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ABSTRACT: Based on observation and reanalysis data, 77 coupled global climate models (GCMs) participating in the
Intergovernmental Panel on Climate Change (IPCC) Third (TAR), Fourth (AR4), and Fifth (AR5) Assessment Reports are
evaluated in terms of their ability to simulate the mean state and year-to-year variability of surface air temperature at 2 m
and precipitation over China and the climatological East Asian monsoon for the late decades of the 20th century. Results
show that GCMs reliably reproduce the geographical distribution of the variables considered. Compared with observations,
however, most GCMs have topography-related cold biases (although these are smaller than those found in previous studies),
excessive precipitation, an underestimated southeast–northwest precipitation gradient, an overestimated magnitude and spatial
variability of the interannual variability of temperature and precipitation, and an inadequate strength of the East Asian monsoon
circulation. Pairwise comparison reveals that GCMs continue to improve from the TAR via the AR4 to the AR5 for temperature,
but have little change for precipitation and the East Asian monsoon. The ability of GCMs varies with season and is affected to
certain degree by their horizontal resolutions. Both the arithmetic mean and the median of multiple GCMs are little affected
by filtering GCMs in terms of their ability, and the multi-model mean outperforms most of individual GCMs in every respect.
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1. Introduction

Global climate models (GCMs) are complex computer
programs that solve a complete system of differential
equations built on the fundamental laws of fluid dynamics,
physics, chemistry, and biology. They have been widely
applied to simulate climate at various spatial and temporal
scales. Although GCMs are currently capable of reproduc-
ing many of the robust large-scale features of observed
climate and climate change in the recent past – including,
but not limited to, the evolution of the global mean tem-
perature in the 20th century (Räisänen, 2007; Flato et al.,
2013) – they are inherently imperfect because of limited
understanding of the real climate system, the non-linear
nature of a number of model equations, and the parameter-
izations for processes, such as convection and cloud micro-
physics, that are too small-scale or complex to be explicitly
resolved. It is thus of crucial importance to assess the reli-
ability of GCMs from various aspects for better insights
into climate simulations.

Growing attention has been paid to the evaluation of
GCMs at the regional scale in recent years, because, as
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climate varies with region, it is local rather than global cli-
mate change that really matters to the human and natural
ecosystem (e.g. Kumar et al., 2014; Perez et al., 2014). In
general, GCMs perform somewhat worse in given regions
than those for the globe, because their horizontal resolu-
tions are often too coarse to resolve processes and fea-
tures that are important at regional scales (Flato et al.,
2013). This is particularly true in China, a densely pop-
ulated country where the climate has high spatial and tem-
poral variation, and is influenced by a complex mixture
of factors including the tropical and subtropical monsoon,
Tibetan Plateau thermodynamics, and low- to high-latitude
climate systems (Ding, 1994). Older generation GCMs
have been shown to reasonably reproduce the geographical
distribution of several key elements over China; however,
GCM errors are also significant in some respects, includ-
ing cold biases and excessive precipitation (Wang and
Xiong, 2004; Jiang et al., 2005; Xu et al., 2007). Recently,
state-of-the-art GCMs participating in the Intergovern-
mental Panel on Climate Change (IPCC) Fifth Assess-
ment Report (AR5) have been applied to simulate the past,
present, and future climate within the framework of the
Coupled Model Intercomparison Project Phase 5 (CMIP5,
Taylor et al., 2012). Their experiments have been applied
to analyse the climate of China (e.g. Chen et al., 2014;
Sui et al., 2014; Zhou et al., 2014) and can be expected
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to be extensively applied in climate-related fields until the
release of the next IPCC report. This raises the questions
as to how the AR5 GCMs perform over China, and how
they compare to their predecessors in this respect.

Several assessments of the AR5 GCMs in reproducing
the mean state and changing trend of climate over China
have been carried out (Xu and Xu, 2012; Guo et al., 2013;
Su et al., 2013; Chen and Frauenfeld, 2014a, 2014b; Hua
et al., 2014). However, only about half, or less than half,
of 40-plus AR5 GCMs have been investigated, hamper-
ing an objective estimation of the GCM ability. More-
over, most researchers only use the latest GCMs in the
AR5, making it impossible to evaluate whether the current
generation of GCMs represent an improvement over their
earlier versions through a pairwise comparison of the dif-
ferent stages of simulations within the IPCC framework.
In addition, the horizontal resolution has been proposed to
be important in accurately simulating the East Asian pre-
cipitation based on numerical experiments of a regional
climate model (Gao et al., 2006), whereas it seems that
no evident relationship has been detected between GCM
skills and resolutions (Chen and Frauenfeld, 2014b; Song
and Zhou, 2014). The multi-GCM mean, usually obtained
by applying equal weights to each GCM or by calculat-
ing the median of GCMs, has been suggested as superior
to individual GCMs (Jiang et al., 2005; Xu et al., 2007).
Whether there is in fact a discernible influence, either from
the horizontal resolution or the algorithm when calculat-
ing the mean of multiple GCMs, remains unresolved in the
context of the IPCC simulations.

Besides the previously investigated mean state, another
key aspect of climate is its year-to-year variability. It both
directly and indirectly affects many climate processes,
such as water resources and plant growth, that in turn feed
back to the climate system, and it also leads to a range of
disturbances, such as extreme climate events, that are more
difficult for society to adapt to than an altered mean cli-
mate (Schär et al., 2004; Huntingford et al., 2013; Thorn-
ton et al., 2014). Despite the importance of interannual
variability, very few studies have attempted to elucidate
how its observed spatial pattern and magnitude are repro-
duced by GCMs over China. Previously, Lu and Fu (2010)
showed that there is a strong interannual variability of sum-
mer (June–July–August, JJA) precipitation over East Asia
east of 100∘E, and that 12 GCMs participating in the IPCC
Fourth Assessment Report (AR4) demonstrated different
skills in simulating the observed pattern. Whether the inter-
annual variability of basic climate variables, namely tem-
perature and precipitation, can be reliably reproduced by
GCMs needs to be explicitly investigated.

Given this context, the purpose of this article is to
present an evaluation of the ability of the GCMs partici-
pating in the IPCC Third (TAR), Fourth, and Fifth Assess-
ment Reports from the perspective of climatology and
year-to-year variability. The key questions to address are:
(1) to what extent observed climatology and interannual
climate variability over China are simulated by GCMs; (2)
whether GCMs have improved from the IPCC TAR to the
AR5; and (3) whether there is a detectable effect arising

from the horizontal resolution of GCMs or from the algo-
rithm to calculate the multi-GCM mean.

2. Data and methods

Model data are obtained from the following sources:
the control simulations of seven GCMs forced by
time-evolving equivalent CO2 or greenhouse gases
from the mid-20th century to 1990, then Special Report
on Emissions Scenarios A2 emissions scenario to 2000
in the IPCC TAR; the 20th Century Climate in Coupled
Models (20C3M) simulations of 23 GCMs forced by
anthropogenic and natural forcings in the IPCC AR4; and
the historical simulations of 47 GCMs for the past ∼1.5
centuries with all forcings in the IPCC AR5. Accord-
ing to the availability of the requisite data, 77, 76, 60,
and 71 GCMs are applied for analysis of temperature,
precipitation, and meridional winds at 10 m in winter
(December–January–February, DJF) and at 850 hPa in
summer, respectively. Basic information about GCMs and
experiments are provided in Table 1. More details are
available online at http://www.ipcc.ch/.

Temperature and precipitation data used for model
evaluation are taken from the CN05.2 daily dataset,
with a half-degree horizontal resolution, established
through in situ data at 2416 stations over China by the
National Climate Center of the China Meteorological
Administration (Wu and Gao, 2013). Reanalysis data are
obtained from the National Centers for Environmental
Prediction and National Center for Atmospheric Research
(NCEP–NCAR) reanalysis of monthly winds at 10 m
and at 850 hPa, with a 2.5∘ × 2.5∘ horizontal resolution
(Kalnay et al., 1996). Both kinds of data are hereafter
referred to as observation for convenience.

