 is found in
western Yunnan and most parts of southern China, such
as Guangxi and Guangdong. Under RCP4.5, areas with
increment of annual precipitation >0.30 mm/day
expanded to the southern part of the Qinghai-Tibet
Plateau and south of the Yangtze River. Under RCP8.5,
in addition to the aforementioned areas, areas with
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increase of precipitation >0.30 mm/day embrace most of
northern China. The average increment of precipitation
in the entire country is also >0.30 mm/day, compared to
the present period. The most obvious increase in winter
precipitation is in the middle and lower reaches of the

Yangtze River. These spatial distributions have
substantial consistency with Li [18], who projected the
distribution of precipitation in the 21st century under the
A1B scenario, based on the data of CMIP3.

Figure 2. Annual/JJA/DJF precipitation anomalies during 2081-2100 projected by MME.

For areas of decreased precipitation, annual
precipitation is not identical to that of winter or
summer. For annual precipitation, areas with variation
< -0.1 mm/day is only irregularly distributed, in the
central region and western part of northwestern China,
under all RCPs. For summer precipitation, there was a
decreasing trend in central China, especially in the
Shaanxi -Gansu -Ningxia region, where summer
precipitation decline is more than 0.5 mm/day. These
results are similar to the conclusion in IPCC-AR5[12, 28].

4 ANALYSIS OF UNCERTAINTY

4.1 Uncertainty of single models
Taking the RCP4.5 scenario as representative, Fig.3

shows the Taylor diagram of annual temperature and
precipitation in 2011-2100 projected by 26 models, as
compared with MME. Results show that uncertainty of
the temperature projection is obviously smaller than that
of the precipitation projection. Temperature deviation in
the diagram (Fig.3a) shows SDs of single models
compared with MME between 0.75 and 1.5; their CC is
between 0.8 and 0.95, all of which pass the significance
test with α=0.05. SDs of the BNU-ESM, CNRM-CM5
and MPI-ESM-MR are closest to the MME, with CC

~0.9. SDs of the GFDL-CM3, HADGEM2-ES,
MIROC-ESM and MIROC-ESM-CHEM models are >
1.5, but with large CCs (~0.95).

Compared to temperature, predicted precipitation
was more discrete, and SDs of single models compared
to the MME are between 1.0 and 2.5. The fluctuation of
single models for precipitation projection is much
greater than the MME. CC differences ranged from 0.08
to 0.8. Twenty-five models passed the significance test,
except FIO-ESM. That model had the greatest
divergence (SD=1.72 and CC<0.1). SDs of the
EC-EARTH, FGOALS-G2, GFDL-ESM2G models, as
compared with the MME, are smaller, but their CCs did
not reach 0.5.
4.2 Uncertainty of MME

The spatial distribution of DS of temperature
shows that regions with large temperature variation are
in western China, especially the western parts of
Xinjiang and Tibet (Fig.4). This indicates that projection
uncertainty of temperature is greater in those areas than
others, e.g., the entire central plains and southern
regions of the country. Similar patterns are drawn from
uncertainty studies of CMIP3 models[27].
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The spatial distribution of DN is similar to that of
DS. Area ratios for DN > 1 are 80.41%, 86.20% and
96.74% under RCP2.6, RCP4.5 and RCP8.5,
respectively. This illustrates that the temperatures
projected by the MME are meaningful signals in most
areas of the country, except Xinjiang.

The DS of precipitation under the three RCPs
shows similar spatial distributions. DS ranged from 0 to
2 mm/day (Fig.5). The effect sizes of DS are
constrained by the basic distribution of the precipitation
anomalies. Area ratios for DN>1 are < 20% of the total
area of China under the three RCPs. This reveals that

Figure 3. Taylor diagram of annual mean surface air temperature (left) and annual average precipitation (right) for China in 21st
century as predicted by 26 CMIP5 models, compared with MME under RCP4.5.

Figure 4. Annual average temperature deviation (left panels) and signal of MME (right panels). Values at bottom left of right
panels is area ratio of meaningful signal; the same in Fig.5).
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the results projected by the MME in most areas of the
country have weak credibility with the 1°×1° resolution.
Thus, using these projected data directly in other fields
of climate change should be done with caution.

5 CONCLUSIONS

(1) Projections of the MME of CMIP5 models
show a warming and wetting China over the 21st
century under each RCP.

(2) The Taylor diagrams show that SDs of annual
temperature of 26 single models compared to MME are
between 0.75 and 1.5; their CC is between 0.8 and 0.95
under the RCP4.5 scenario. The SD distribution of
annual precipitation is more discrete and the CC is
between 0.3 and 0.8. Differences and uncertainties of
CMIP5 models for precipitation projection are much
larger than those of temperature.

(3) Divergence analysis of the MME shows that
the signal in the projection result of temperature is
larger than the noise.

6 DISCUSSION

Under the RCP2.6 scenario, both temperature and
precipitation will remain stable in the mid-21st century.
This highlights the effects of emission concentration
control policy on climate changes [7]. Under RCP4.5 and
RCP8.5, temperature continues to rise over the 21st
century. Amplitudes and rates of temperature change are
directly associated with radiation forcing in the RCPs[7],
i.e., the greater the forcing, the greater the increase in
temperature. The projection results of temperature in the
low, medium and high emission scenarios in IPCC-AR5
have good correspondence with the three emission
scenarios in IPCC-AR4 [27]. By the end of the 21st
century, the amplitude of temperature increase in China
under different scenarios of IPCC-AR5 and IPCC- AR4
has the order RCP2.6 < B1, RCP4.5 < A1B, RCP8.5 >
A2, with the greatest increase over the Tibetan Plateau
and Northeast China. Change in precipitation is not
consistent with results from the IPC-AR5 and

Figure 5. Annual average precipitation deviation (left panels) and signal (right panels) of MME.
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IPCC-AR4 scenarios. At the end of the 21st century, the
increase of precipitation in China under the three RCPs
ranges from 4.04% to 12.34%, with greater increases for
higher-concentration pathways. Increases of the three
scenarios in IPCC-AR4 are from 7.21% to 9.83% and
the largest is under A1B, which does not have the
greatest emission [19]. The difference of precipitation
projection under the new RCP scenarios is greater than
in older scenarios.

GCMs have been a credible approach to projecting
temperature and researching future climate change
impacts. However, using the precipitation projection
data directly in other fields of climate change should be
done with caution. Influenced by accuracy of the GCMs
and other factors (e.g., mode and model selection,
model resolution, and data interpolation methods),
projection results vary in quantity or even in trends
within areas of light precipitation. The projection results
can only give possible future trends of precipitation to a
certain degree. Therefore, to obtain more accurate and
reliable climate prediction data, it is necessary to rely
on a more complex and accurate global land -sea -air
coupled model, incorporate more realistic economic and
social scenarios, and use more detailed downscaling
approaches. These tasks are the basis for future research
in other fields of climate change impact assessment.
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