Considering that some modelling groups provide mul-
tiple ensemble runs for the same experiment (shown in
Table 1), all realizations are taken to avoid potential sam-
pling biases and then averaged into a set of data model
by model. Because the horizontal resolution of GCMs dif-
fers from one another, all GCM and NCEP–NCAR wind
data are linearly interpolated to a half-degree horizontal
resolution, corresponding to the grid mesh of the CN05.2
temperature and precipitation products. The multi-GCM
mean is then calculated using both the ensemble mean
with equal weight (hereafter referred to as the ensemble
mean) and the median of the chosen GCMs. Based on
the temporal coverage of observational and GCM data,
the period 1961–2000 is chosen for analysis of tempera-
ture and precipitation and 1979–2000 for analysis of wind.
This is because the CN05.2 data are from 1961 onwards,
and because the NCEP–NCAR reanalysis data are more
reliable after 1979 owing to the inclusion of satellite data.

3. Results

3.1. Temperature climatology over China

Based on 4470 grid points in China, the spatial corre-
lation coefficient (SCC), the standard deviation, and the
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Table 1. Basic information about the 77 GCMs and their experiments included in this study, and the data availability of wind at 10 m
and 850 hPa.

Model ID Country Atmospheric
resolution

Integration
period

Experiment
and ensemble

size

Wind at
10 m

Wind at
850 hPa

Seven climate models in the IPCC TAR Control
01 CCSR/NIES Japan ∼5.6∘ × 5.5∘, L20 1890–2000 1 − Yes
02 CGCM2 Canada 3.75∘ ×∼3.7∘, L10 1900–2000 1 − −
03 CSIRO-Mk2 Australia ∼5.6∘ × 3.2∘, L9 1881–2000 1 − Yes
04 ECHAM4/OPYC3 Germany ∼2.8∘ × 2.8∘, L19 1860–2000 1 − −
05 GFDL-R30 USA 3.75∘ ×∼2.2∘, L14 1961–2000 1 − −
06 HadCM3 UK 3.75∘ × 2.5∘, L19 1950–2000 1 − −
07 NCAR-PCM USA ∼2.8∘ × 2.8∘, L18 1900–2000 1 Yes −
Twenty-three climate models in the IPCC AR4 20C3M
08 BCCR-BCM2.0 Norway ∼2.8∘ × 2.8∘, L31 1850–2000 1 Yes Yes
09 CCSM3 USA ∼1.4∘ × 1.4∘, L26 1870–2000 7 − Yes
10 CGCM3.1(T47) Canada 3.75∘ ×∼3.7∘, L31 1850–2000 1 Yes Yes
11 CGCM3.1(T63) Canada 1.875∘ ×∼1.9∘, L31 1850–2000 1 Yes Yes
12 CNRM-CM3 France ∼2.8∘ × 2.8∘, L45 1860–2000 1 Yes Yes
13 CSIRO-Mk3.0 Australia 1.875∘ ×∼1.9∘, L18 1871–2000 3 Yes Yes
14 CSIRO-Mk3.5 Australia 1.875∘ ×∼1.9∘, L18 1871–2000 3 Yes Yes
15 ECHAM5/MPI-OM Germany 1.875∘ ×∼1.9∘, L32 1860–2000 4 Yes Yes
16 FGOALS-g1.0 China ∼2.8∘ × 3–6∘, L9 1850–2000 3 Yes Yes
17 GFDL-CM2.0 USA 2.5∘ × 2∘, L24 1861–2000 3 Yes Yes
18 GFDL-CM2.1 USA 2.5∘ × 2∘, L24 1861–2000 3 Yes Yes
19 GISS-AOM USA 4∘ × 3∘, L20 1850–2000 2 Yes Yes
20 GISS-EH USA 5∘ × 4∘, L20 1880–2000 5 Yes Yes
21 GISS-ER USA 5∘ × 4∘, L20 1880–2000 9 Yes Yes
22 INGV-SXG Italy 1.125∘ ×∼1.1∘, L19 1870–2000 1 − Yes
23 INM-CM3.0 Russia 5∘ × 4∘, L21 1871–2000 1 Yes Yes
24 IPSL-CM4 France 3.75∘ ×∼2.5∘, L19 1860–2000 1 Yes Yes
25 MIROC3.2(hires) Japan 1.125∘ ×∼1.1∘, L56 1850–2000 1 Yes Yes
26 MIROC3.2(medres) Japan ∼2.8∘ × 2.8∘, L20 1850–2000 3 Yes Yes
27 MRI-CGCM2.3.2 Japan ∼2.8∘ × 2.8∘, L30 1851–2000 5 Yes Yes
28 PCM USA ∼2.8∘ × 2.8∘, L18 1890–2000 4 − Yes
29 UKMO-HadCM3 UK 3.75∘ × 2.5∘, L19 1860–2000 2 Yes Yes
30 UKMO-HadGEM1 UK 1.875∘ × 1.25∘, L38 1860–2000 2 Yes Yes
Forty-seven climate models in the IPCC AR5 Historical
31 ACCESS1.0 Australia 1.875∘ × 1.25∘, L38 1850–2005 1 Yes Yes
32 ACCESS1.3 Australia 1.875∘ × 1.25∘, L38 1850–2005 1 Yes Yes
33 BCC-CSM1.1 China ∼2.8∘ × 2.8∘, L26 1850–2099 1 Yes Yes
34 BCC-CSM1.1(m) China 1.125∘ ×∼1.1∘, L26 1850–2005 1 Yes Yes
35 BNU-ESM China ∼2.8∘ × 2.8∘, L26 1850–2005 1 Yes Yes
36 CanESM2 Canada 1.875∘ ×∼1.9∘, L35 1850–2005 5 Yes Yes
37 CCSM4 USA 1.25∘ ×∼0.9∘, L26 1850–2005 6 − Yes
38 CESM1(BGC) USA 1.25∘ ×∼0.9∘, L26 1850–2005 1 − Yes
39 CESM1(CAM5) USA 1.25∘ ×∼0.9∘, L26 1850–2005 1 − Yes
40 CESM1(FASTCHEM) USA 1.25∘ ×∼0.9∘, L26 1850–2005 1 − Yes
41 CESM1(WACCM) USA 2.5∘ ×∼1.9∘, L23 1850–2005 1 − Yes
42 CMCC-CESM Italy 3.75∘ ×∼3.7∘, L39 1850–2005 1 Yes Yes
43 CMCC-CM Italy 0.75∘ ×∼0.75∘, L31 1850–2005 1 Yes Yes
44 CMCC-CMS Italy 1.875∘ ×∼1.9∘, L95 1850–2005 1 Yes Yes
45 CNRM-CM5 France ∼1.4∘ × 1.4∘, L31 1850–2005 10 Yes Yes
46 CNRM-CM5-2 France ∼1.4∘ × 1.4∘, L31 1850–2005 1 Yes Yes
47 CSIRO-Mk3.6.0 Australia 1.875∘ ×∼1.9∘, L18 1850–2005 1 Yes Yes
48 EC-EARTH Europe 1.125∘ ×∼1.1∘, L62 1850–2005 1 − −
49 FGOALS-g2 China ∼2.8∘ × 3–6∘, L26 1850–2005 1 − Yes
50 FGOALS2-s China ∼2.8∘ × 1.7∘, L26 1850–2005 3 Yes Yes
51 FIO-ESM China ∼2.8∘ × 2.8∘, L26 1850–2005 1 − Yes
52 GFDL-CM2.1 USA 2.5∘ × 2∘, L24 1861–2015 1 Yes Yes
53 GFDL-CM3 USA 2.5∘ × 2∘, L48 1860–2005 1 Yes Yes
54 GFDL-ESM2G USA 2.5∘ × 2∘, L24 1861–2005 1 Yes Yes
55 GFDL-ESM2M USA 2.5∘ × 2∘, L24 1861–2005 1 Yes Yes
56 GISS-E2-H USA 2.5∘ × 2∘, L40 1850–2005 5 Yes Yes
57 GISS-E2-H-CC USA 2.5∘ × 2∘, L40 1850–2005 1 Yes Yes

© 2015 Royal Meteorological Society Int. J. Climatol. 36: 1114–1133 (2016)



RELIABILITY OF CLIMATE MODELS FOR CHINA 1117

Table 1. Continued

Model ID Country Atmospheric
resolution

Integration
period

Experiment
and ensemble

size

Wind at
10 m

Wind at
850 hPa

58 GISS-E2-R USA 2.5∘ × 2∘, L40 1850–2005 1 Yes Yes
59 GISS-E2-R-CC USA 2.5∘ × 2∘, L40 1850–2005 1 Yes Yes
60 HadCM3 UK 3.75∘ × 2.5∘, L19 1860–2005 1 Yes Yes
61 HadGEM2-AO South Korea 1.875∘ × 1.25∘, L38 1860–2005 1 Yes Yes
62 HadGEM2-CC UK 1.875∘ × 1.25∘, L60 1860–2005 1 Yes Yes
63 HadGEM2-ES UK 1.875∘ × 1.25∘, L38 1860–2005 4 Yes Yes
64 INM-CM4 Russia 2∘ × 1.5∘, L21 1850–2005 1 Yes Yes
65 IPSL-CM5A-LR France 3.75∘ ×∼1.9∘, L39 1850–2005 4 Yes Yes
66 IPSL-CM5A-MR France 2.5∘ ×∼1.3∘, L39 1850–2005 1 Yes Yes
67 IPSL-CM5B-LR France 3.75∘ ×∼1.9∘, L39 1850–2005 1 Yes Yes
68 MIROC4h Japan ∼0.56∘ × 0.56∘, L56 1850–2005 1 Yes Yes
69 MIROC5 Japan ∼1.4∘ × 1.4∘, L40 1850–2005 3 Yes Yes
70 MIROC-ESM Japan ∼2.8∘ × 2.8∘, L80 1850–2005 3 Yes Yes
71 MIROC-ESM-CHEM Japan ∼2.8∘ × 2.8∘, L80 1850–2005 1 Yes Yes
72 MPI-ESM-LR Germany 1.875∘ ×∼1.9∘, L47 1850–2005 3 Yes Yes
73 MPI-ESM-MR Germany 1.875∘ ×∼1.9∘, L95 1850–2005 1 Yes Yes
74 MPI-ESM-P Germany 1.875∘ ×∼1.9∘, L47 1850–2005 1 Yes Yes
75 MRI-CGCM3 Japan 1.125∘ ×∼1.1∘, L48 1850–2005 3 Yes Yes
76 NorESM1-M Norway 2.5∘ ×∼1.9∘, L26 1850–2005 3 Yes Yes
77 NorESM1-ME Norway 2.5∘ ×∼1.9∘, L26 1850–2005 1 Yes Yes

centred root-mean-square error (CRMSE) of each sim-
ulation against the observed climatology of annual and
seasonal temperatures for the period 1961–2000 are calcu-
lated individually. The Taylor diagrams (Figure 1, Taylor,
2001) show that SCCs range from 0.55 to 0.98, indica-
tive of a good agreement between simulated and observed
distributions of annual and seasonal temperatures. Nor-
malized standard deviations are 0.80–1.19, 0.78–1.14,
0.87–1.35, 0.64–1.24, and 0.84–1.15 for the annual,
winter, spring (March–April–May, MAM), summer, and
autumn (September–October–November, SON) tempera-
tures, respectively. That is, most GCMs reliably reproduce
the spatial variability of annual and seasonal tempera-
tures, but overestimate the variability in spring. Normal-
ized CRMSEs are 0.27–0.68 for the year, 0.28–0.60 for
winter, 0.32–0.96 for spring, 0.26–0.84 for summer, and
0.24–0.65 for autumn. Taken together, the GCMs reli-
ably simulate the annual and seasonal temperatures, with
relatively little variation between the individual models,
and GCMs have an overall better performance in winter
and autumn than in the other seasons, owing to a better
reproducibility of both geographical distribution and spa-
tial variability.

In general, the normalized CRMSEs are the smallest
for the AR5 GCMs, but the largest for the TAR GCMs
(Figure 1). That means the AR5 GCMs perform best, while
the TAR GCMs perform worst. Furthermore, the seven
TAR GCMs are compared to their successors in the AR4
and AR5. It is noteworthy that if there are different ver-
sions of AR4 or AR5 GCMs for one specific TAR GCM,
only the high-resolution version is taken. Similarly, 17
pairs of high-resolution AR4 and AR5 GCMs are cho-
sen from different climate modelling groups and are then
compared with each other. It is found that GCMs have

an obvious improvement from the TAR to the AR4 and
AR5, excluding the HadCM3 series (Table S1, Support-
ing Information), as the CRMSEs of the individual TAR
GCMs are systematically larger than those of their AR4
and AR5 counterparts for the annual and seasonal tem-
peratures. Meanwhile, 12 of 17 AR5 GCMs outperform
their AR4 versions, while the remaining five AR5 GCMs
have similar statistics as that of their AR4 predecessors
(Table S1). Thus, the ability of GCMs in reproducing the
annual and seasonal temperatures continues to improve
from the TAR via AR4 to AR5, particularly from the TAR
to AR4.

The original horizontal resolution of the 77 GCMs
ranges from approximately 0.56∘ × 0.56∘ to 5.6∘ × 5.5∘.
Here we classify all 77 GCMs into three groups: 13
low-resolution GCMs with the grid area above 3∘ × 3∘,
31 mid-resolution GCMs with the grid area smaller than
3∘ × 3∘ and larger than 2∘ × 2∘, and 33 high-resolution
GCMs with the grid area below 2∘ × 2∘. It is noteworthy
that no objective threshold truly defines the low-, mid-, and
high-resolution GCMs, and that this classification aims
to assess the overall effect of model resolution, although
the fact that the low-resolution group of models is much
smaller than the others may play a role. For the annual and
seasonal temperatures, the normalized CRMSE averages
are 0.32–0.40, 0.35–0.51, and 0.39–0.58 for the 33 high-,
31 mid-, and 13 low-resolution individual GCMs, respec-
tively. Moreover, Figure 2(a) illustrates how the normal-
ized CRMSEs of GCMs against observation grow with the
area of original grid mesh, and hence the ability of GCMs
in reproducing the annual and seasonal temperatures over
China is enhanced when the horizontal resolution becomes
finer, a trend that is statistically significant at the 99% con-
fidence level.
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Figure 1. Taylor diagrams displaying normalized pattern statistics of climatological (a) annual, (b) DJF, (c) MAM, (d) JJA, and (e) SON temperatures
over China between 77 GCMs and observation for the period 1961–2000. The radial co-ordinate gives the standard deviation normalized by the
observed value, and the angular co-ordinate gives the correlation with observation. The normalized CRMSE between a GCM and observation (marked
as REF) is their distance apart. Numbers indicate GCMs listed in Table 1. Colour coding is green for TAR, orange for AR4, and blue for AR5 GCMs.

Red and purple asterisks indicate the ensemble mean and the median of the 77 GCMs, respectively.

© 2015 Royal Meteorological Society Int. J. Climatol. 36: 1114–1133 (2016)
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Figure 2. The vertical axis is the normalized CRMSE of GCMs against
observation for (a) temperature and (b) precipitation over China for
the period 1961–2000 and (c) the East Asian monsoon for the period
1979–2000; the horizontal axis is the original grid mesh area averaged
over China for the GCMs. Numbers correspond to the GCMs as listed
in Table 1. Black, blue, green, orange, and red indicate the annual,
DJF, MAM, JJA, and SON, respectively. Straight lines represent the
least-square linear fitting with equal weight for all GCMs except the
number 1 because that GCM has too coarse resolution. The fitting
equations are shown in the lower corner of the panels, in which * (**)
indicates that the linear trend is statistically significant at the 90% (99%)

confidence level.

Given that there are no obvious outliers in the Taylor
diagrams (Figure 1), all 77 GCMs are used to calculate
the ensemble mean and the median of GCMs. It is found
that the multi-model mean algorithms have very little
effect, as they give almost the same statistics (Figure 1).
Comparatively, no single GCM is best for all the aspects
considered. The multi-GCM mean outperforms most of
individual GCMs for the annual and seasonal temperatures

over China, as already found in global studies examining
the mean climate (e.g. Lambert and Boer, 2001; Gleckler
et al., 2008). This superiority is argued to be because of the
inclusion of a large number of diverse GCMs, which tends
to reduce the effect of natural internal climate variability
and cancel offsetting errors (Pierce et al., 2009). Another
possible explanation is that the GCM solutions scatter
more or less evenly about the truth, and the errors behave
partly like random noise that can be efficiently removed by
averaging (Reichler and Kim, 2008; Knutti et al., 2010).

On a large scale, the observed annual and seasonal tem-
peratures generally decrease from the south to the north,
and feature a large extent of low values over the Tibetan
Plateau because of topographic effects (Figure 3). Such a
geographical distribution is well reproduced by individ-
ual GCMs and their means. However, most GCMs still
underestimate national average temperatures (Figure 3),
supporting previous evaluations using part of the present
GCMs (Jiang et al., 2005; Xu et al., 2007; Xu and Xu,
2012; Guo et al., 2013; Chen and Frauenfeld, 2014a).
Cold biases average −0.93 ∘C for the year, −1.12 ∘C for
winter, −0.15 ∘C for spring, −0.38 ∘C for summer, and
−2.09 ∘C for autumn in terms of the median of the 77
GCMs. It is noteworthy that, except in autumn, they are
weaker than the recent estimate of 0.81–2.37 ∘C for the
20th century and its second half by 22 AR4 and 20 AR5
GCMs (Chen and Frauenfeld, 2014a), owing largely to the
different choice of period and GCMs. These cold biases
require further analyses of the radiation energy budget
and associated processes, and larger biases in cold than in
warm seasons imply that GCMs may incorrectly represent
snow–albedo feedbacks. In western China, the annual and
seasonal temperatures are notably underestimated over the
Tibetan Plateau, consistent with cold biases over the east-
ern Tibetan Plateau found for 24 AR5 GCMs (Su et al.,
2013), and in the Tarim Basin; however, they are overes-
timated along the Aerhchin and Qilian mountains and the
Tien Shan (Figure 3). These biases are obviously related
to regional topography and hence to the treatment of com-
plex terrain in GCMs. More than half of eastern China has
cold biases for the year, winter, summer, and autumn, but
warm biases for spring. Temperature is generally lower
than that observed in North China, southeastern Northeast
China, and the Sichuan Basin, but higher in northwestern
Northeast China except for autumn. Moreover, individual
GCMs agree on most of the above biases, as the consis-
tency, defined as the percentage of the number of GCMs
sharing the same sign of the median bias at each grid, aver-
ages 73–83% for the annual and seasonal temperatures
over the country (right panels of Figure 3).

3.2. Interannual variability of temperature over China

The ability of GCMs in reproducing the interannual vari-
ability of temperature is much weaker than for time mean
temperature over China as manifested by lower SCCs and
greater normalized CRMSEs (Figures 1 and 4). SCCs
range from 0.02 to 0.88 for the year, −0.36 to 0.83 for
winter, −0.07 to 0.85 for spring, −0.17 to 0.71 for sum-
mer, and 0.01 to 0.82 for autumn, with several outliers with

© 2015 Royal Meteorological Society Int. J. Climatol. 36: 1114–1133 (2016)
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50°N

(a) Annual: observation (6.19) (b) Annual: 77-GCM median (5.26) (c) Annual: difference (–0.93), inter-model SD (1.60)

(d) DJF: observation (–6.94) (e) DJF: 77-GCM median (–8.06) (f) DJF: difference (–1.12), inter-model SD (2.26)

(g) MAM: observation (6.01) (h) MAM: 77-GCM median (5.86) (i) MAM: difference (–0.15), inter-model SD (2.01)

(j) JJA: observation (17.94) (k) JJA: 77-GCM median (17.56) (l) JJA: difference (–0.38), inter-model SD (1.67)

(m) SON: observation (7.71) (n) SON: 77-GCM median (5.62) (o) SON: difference (–2.09), inter-model SD (1.53)
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Figure 3. Climatological annual and seasonal temperatures (units: ∘C) over China for the period 1961–2000 as obtained from observation (left
column), the median of the 77 GCMs (middle column), and the difference between the median and observation (right column). The regional average
value in China and the inter-model standard deviation of the difference averaged over the country (right column, inter-model SD, units: ∘C) are given
in parentheses. The two solid black lines indicate the Yellow River valley in the north and the Yangtze River valley in the south. The dotted areas in

the right panels represent regions where at least 80% of the GCMs share the same sign of bias.

negative or very small SCCs. Normalized standard devi-
ations are 0.59–2.43, 0.61–2.45, 0.56–2.62, 0.88–3.61,
and 0.68–1.94 for the year, winter, spring, summer, and
autumn, respectively. Normalized CRMSEs are 0.56–2.34
for the year, 0.65–2.42 for winter, 0.61–2.54 for spring,
0.96–3.26 for summer, and 0.78–1.89 for autumn. As
such, most GCMs reliably reproduce the geographical
distribution of the interannual variability of annual and

seasonal temperatures, as their SCCs are relatively high.
Most GCMs overestimate the spatial variability of the
interannual variability of annual and seasonal tempera-
tures, particularly in summer, as their standard deviations
are greater than observed. This derives from the stronger
large-scale geographical gradient of interannual variabil-
ity in the models than observed (Figure S1, Supporting
Information). GCMs have an overall worse performance
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Figure 4. Taylor diagrams displaying normalized pattern statistics of the interannual variability of (a) annual, (b) DJF, (c) MAM, (d) JJA, and (e)
SON temperatures over China for the period 1961–2000 between 77 GCMs and observation. Red, purple, black, and cyan asterisks indicate the
ensemble mean and the median of the 77 GCMs as well as the ensemble mean and the median of the 57 reliable GCMs, respectively. Other aspects

are the same as Figure 1.
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for summer than that for the year and the other seasons
because of a worse reproducibility of the spatial pattern
and variability of the interannual variability.

The TAR GCMs are worse than their successors in the
AR4 and AR5 as a whole. Excluding the HadCM3 and
CCSR/NIES series, all the other five TAR GCMs have
greater normalized CRMSEs than their AR4 and AR5
counterparts (Table S2). Meanwhile, 9 (5) of 17 AR5
GCMs generally perform better (worse) than their AR4
predecessors, and the remaining three pairs of AR4 and
AR5 GCMs are similar in skills (Table S2). Therefore,
the ability of GCMs in reproducing the interannual vari-
ability of annual and seasonal temperatures over China is
enhanced from the TAR to the AR4, while changing little
from the AR4 to the AR5.

When viewed from model resolution, the 33 high-,
31 mid-, and 13 low-resolution individual GCMs have
average SCCs of 0.48–0.58, 0.39–0.60, 0.33–0.49,
and normalized CRMSEs of 0.97–1.52, 0.88–1.57, and
1.08–1.71 for the interannual variability of annual and
seasonal temperatures, respectively. Figure 5(a) further
illustrates that when the area of the original grid mesh
becomes large, normalized CRMSEs of GCMs against
observation grow statistically significantly for spring and
summer, but change little for the year, winter, and autumn.
Hence, except for spring and summer, the ability of GCMs
in reproducing the interannual variability of annual and
seasonal temperatures is not systematically affected by
the horizontal resolution.

Considering that there is a large scatter in the perfor-
mance of individual GCMs (Figure 4), a positive SCC and
a normalized CRMSE below 2.00 are set to identify rela-
tively reliable GCMs. Twenty (four TAR, eight AR4, and
eight AR5) GCMs are excluded accordingly. The means
of the remaining 57 GCMs, obtained by both the ensem-
ble mean and the median, give almost the same evaluation
statistics as those of all 77 GCMs (Figure 4). This indicates
little influence of the algorithm to calculate the multi-GCM
mean and of the filtering of GCMs in terms of their ability.
In addition, the multi-GCM mean outperforms all (most)
individual GCMs for the interannual variability of sum-
mer and autumn (annual, winter, and spring) temperatures
(Figure 4).

As illustrated in Figure 6, the observed interannual vari-
ability of annual and seasonal temperatures over China
generally increases from the south to the north, and is
characterized by an increased trend from summer via
autumn and spring to winter. Both the major features
are reliably simulated by GCMs, as is the magnitude of
interannual variability. For example, the median of the
57 reliable GCMs matches well with the observation on
both annual and seasonal scales (Figure 6). For the whole
country, the simulated and observed interannual variabil-
ities of annual temperature are almost the same, and the
GCM–observation discrepancy mainly lies in an exag-
gerated interannual variability of seasonal temperature,
with an average of 0.18 ∘C for winter, 0.17 ∘C for spring,
0.12 ∘C for summer, and 0.14 ∘C for autumn. Regionally,
the simulated interannual variability of annual temperature

Figure 5. The vertical axis shows the normalized CRMSE of the GCMs
against observation for the interannual variability of annual and sea-
sonal (a) temperatures and (b) precipitation over China for the period
1961–2000; the horizontal axis is the original grid mesh area aver-
aged over China for GCMs. Numbers correspond to the GCMs as listed
in Table 1. Black, blue, green, orange, and red indicate the annual,
DJF, MAM, JJA, and SON, respectively. Straight lines represent the
least-square linear fitting with equal weight for all GCMs except the num-
ber 1 because that GCM has too coarse resolution. The fitting equations
are shown in the lower corner of the panels, in which * (**) indicates that
the linear trend is statistically significant at the 90% (99%) confidence

level.

is too small in northern Xinjiang, most of Inner Mongolia,
northern Northeast China, and parts of Southeast China
and eastern coastal areas. In winter, the interannual vari-
ability is obviously excessive over the southern Tibetan
Plateau northeastwards to Northeast China, but too small
in northwestern Xinjiang, northern central Inner Mongolia,
and part of South China. The simulated interannual vari-
ability is slightly greater than observed in most of China
for the other three seasons. The inter-GCM consistency for
the median bias averages 75, 78, 79, and 80% for winter,
spring, summer, and autumn, respectively.

3.3. Precipitation climatology over China

In terms of the climatological mean state, the ability
of GCMs in reproducing precipitation is much weaker
than for temperature over China (Figures 1 and 7), as
found in global-scale assessments (Räisänen, 2007; Flato
et al., 2013). For the annual mean (Figure 7(a)), SCCs are
0.35–0.86; normalized standard deviations are 0.58–2.15;
and normalized CRMSEs are 0.54–1.73 for all 76 GCMs.
Comparatively, SCCs are more dispersive among GCMs

© 2015 Royal Meteorological Society Int. J. Climatol. 36: 1114–1133 (2016)
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(a) Annual: observation (0.55) (b) Annual: 57-GCM median (0.57) (c) Annual: difference (0.02), inter-model SD (0.07)

(d) DJF: observation (1.11) (e) DJF: 57-GCM median (1.29) (f) DJF: difference (0.18), inter-model SD (0.22)

(g) MAM: observation (0.86) (h) MAM: 57-GCM median (1.03) (i) MAM: difference (0.17), inter-model SD (0.14)

(j) JJA: observation (0.55) (k) JJA: 57-GCM median (0.67) (l) JJA: difference (0.12), inter-model SD (0.07)

(m) SON: observation (0.68) (n) SON: 57-GCM median (0.82) (o) SON: difference (0.14), inter-model SD (0.09)

Figure 6. Interannual variability of annual and seasonal temperatures (units: ∘C) over China for the period 1961–2000 obtained from observation
(left column), the median of the 57 reliable GCMs (middle column), and the difference between the median and observation (right column). The
regional average value in China and the inter-model standard deviation of the difference averaged over the country (right column, inter-model SD)

are given in parentheses. The dotted areas in the right panels represent regions where at least 80% of the GCMs share the same sign of bias.

for the individual seasons, and both normalized standard
deviations and CRMSEs become larger in winter and
autumn (Figure 7(b)–(e)). In general, GCMs reliably sim-
ulate the geographical distribution of annual and seasonal
precipitation, as most SCCs are at relatively high levels.
Except in spring, the majority of normalized standard

deviations are larger than one, and hence GCMs over-
estimate the spatial variability of precipitation, owing to
the stronger large-scale gradient of precipitation in the
models than observed (Figure S2). The GCM biases come
mainly from unrealistic simulations of the spatial pattern
for spring, and from both the spatial pattern and variability

© 2015 Royal Meteorological Society Int. J. Climatol. 36: 1114–1133 (2016)
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Figure 7. Taylor diagrams displaying normalized pattern statistics of climatological (a) annual, (b) DJF, (c) MAM, (d) JJA, and (e) SON precipitation
over China for the period 1961–2000 between 76 GCMs and observation. Red, purple, black, and cyan asterisks indicate the ensemble mean and the
median of the 76 GCMs, as well as the ensemble mean and the median of the 57 reliable GCMs, respectively. Other aspects are the same as Figure 1.

© 2015 Royal Meteorological Society Int. J. Climatol. 36: 1114–1133 (2016)



RELIABILITY OF CLIMATE MODELS FOR CHINA 1125

for the annual mean and the other seasons. The ability of
GCMs decreases from spring via summer and autumn to
winter.

Compared to the seven TAR GCMs, their successors in
the AR4 and AR5 generally perform better than CGCM2,
GFDL-R30, and NCAR-PCM, worse than CCSR/NIES,
CSIRO-Mk2, and ECHAM4/OPYC3, and similarly to
HadCM3 (Table S3). The median of the seven TAR GCMs
has a normalized CRMSE of 0.58–0.75, which is compa-
rable to both 0.64–0.83 and 0.62–0.89 obtained, respec-
tively, from the medians of their AR4 and AR5 successors.
On the other hand, 5 (2) of 17 AR5 GCMs perform better
(worse) than their counterparts in the AR4, and the remain-
ing ten pairs of AR4 and AR5 GCMs have similar skills
overall (Table S3). As such, the ability of GCMs in repro-
ducing the annual and seasonal precipitation over China
has not been improved from the TAR via AR4 to AR5
when considering these seven series of GCMs, and this is
also the case for the 17 common pairs of GCMs between
AR4 and AR5. The latter differs from a recent study by
Chen and Frauenfeld (2014b) showing that the AR5 GCMs
agree better with precipitation observation over China than
the AR4 GCMs, in which they directly compare 20 AR5
GCMs with 22 AR4 GCMs without considering whether
or not GCMs develop from the same modelling group, and
hence performing a fair inter-GCM comparison.

Averaged across the 33 high-, 30 mid-, and 13
low-resolution individual GCMs, SCCs are 0.62–0.76,
0.47–0.65, and 0.59–0.72, and normalized CRMSEs
are 0.78–0.99, 0.82–1.22, and 0.70–1.11 for the annual
and seasonal precipitation, respectively. Furthermore,
Figure 2(b) illustrates that when the area of the original
grid mesh increases, the normalized CRMSEs of the
GCMs against observation grow statistically significantly
for winter, spring, and autumn, but vary little for the
year and summer. In other words, the ability of GCMs in
reproducing winter, spring, and autumn precipitation over
China is affected by model resolution. This agrees partly
with Gao et al. (2006) who found that the horizontal
resolution plays an important role in accurately simu-
lating the East Asian precipitation based on numerical
experiments undertaken by a regional climate model with
various horizontal resolutions, and is in line with the result
that no evident relationship is seen between atmospheric
model skills and resolutions for the East Asian summer
precipitation (Song and Zhou, 2014).

Based on the Taylor diagrams (Figure 7), 57 GCMs with
positive SCCs and normalized CRMSEs below 1.50 are
regarded as relatively reliable GCMs to simulate the annual
and seasonal precipitation over China. Both the ensemble
mean and the median of the 57 GCMs give very close
values for the annual and seasonal precipitation (Figure 7),
indicative of little effect of the algorithms on calculating
the multi-GCM mean. Moreover, those values are also
very close to the statistics of all 76 GCMs (Figure 7),
indicative of little effect of screening GCMs in terms of
their ability before the mean is calculated. Additionally, the
multi-GCM mean outperforms most of individual GCMs
for both the annual and seasonal precipitation (Figure 7).

Large-scale annual and seasonal precipitation over
China is generally reduced from the southeast to the
northwest (Figure 8). Precipitation is characterized by
an obvious seasonality and its annual sum is determined
first by summer precipitation, due mainly to monsoon
rainfall, and second by spring and autumn precipitation
as detailed by Sui et al. (2013). These features are well
simulated by most individual GCMs. For example, the
geographical distribution of annual and seasonal precipi-
tation as derived from the median of the 57 reliable GCMs
agrees well with observation (Figure 8). Compared to the
observation, however, precipitation is overestimated by
GCMs in most of China except for Southeast China – a
trend already visible in subsets of the present GCMs (e.g.
Jiang et al., 2005; Xu et al., 2007; Xu and Xu, 2012;
Chen and Frauenfeld, 2014b) – and by a national average
of 27, 67, 48, 11, and 22% for annually, and in winter,
spring, summer, and autumn, respectively. Convective and
stratiform precipitation and the underlying convective and
microphysical parameterization schemes, as well as atmo-
spheric moisture convergence and surface evaporation,
need to be explicitly investigated to understand the model
biases in future studies. Such an overestimation may also
be partly explained by the fact that the observed precipi-
tation has not been corrected for gauge undercatch, which
can be substantial, particularly in winter (e.g. Adam and
Lettenmaier, 2003). Additionally, there is no statistically
significant relationship between the country-averaged
precipitation and temperature biases, except for a negative
correlation in summer (larger cold biases in models that
more strongly overestimate precipitation) among the
52 commonly reliable GCMs for both climatological
temperature and precipitation. This does not support the
suggestion that the excessive evaporative cooling because
of overestimated precipitation leads to cold biases in
current GCMs (Mueller and Seneviratne, 2014), except
summer when a negative temperature–precipitation cor-
relation is physically most expected, because the surface
energy budget in midlatitudes tends to be more sensitive to
variations in soil moisture and cloudiness in summer than
in the other seasons. On the whole, GCMs underestimate
the southeast–northwest precipitation gradient over the
country. Annual and seasonal precipitation is excessive in
arid, semi-arid, and semi-humid regions in the northwest,
but too small in humid regions in the southeast. The
consistency of the 57 GCMs for the median bias averages
75% for summer and 85–92% for the annual mean and
the other seasons.

3.4. Interannual variability of precipitation over China

GCMs can reliably reproduce the geographical distribu-
tion of the interannual variability of precipitation over
China, as SCCs between individual GCMs and observa-
tion range from 0.19 to 0.92 on the annual and seasonal
scales (Figure 9). Normalized standard deviations range
from 0.26 to 2.16 and are greater than one for more than
half of 75 GCMs (excluding ECHAM4/OPYC3 where
annual precipitation data are not available) except in win-
ter. The spatial variability of the interannual variability of
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(a) Annual: observation (1.75) (b) Annual: 57-GCM median (2.22) (c) Annual: difference (27%), inter-model SD (15%)

(d) DJF: observation (0.46) (e) DJF: 57-GCM median (0.77) (f) DJF: difference (67%), inter-model SD (44%)

(g) MAM: observation (1.57) (h) MAM: 57-GCM median (2.33) (i) MAM: difference (48%), inter-model SD (21%)

(j) JJA: observation (3.59) (k) JJA: 57-GCM median (3.98) (l) JJA: difference (11%), inter-model SD (16%)

(m) SON: observation (1.40) (n) SON: 57-GCM median (1.71) (o) SON: difference (22%), inter-model SD (19%)

Figure 8. Climatological annual and seasonal precipitation over China for the period 1961–2000 as obtained from observation (left column, units:
mm day−1), the median of the 57 reliable GCMs (middle column, units: mm day−1), and the difference in percentage between the median and
observation (right column). The regional average value in China and the inter-model standard deviation of the difference in percentage averaged over
the country (right column, inter-model SD) are given in parentheses. The dotted areas in the right panels represent regions where at least 80% of the

GCMs share the same sign of bias.

annual, spring, summer, and autumn precipitation is there-
fore overestimated by most GCMs. The majority of nor-
malized CRMSEs lie in the range 0.50–1.50, and they
mainly result from the unrealistic simulations of the spa-
tial variability of interannual precipitation variability. In
general, GCM biases vary little between the seasons. The
GCMs simulate the interannual variability of precipitation
similarly to its climatology, worse than the climatological

temperature, and better than the interannual temperature
variability (Figures 1, 4, 7, and 9).

Compared to the six TAR GCMs (excluding
ECHAM4/OPYC3), their AR4 and AR5 counterparts
generally perform better than CGCM2, CSIRO-Mk2,
GFDL-R30, and NCAR-PCM, worse than CCSR/NIES,
and similarly to HadCM3 for the interannual variability of
annual and seasonal precipitation (Table S4). Meanwhile,
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Figure 9. Taylor diagrams displaying normalized pattern statistics of the interannual variability of (a) annual, (b) DJF, (c) MAM, (d) JJA, and (e)
SON precipitation over China for the period 1961–2000 between the 75 GCMs and observation. Red, purple, black, and cyan asterisks indicate the
ensemble mean and the median of the 75 GCMs as well as the ensemble mean and the median of the 69 reliable GCMs, respectively. Other aspects

are the same as Figure 1.
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8 (4) out of 17 AR5 GCMs underperform (outperform)
their counterparts in the AR4, and the remaining five pairs
of AR4 and AR5 GCMs have similar skills (Table S4).
Therefore, the ability of GCMs in reproducing the interan-
nual variability of annual and seasonal precipitation over
China increases from the TAR to AR4 and AR5 in terms of
three generations of the six GCMs, and reduces from the
AR4 to AR5 in terms of 17 pairs of GCMs to certain extent.

The 33 high-, 29 mid-, and 13 low-resolution individual
GCMs give average SCCs of 0.61–0.77, 0.55–0.65, and
0.56–0.76, normalized standard deviations of 0.95–1.17,
0.88–1.06, and 0.80–0.89, and normalized CRMSEs of
0.65–0.95, 0.82–0.92, and 0.69–0.83 for the interannual
variability of annual and seasonal precipitation, respec-
tively. There are no obvious differences between the three
groups. More specifically, when the area of the origi-
nal grid mesh increases, normalized CRMSEs of GCMs
against observation vary little, except for winter when an
increased trend is statistically significant at the 90% confi-
dence level (Figure 5(b)). Therefore, the ability of GCMs
in reproducing the interannual variability of annual and
seasonal (except winter) precipitation over China is not
affected by model resolution.

Considering the large scatter for individual GCMs
in simulating the interannual variability of annual and
seasonal precipitation (Figure 9), a normalized CRMSE
below 1.50 is set to identify relatively reliable GCMs. Out
of 75 GCMs, 6 GCMs fail to meet this requirement and
are filtered out accordingly. The evaluation statistics of
both the ensemble mean and the median of the remaining
69 GCMs for the interannual variability of annual and
seasonal precipitation are very close to each other, and
also close to those of all 75 GCMs (Figure 9), indicating
that the effect of both the algorithms to calculate the
multi-GCM mean and the screening of GCMs in terms of
their ability is quite limited. In addition, the multi-GCM
mean outperforms most of individual GCMs.

Like climatological annual and seasonal distributions
of precipitation, the interannual precipitation variability
decreases from the southeast to the northwest over the
country and generally has the largest values in summer,
the second largest values in spring and autumn, and the
smallest values in winter (Figure 10). The median of the
69 reliable GCMs, for example, agrees well with obser-
vation in terms of the geographical distribution on both
annual and seasonal scales (Figure 10). The seasonality
of interannual precipitation variability is also reproduced
reasonably well. Quantitatively, however, GCMs notably
overestimate the interannual variability of precipitation
in most of China, with a high inter-GCM consistency.
This is particularly obvious in arid areas in western China
and at the western and southernmost parts of the Tibetan
Plateau annually, and in summer and autumn, in North-
east China and western China excluding northwestern Xin-
jiang for winter, and in most of western China and eastern
Inner Mongolia for spring. By contrast, a deficit occurs in
most of Southeast China. Taking the country as a whole,
the interannual precipitation variability is overestimated
by 22, 40, 39, 15, and 29% for the year, winter, spring,

summer, and autumn, respectively. It is noteworthy that the
GCMs underestimate the relative precipitation variability
(except in summer), as characterized by the coefficient of
variation (Figure S3), because the relative overestimate in
the standard deviation is smaller than that in the mean pre-
cipitation.

3.5. East Asian winter and summer monsoons

The eastern part of China is within the East Asian monsoon
region. In winter, cold high-pressure systems dominate the
East Asian continent, while warm low-pressure systems
dominate the adjacent oceans, owing to the difference in
thermal capacity between land and ocean. The opposite
situation generally holds true in summer. Accordingly in
the low troposphere, cold and dry northerly winds blow
in winter, and warm and wet southerly winds blow in
summer. Given that the monsoon is most significant in the
near-surface atmosphere over coastal East Asia in winter
and at 850 hPa over eastern China in summer (Ding, 1994),
meridional winds at 10 m over 2400 grid points within the
regions of 25∘–40∘N and 120∘–140∘E plus 10∘–25∘N and
110∘–130∘E are used to measure the East Asian winter
monsoon (e.g. Chen et al., 2000), and meridional winds
at 850 hPa over 1125 grid points within the region of
20∘–40∘N and 105∘–120∘E are used to measure the East
Asian summer monsoon (e.g. Jiang and Tian, 2013).

For the climatology of winter meridional winds at 10 m
in the target region (Figure 11(a)), SCCs are 0.33–0.86
for all the 60 available GCMs (Table 1); normalized stan-
dard deviations are 0.50–1.68; and normalized CRMSEs
are 0.54–1.22 across all GCMs and are larger than one
for 10 GCMs. In summer, there is a large spread in the
ability of all the 71 available GCMs to simulate merid-
ional winds at 850 hPa in the target region (Figure 11(b)).
SCCs range from −0.44 to 0.93 and are negative for PCM,
CMCC-CESM, and CSIRO-Mk3.6.0; normalized standard
deviations are 0.35–2.18; and normalized CRMSEs are
0.46–1.77 across all GCMs and are larger than one for 23
GCMs. On the whole, the ability of GCMs in reproducing
the winter monsoon is less variable and stronger than that
for the summer monsoon.

Figure 11 illustrates that the normalized CRMSE of the
only TAR GCM is greater than those of the AR4 and
AR5 GCMs for the winter monsoon, and the only two
TAR GCMs are worse than most AR4 and AR5 GCMs
for the summer monsoon. Furthermore, 14 and 17 AR4
GCMs are compared to their successors in the AR5 for
winter and summer monsoons, respectively (Table S5).
Eight (six) AR5 GCMs perform better (worse) than their
AR4 predecessors for the winter monsoon. In summer, ten
(five) AR5 GCMs outperform (underperform) their AR4
predecessors, and the remaining two pairs of GCMs have
comparable skills. Therefore, the AR5 GCMs are superior
to their AR4 counterparts more often than vice versa for the
East Asian monsoon. This is compatible with the idea that
the AR5 GCMs simulate more realistic global monsoon
climatology than the AR4 GCMs (Flato et al., 2013),
but differs from an obvious improvement from the AR4
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(a) Annual: observation (0.25) (b) Annual: 69-GCM median (0.31) (c) Annual: difference (22%), inter-model SD (17%)

(d) DJF: observation (0.20) (e) DJF: 69-GCM median (0.28) (f) DJF: difference (40%), inter-model SD (32%)

(g) MAM: observation (0.41) (h) MAM: 69-GCM median (0.57) (i) MAM: difference (39%), inter-model SD (19%)

(j) JJA: observation (0.73) (k) JJA: 69-GCM median (0.84) (l) JJA: difference (15%), inter-model SD (20%)

(m) SON: observation (0.41) (n) SON: 69-GCM median (0.53) (o) SON: difference (29%), inter-model SD (16%)

Figure 10. Interannual variability of annual and seasonal precipitation over China for the period 1961–2000 as obtained from observation (left
column, units: mm day−1), the median of the 69 reliable GCMs (middle column, units: mm day−1), and the difference in percentage between the
median and observation (right column). The regional average value in China and the inter-model standard deviation of the difference in percentage
averaged over the country (right column, inter-model SD) are given in parentheses. The dotted areas in the right panels represent regions where at

least 80% of the GCMs share the same sign of bias.

to AR5 in simulating the East Asian summer monsoon
as obtained through a direct comparison, rather than the
present pairwise comparison, of the whole atmospheric
(Song and Zhou, 2014) or coupled (Sperber et al., 2013)
GCMs between the AR4 and AR5.

When viewed from the horizontal resolution, Figure 2(c)
shows that the normalized CRMSEs statistically insignif-
icantly grow with the grid area of GCMs for both winter
and summer monsoons. This means the ability of GCMs in
reproducing the East Asian monsoon is not systematically
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Figure 11. Taylor diagrams displaying normalized pattern statistics of climatological meridional winds at (a) 10 m within the regions of 25∘–40∘N
and 120∘–140∘E, plus 10∘–25∘N and 110∘–130∘E between the 60 GCMs and observation in winter, and (b) at 850 hPa within the region of 20∘–40∘N
and 105∘–120∘E between the 71 GCMs and observation in summer for the period 1979–2000. Red, purple, black, and cyan asterisks indicate the
ensemble mean and the median of the 60 and 71 GCMs as well as the ensemble mean and the median of the 50 and 48 reliable GCMs, respectively.

Other aspects are the same as Figure 1.

affected by model resolution. As for the algorithm to cal-
culate the multi-GCM mean, the ensemble mean and the
median of all GCMs analysed give the same SCC of
0.90 and normalized CRMSE of 0.44 for the winter mon-
soon, as well as the same SCC of 0.89 and normalized
CRMSEs of 0.47 and 0.45, respectively, for the summer
monsoon (Figure 11). Furthermore, a normalized CRMSE
below 1.00 is set to identify GCMs reliably reproducing
the East Asian monsoon. As a result, ten (23) GCMs are
rejected for the winter (summer) monsoon. For the ensem-
ble mean (the median) of the remaining GCMs, the SCC
is 0.92 (0.91), and the normalized CRMSE is 0.43 (0.44)
for the winter monsoon; while the SCC is 0.91 (0.93),
and the normalized CRMSE is 0.45 (0.42) for the summer
monsoon (Figure 11). Altogether, the algorithm to calcu-
late the multi-GCM mean has little influence, as does the
screening of individual GCMs according to their ability.
Additionally, the multi-GCM mean outperforms all indi-
vidual GCMs for the East Asian monsoon.

In winter, the observed surface winds in the northern tar-
get region are divided into two branches (Figure 12(a)).
One turns eastward to the subtropical western North
Pacific, and the other turns southwestward and flows along
coastal East Asia and onto the South China Sea. These
features are well reproduced by GCMs, as clearly seen
for example in the median of the 50 reliable GCMs
(Figure 12(b)). This is consistent with the recent analy-
sis of 18 AR5 GCMs showing that the key tropospheric
components of the East Asian winter monsoon can be rea-
sonably simulated in terms of climatology (Gong et al.,
2014). Compared to the observation, however, GCMs gen-
erally underestimate the strength of the East Asian win-
ter monsoon as manifested by southerly wind anomalies
(Figure 12(c)). In summer, the southwest monsoon from
the Bay of Bengal, the cross-equatorial air flow over South
Asia, and the southeast monsoon from the western North

Pacific converge and form the southwesterly monsoon
winds in East Asia (Figure 12(d)). GCMs reliably repro-
duce these three large-scale components of the East Asian
summer monsoon circulation in the lower troposphere
(Figure 12(e)). However, the simulated subtropical high
over the western North Pacific and the cross-equatorial
flow are weaker than in the observation, and in turn
northerly wind anomalies occur in southern East Asia and
the adjacent ocean (Figure 12(f)). The summer monsoon
circulation is therefore inadequate in southern East Asia.
This is consistent with a recent evaluation of the Asian
summer monsoon based on the AR4 and AR5 GCMs
that suggests the northerly error over southern China and
the South China Sea is related to a large bias in the
simulation of the western North Pacific subtropical high,
and is indicative of lower moisture content of air and
reduced rainfall along the Meiyu rainfall front (Figure 8(l))
(Sperber et al., 2013). In addition, when considering all
17 GCMs that reproduce both excessive summer pre-
cipitation averaged across eastern China (east of 105∘E)
and a stronger-than-observation East Asian summer mon-
soon, measured by regionally averaged meridional wind at
850 hPa within the region of 20∘–40∘N and 105∘–120∘E,
the overestimated magnitude correlates statistically signif-
icantly, and positively with each other (Figure S4).

4. Conclusion

This study evaluates the performance of 77 IPCC TAR,
AR4, and AR5 GCMs in simulating the mean state and
year-to-year variability of climate over China and the
East Asian monsoon for the late decades of the 20th
century, with respect to observation and reanalysis data.
The primary conclusions are as follows.

Apart from a reliable simulation of the geographi-
cal distribution of annual and seasonal temperatures
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Figure 12. Climatological winter winds at 10 m (top row, units: m s−1) and summer winds at 850 hPa (bottom row, units: m s−1) for observation (left
column), the median of the 50 and 48 reliable GCMs (middle column), and the difference between the median and observation (right column) for
the period 1979–2000. The rectangles in the upper panels show the regions of 25∘–40∘N and 120∘–140∘E plus 10∘–25∘N and 110∘–130∘E, and

the rectangles in the bottom panels shows the region of 20∘–40∘N and 105∘–120∘E.

and precipitation that has been reported before, it is
revealed that most GCMs overestimate the spatial
variability of annual and spring temperatures, and of
precipitation (except in spring). Most GCMs still have
cold biases, particularly in winter and autumn, which
are obviously related to regional topography, but are
much smaller than previously estimated, except in
autumn. GCMs overestimate precipitation across most
of China, and underestimate the southeast–northwest
precipitation gradient over the country. The ability of
GCMs generally decreases from spring via summer and
autumn to winter for precipitation. GCMs continue to
improve from the TAR via AR4 to AR5 for tempera-
ture, but there is little or no systematic improvement
for precipitation. In general, the higher the horizon-
tal resolution of GCMs is, the stronger their abilities
become.

The ability of GCMs in reproducing the interannual
variability of temperature (precipitation) is much weaker
than for (similar to) its climatology. Most GCMs reli-
ably reproduce the geographical distribution of interan-
nual variability, but overestimate its magnitude and spatial
variability. The skill of GCMs improves from the TAR to
AR4, and remains stable from the AR4 to AR5 for tem-
perature; while it improves from the TAR to AR4, and
decreases from the AR4 to AR5 for precipitation. The abil-
ity of GCMs in reproducing the interannual variability of
spring and summer temperatures and winter precipitation
enhances when their resolutions increase.

The large-scale features of the East Asian monsoon
can be well simulated by GCMs, although the strength
of monsoon circulation is underestimated over East Asia

in winter and over southern East Asia in summer. The
ability of GCMs is less variable and stronger for the winter
than that for the summer monsoon. The AR5 GCMs are
superior to their AR4 counterparts more often than vice
versa. The influence of model resolution is not percepti-
ble. Finally, both the arithmetic mean and the median of
multiple GCMs with and without filtering GCMs in terms
of their ability have similar skills, and outperform most of
individual GCMs in all the aspects considered.
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column). The regional average value in China is given in
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Figure S2. Climatological annual and seasonal precipita-
tion over China for the period 1961–2000 as obtained from
observation (left column, units: mm day–1), ACCESS1.3
(Model ID: 32, middle column, units: mm day–1), and the
difference in percentage between ACCESS1.3 and obser-
vation (right column, units: %). The regional average value
in China is given in parentheses.
Figure S3. The coefficient of variation for the annual
and seasonal precipitation over China for the period
1961–2000 as obtained from observation (left column),
the median of the 56 reliable GCMs (middle column), and
the difference between the median and observation (right
column). The regional average value in China and the
inter-model standard deviation of the difference averaged
over the country (right column, inter-model SD) is given in
parentheses. The dotted areas in the right panels represent
regions where at least 80% of the GCMs share the same
sign of bias.
Figure S4. Bias for winter wind at 10 m averaged within
the regions of 25∘−40∘N and 120∘−140∘E plus 10∘−25∘N
and 110∘−130∘E (blue) and summer wind at 850 hPa
within the region of 20∘−40∘N and 105∘−120∘E (orange)
versus precipitation averaged within the region 105∘E east
of China between 35 and 36 reliable GCMs (excluding
TAR GCMs) and observation, respectively. Numbers indi-
cate GCMs listed in Table 1. Lines represent the linear
fitting for GCMs, with blue line for both positive bias in
wind and precipitation for 27 GCMs, and orange lines for
positive wind bias as well as positive (17 GCMs) and neg-
ative (19 GCMs) precipitation biases respectively. The fit-
ting equations are shown in the figure, and the linear trend
significant at the 99% confidence level is shown as **.
Table S1. Normalized CRMSEs for climatological annual
and seasonal temperatures over China in the seven TAR
GCMs and their high-resolution version successors in the
AR4 and AR5, as well as in the 17 high-resolution AR4
GCMs and their successors in the AR5.
Table S2. Normalized CRMSEs for the interannual vari-
ability of annual and seasonal temperatures over China
in the seven TAR GCMs and their high-resolution ver-
sion successors in the AR4 and AR5, as well as in the
17 high-resolution AR4 GCMs and their successors in the
AR5.
Table S3. Normalized CRMSEs for climatological annual
and seasonal precipitation over China in the seven TAR
GCMs and their high-resolution version successors in the
AR4 and AR5, as well as in the 17 high-resolution AR4
GCMs and their successors in the AR5.
Table S4. Normalized CRMSEs for the interannual vari-
ability of annual and seasonal precipitation over China
in the six TAR GCMs and their high-resolution version
successors in the AR4 and AR5, as well as in the 17
high-resolution AR4 GCMs and their successors in the
AR5.
Table S5. Normalized CRMSEs for climatological East
Asian winter (EAWM) and summer (EASM) monsoons
in the 14 and 17 high-resolution AR4 GCMs and their
successors in the AR5, respectively.
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